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ABSTRACT 

Author: Arvin, Matthew, C. PharmD/PhD 
Institution: Purdue University 
Degree Received: December 2019 
Title: An Optopharmacological Interrogation of Nicotinic Acetylcholine Receptor Subcellular 

Localization, Regulation, and Function.  
Committee Chair: Ryan M. Drenan and Jean-Christophe Rochet 
 

Smoking is directly responsible for lung cancer, respiratory disease, and cardiovascular 

disease. It follows that smoking is known to be the greatest preventable causes of disease, disability, 

and death. In light of the harmful effects of nicotine abuse, the vast majority of smokers claim that 

they wish to stop smoking, and yet, few quit attempts result in long-term abstinence. This is in 

large part due to the withdrawal syndrome that precipitates upon cessation of nicotine consumption. 

Withdrawal from nicotine’s effect on the central nervous system is mediated by the nicotinic 

acetylcholine receptors (nAChRs) in the medial habenula (MHb) to interpeduncular nucleus (IPN) 

circuit (MHb-IPN). The MHb-IPN is complex – expressing the highest levels and highest diversity 

of nAChRs of any system in the brain. Despite the importance of this circuit, the physiological and 

pathological role that nAChRs play in the MHb-IPN remains unclear. This is largely due to a lack 

of knowledge regarding the expression pattern of nAChRs in the circuit and the effects of chronic 

nicotine exposure on the circuit. Therefore, we developed and characterized a photoactivatable 

nicotine (PA-Nic) molecule with which to investigate the localization of nAChRs and characterize 

the effects of chronic nicotine on the circuit. We found PA-Nic to have wide utility in epi-

illumination, single-photon, and two-photon laser stimulation paradigms – allowing for broad and 

precise spatiotemporal control over nicotine application. We found that MHb neurons exhibited 

spontaneous action potential firing and spontaneously oscillated between high and low calcium 

states. Acute exposure to nicotine, via uncaging, elicited enhanced action potential firing and 

enhanced calcium mobilization in MHb neurons. In order to study the localization of nAChRs 

functionally expressed on MHb neurons, we utilized a spatially delimited single-photon laser 

stimulation paradigm paired with two-photon laser scanning microscopy to register the PA-Nic 

uncaging location with subcellular structural components.  By controlling the location of nicotine 

uncaging we found that nAChRs were functionally localized to all subcellular locales of MHb 
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neurons, including dendritic arbors and axons, but were most highly expressed at the large 

proximal dendrite.  

Altered regulation of nAChRs following chronic exposure to nAChR agonists is an 

important phenomenon that is thought to sensitize nicotinic signaling in the MHb-IPN and 

ultimately underlie nicotine withdrawal. Therefore, we chronically treated mice with nicotine to 

test the effects of this exposure on the MHb-IPN circuit. We found that chronic nicotine exposure 

enhanced the functional expression of nAChRs at the proximal and distal dendrites as well as on 

the axons of MHb neurons. The increase in axonal nAChRs on MHb neurons following chronic 

nicotine exposure suggested that terminal presynaptic nAChRs may also be upregulated in 

response to nicotine. Activation of presynaptic nAChRs can evoke neurotransmitter release 

directly by calcium flux or indirectly by presynaptic depolarization. Therefore, we examined the 

effect of chronic nicotine on the MHb synaptic terminals and on IPN neurons themselves. Chronic 

nicotine treatment enhanced MHb-IPN excitatory postsynaptic currents in response to subsequent 

nicotine exposure. Interestingly, IPN neuron responses to nicotine uncaging were dramatically 

prolonged and adapted to multiple exposures of nicotine. This data indicates that the functional 

connectivity and sensitivity of the MHb-IPN circuit to nicotine is enhanced by chronic nicotine 

exposure. Overall, our studies have yielded a widely generalizable chemical method by which to 

create and characterize photoactivatable molecules. Utilization of PA-Nic has improved our 

understanding of the role that nAChRs play in the MHb-IPN circuit during nicotine addiction and 

withdrawal. Since cholinergic systems are implicated in many disease states, a better 

understanding of nicotinic receptor localization and regulation will hopefully help us develop 

better models and therapeutic approaches for several diseases. 
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 INTRODUCTION 

1.1 Foreword 

Nicotine, a plant alkaloid found naturally in tobacco, is a high-affinity agonist of nicotinic 

acetylcholine receptors (nicotinic receptors or nAChRs) and is the key psychoactive agent 

responsible for physical and psychological dependence to tobacco products (6-8). Nicotine abuse 

and dependence is directly responsible for cardiovascular disease, lung cancer, and chronic lung 

disease and is known to be the greatest preventable causes of disease, disability, and human death 

– accounting for more than 7 million human deaths per year worldwide (9-11). The economic 

consequences of nicotine abuse and dependence are heavy – with direct health care costs to the 

US estimated to be around $170 billion annually and loss in productivity resulting from disability 

estimated to cost nearly $160 billion annually (12-14). Despite the cost and widespread 

appreciation for their harmful effects, tobacco product use continues to exert an enormous toll on 

public health. Most recently, since 2011, the use of electronic nicotine delivery systems (ENDS) 

– commonly refered to as vaping – has greatly expanded (15-18). This is worrisome, as tobacco 

abuse nearly always begins at a young age – even though tobacco abuse among youth has been a 

main target of public health initiatives – and ENDS are especially popular among the youth (11, 

19). The fact that, in 2018, 20% of US highschool students report using ENDS whereas only 8% 

report smoking cigarettes effectively illustrates this recent shift (19). This may be a positive change, 

since it has been suggested that ENDS use is safer than smoking cigarettes (20). However, it is not 

entirely clear if ENDS use, in fact, is less deleterious than smoking and, on top of this uncertainty, 

it is also not clear if ENDS use ultimately promotes initiation or cessation of smoking cigarettes – 

despite being openly marketed as a cessation aid (17, 20). 

1.2 Nicotine Use Disorder  

1.2.1 Etiology, prevalence, and treatment 

Nicotine dependence is characterized as a state of chronic relapsing to nicotine use defined 

by compulsive craving despite harmful effects (21). In the US, 15% of adults are current smokers 

and 76% of these individuals smoke every day (11). There are multiple methods by which to assess 

nicotine dependence severity. The most frequently utilized methods are the Fagerstrom Test for 
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Nicotine Dependence and the Diagnostic and Statistical Manual of Mental Disorders (DSM) 

definition (22-24). According to the DSM, a diagnosis of nicotine or tobacco use disorder requires 

greater than or equal to 2 of 11 independent criteria be present during the last 12 months. These 

criteria are as follows: 1, tobacco taken in larger amounts or over longer periods of time; 2, 

persistent desire or unsuccessful efforts to cut down or control use; 3, a great deal of time is spent 

on activities necessary to obtain or use tobacco; 4, craving or a strong desire or urge to use tobacco; 

5, recurrent tobacco use resulting in a failure to fulfill major role obligations at work, school, or 

home; 6, continued tobacco use despite having persistent or recurrent social or interpersonal 

problems caused or exacerbated by effects of tobacco; 7, important social, occupational, or 

recreational activities are given up or reduced because of tobacco use; 8, recurrent tobacco use in 

situations in which it is physically hazardous; 9, tobacco use is continued despite knowledge of 

having a persistent or recurrent physical or psychological problem that is likely to have been 

caused or exacerbated by tobacco; 10, tolerance, as defined by either the need for markedly 

increased amounts of tobacco to achieve the desired effect or a markedly diminished effect with 

continued use of the same amount of tobacco; 11, withdrawal, as manifested by either the 

characteristic withdrawal syndrome or the use of tobacco to relieve or avoid withdrawal symptoms. 

The severity of dependence is determined by the number of criteria met and is classified as mild 

(2-3 symptoms), moderate (4-5 symptoms), or severe (≥ 6 symptoms). In accordance with DSM 

definitions, 20% of U.S. adults can be characterized as having nicotine use disorder (11, 21, 25). 

Nicotine use is higher than in the general population in men, non-Hispanic whites, younger, lower 

income, and rural living individuals as well as in those with previous marriages and less education 

(25, 26). Nicotine use – and drug abuse, in general – is associated with other psychiatric conditions 

such as major depressive, bipolar, bipolar II, panic, generalized anxiety, posttraumatic stress, 

schizotypal, and antisocial personality disorder (25-29). Only 20% of individuals diagnosed with 

nicotine use disorder receive treatment for it. Individuals with more significant dependence appear 

to receive higher rates of treatment (25). Prescription medication (i.e. varenicline and bupropion) 

and non-prescription nicotine replacement therapy are the most common treatments utilized to 

treat nicotine dependence, whereas other treatments such as social intervention by support groups 

or internet chat groups and non-medicinal therapy such as acupuncture or meditation are minimally 

utilized (25). Humans often exhibit initial unpleasant symptoms of nicotine use, including 
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coughing, dizziness, and nausea (30). It’s thought that positive social conditions may override the 

initial aversive response to nicotine, in humans (31, 32). 

1.2.2 Pharmacodynamics 

A smoker systemically absorbs ~1 mg of nicotine from a typical cigarette (33-36). In 

addition to nicotine, over 4,000 other molecules – which potentially have synergistic or additive 

physiological or psychoactive actions – are also delivered with cigarette smoke (36-38). Nicotine 

is rapidly absorbed into pulmonary circulation upon smoking. After absorption, nicotine distributes 

widely to most tissues in the body. Upon smoking, nicotine enters brain tissue within 20 seconds 

of inhalation. From there nicotine’s effect on the nervous system is mediated through activation 

and desensitization of neuronal nAChRs.  (36, 39, 40). The rapidity of nicotine absorption and 

action allows for a strong association of the positive hedonic effect of the drug to be made with 

the drug taking behavior – making smoking, and probably also ENDS use – the most highly 

reinforcing form of nicotine abuse (41, 42). Over time nicotine exposure induces long-term effects 

on cellular physiology and neuronal circuitry which are significant for the maintenance of abuse.  

1.2.3 Pharmacokinetics 

The elimination half-life of nicotine is variable from individual to individual but is generally 

in the range of 2-3 hours. Nicotine metabolism is primarily achieved by liver enzymatic activity 

(CYP2A6) with the primary metabolite (corresponding to 70-80% of the original nicotine dose) 

being cotinine, which is excreted in the urine (40, 43-46). Other metabolites include nornicotine, 

norcotinine, nicotine N’-oxide, and nicotine glucuronide as well as the N-nitrosamine metabolites 

(NNN, NNK, NNAL) of nicotine – which are the primary carcinogenic species yielded from 

smoking and nicotine ingestion (43, 47-49). Smokers counteract elimination of nicotine by actively 

titrating their dose of nicotine to achieve desirable plasma levels (20-50 ng/ml or about 100 to 300 

nM) (35, 36). Therefore, regular smokers are essentially constantly exposed to nanomolar 

concentrations of nicotine. This concentration of nicotine is associated with near full binding 

occupancy of high-affinity nAChRs but is insufficient to robustly activate most other subtypes of 

neuronal nAChRs. Even exposure to secondhand smoke results in nicotine concentrations 

sufficient to occupy a large portion of high-affinity nAChRs (50-53). Extended nAChR occupancy 

quickly leads to desensitization of high-affinity nAChRs (discussed in-depth below). It follows 
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that native high-affinity neuronal nAChRs are likely in a constant state of desensitization in the 

normal smoker (54). One potential exception to this constant exposure is when nicotine levels 

slowly drop during sleep. However, even in this scenario, concentrations may not fall below those 

necessary to accomplish high-receptor occupancy and consequent desensitization (43, 55, 56). 

1.3 Nicotinic Acetylcholine Receptors 

Two major subtypes of acetylcholine (ACh) receptors exist: muscarinic receptors 

(mAChRs) and nAChRs. In their normal physiological capacity, ACh activates these receptors to 

modulate a variety of biological processes. Amazingly, both mAChRs and nAChRs are found in 

nearly every physiological system of the human body – highlighting the overwhelming complexity 

of biological systems and the importance of cholinergic systems to human health (57). Muscarinic 

acetylcholine receptors are classically characterized as also being activated by the exogenous 

agonist muscarine – a mushroom (Amanita muscaria) toxin – and generally inhibited by the 

exogenous antagonist atropine – a toxin found in the nightshade family (Atropa belladonna) (58, 

59). Muscarinic acetylcholine receptors are G protein-couple receptors. Accordingly, mAChR 

activation leads to signaling through secondary G-protein actors. The effect of mAChR activation 

depends on the subtype activated (M1-M5), but can directly influence phospholipase C (PLC), 

inositol triphosphate (IP3), cyclic adenosine monophosphate (cAMP), and calcium (Ca2+) on the 

millisecond to second timescale (58, 59). As their name suggests, nAChRs are classically 

characterized as being activated by the exogenous agonist nicotine – in addition to the endogenous 

agonist ACh. Nicotinic receptors are ligand-gated cationic ionotropic receptors. For the remainder 

of this document we will focus on nAChRs expressed in the brain or, at times, in the neuromuscular 

junction. 

1.3.1 Nicotinic receptor structure 

The structure details of nAChRs and their ligand-receptor interactions were initially based 

on crystal structures of ACh binding proteins and the nAChR isolated from the Torpedo electric 

ray (59-68). Since then x-ray crystallography has yielded structures of bacterial nAChR 

homologues and eukaryotic nAChR homologues (69-77). Amazingly, most recently, researchers 

have been able to generate structures of the human nAChR in the resting state and in association 

with nicotine in the open and close or desensitized state (78). These detailed studies have revealed 
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much about the structure and function of nAChRs. Neuronal nAChRs exist as pentamers of 

discrete nAChR protein subunits. All nAChR subunits have a conserved extracellular NH2 terminal 

domain, four transmembrane (TM) domains, a transmembrane pore lined by the TM2 domain, a 

variable cytoplasmic loop, and an extracellular COOH terminal domain. Nicotinic receptors are a 

member of the Cys-loop ligand-gated ion channel superfamily. Accordingly, the first extracellular 

domain of all nAChR subunits contains a stereotypical cysteine-loop (59, 79-81). Also of interest 

is a Cys-Cys pair on the first extracellular domain (near TM1) which is required for cognate agonist 

binding (59, 82, 83). Neuronal nAChR subunits are classified as α-like (α2, α3, α4, α5, α6, α7, α9, 

and α10) if they display this Cys-Cys pair or, if not, as non-α-like (β2, β3, and β4). Nicotinic 

receptor pentamers may consist of five identical α subunits (homopentamer) – as is usually the 

case for α7 and probably the case for α9 nAChRs – or in various combinations of α and β subunits 

(heteropentamer) – usually in a α2:β2:α/β1 stoichiometric ratio (subtext indicates stoichiometry) 

(59, 84, 85).  The subunit makeup of nAChRs plays a major role in determining its unique 

properties. As such, the assembly of heteropentamers with different subunit compositions and 

stoichiometric ratios allows for a tremendous diversity of potential nAChRs displaying a wide 

range of functional and pharmacological properties (59). For the purposes of this document, unless 

otherwise indicated, when nAChR subunits are refered to in combination, those subunits are 

considered known components of the whole pentameric nAChR but other unknown subunits may 

or may not exist in the receptor. Additionally, unless indicated, subunit stoichiometry is not 

assumed. 

1.3.2 Orthosteric binding 

The orthosteric binding site of cognate ligands (e.g. ACh) on heteromeric nAChR lies at 

the interface of α and β subunits (α-β). Therefore, each heteromeric receptor typically displays two 

orthosteric binding sites where cognate ligands may bind and modulate receptor activation (79, 

86). Unlike heteromeric nAChRs, the classic orthosteric binding site of homomeric nAChRs lies 

at the α-α subunit interface. It follows that homomeric nAChRs display five orthosteric binding 

sites (86, 87). Nicotine, like ACh, binds and activates nAChRs at the orthosteric binding site (88). 

In heteromeric nAChRs, the 5th “accessory” subunit position can introduce additional receptor 

complexity and diversity – although it does not participate in the orthosteric binding site. The 

accessory subunit of many heteromeric nAChRs can influence receptor activation and 
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desensitization kinetics, alter cationic permeability, provide an unorthodox binding site, allow for 

allosteric modulation, and influence the effect of nicotine on up-regulation of the receptor subtype 

(79, 86, 89-92).  For example, an additional unorthodox binding site can function at the α-α 

interface of the α43β22 nAChR which influences receptor activation and desensitization when 

occupied, and effectively gives rise to two subtypes of α4β2 nAChRs (α43β22 and α42β23) (89, 90, 

93, 94). In addition to altered activation and desensitization kinetics, the α42β23 stoichiometry and 

the α43β22 stoichiometry differ in their sensitivity to nicotinic ligands as well as their channel 

conductance properties (95). Partially because of the huge diversity of nAChRs and partially 

because the functional properties of specific subtypes of nAChRs can exhibit significant overlap, 

it can be very challenging to isolate or differentiate nAChR subtypes based solely on 

pharmacological experiments.  

Structure-activity relationship (SAR) studies based on natural nicotinic compounds (i.e. 

acetylcholine, nicotine, cytisine, epibatidine, and methyllycaconitine) have revealed a variety of 

pharmacophores and produced rules for the design of nAChR ligands for the orthosteric binding 

site. Unfortunately, these rules are not always intuitive and following them does not guarantee 

subtype selective ligands (96-99). The challenge to produce selective nicotinic receptor modulators 

is exacerbated by the features previously discussed – nAChRs being widely expressed, having 

variable stoichiometric expression, overlapping pharmacological properties, and by the fact that 

they often play unclear roles in many neuronal circuits. Selective nicotinic receptor ligands which 

have been tested preclinically and clinically have historically had limited efficacy; narrow 

therapeutic windows (gastric, central, and cardiac side-effects); and potential addiction liability 

(79, 96). For these reasons, selective allosteric modulators of nAChRs may be more feasible to 

develop than true selective agonists or antagonists of the orthosteric binding site.  

1.3.3 Allosteric modulation 

Allosteric modulation sites are spatially distinct from the orthosteric binding site of ACh. 

Even still, binding of allosteric modulators at these sites can enforce a wide range of effects on 

nAChRs. Broadly considered, allosteric modulators can either enhance or mitigate the effects of 

receptor activation but have little to no intrinsic activity (the ability of a molecule solely to evoke 

a receptor response) at their respective receptors. Thus, instead of overriding natural or 

pathological cholinergic systems, allosteric modulators function by influencing cholinergic 
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signaling as it stands (79, 100-102). However, the supposition that allosteric modulators have little 

or no intrinsic activity isn’t entirely accurate in all cases and should be independently evaluated 

for each molecule considered (101, 103, 104). Allosteric modulators that enhance receptor 

activation are given the designation of positive allosteric modulator (PAM). PAMs may 

allosterically influence receptor activation through multiple mechanistic avenues. Of note, one 

mechanism by which PAMs are thought to effect nAChR function is by influencing activation and 

desensitization kinetics through stabilization or destabilization of intrinsic open-conducting or 

non-conducting desensitization states (101). Allosteric modulators that mitigate receptor activation 

are given the designation of negative allosteric modulator (NAM). Much like PAMs, there are 

multiple mechanisms by which NAMs may induce their effects (79, 100). In addition to PAMs 

and NAMs, so called “silent allosteric modulators” (SAMs) have also been described (100, 105-

107). SAMs are proposed to have the unique ability to competitively bind at specific allosteric 

modulation sites without evoking positive or negative modulatory effects – an allosteric antagonist, 

of sorts. Many allosteric modulatory sites of nAChRs have been identified. These include non-

orthosteric binding site subunit interfaces (i.e. the α-α or β-α interface), the Zn2+ and Ca2+ 

modulatory site near the extracellular-TM interface, transmembrane domains, and cytoplasmic 

domains. (79, 100).  With so many potential allosteric modulation sites available, there may be 

more opportunity to develop subtype selective allosteric modulators than orthosteric directed 

agents. Additionally, allosteric modulators may induce less toxicity or off-target side-effects than 

direct agonists or antagonist due to their low intrinsic activity (100). As such, allosteric modulators 

of nAChRs have become a potentially important avenue for the development of selective drug 

molecules that modulate cholinergic signaling – especially in Alzheimer’s disease (AD) and 

schizophrenia (SZ) as well as for depression, pain, and cancer (79, 86, 100-102, 108-115). 

1.3.4 Activation 

Equations describing the activation of nAChRs have provided a framework for our 

understanding of the pharmacology and function of nAChRs since the 1950s (69, 116). The 

molecular function and biophysics of nAChR activation are possibly the best described of any 

ligand-gated ion channel and have provided a model for other Cys-loop ligand-gated ion channels 

(117). Activation of nAChRs is rapid and occurs at, or faster than, the microsecond timescale (59, 

116, 118, 119). Because of this rapid transition, historically, computer simulations have provided 
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the majority of evidence for the specific confirmation shifts which result in pore opening upon 

agonist binding – since it is impossible to isolate brief transition confirmations with traditional 

crystallography methods (59). However, recently freeze-trapping techniques have been 

successfully used to trap receptors in brief transition states (120). Based on these computer 

simulations and structural studies, agonist binding appears to induce a rearrangement of hydrogen 

bonds between conserved amino acids which results in an 11 angstrom shift of the β9-β10 hairpin 

of the α subunit, known as the C-loop, towards the agonist binding site. This allows for the agonist 

to interact with the Cys-Cys pair and caps the ligand within the binding site – providing a potential 

mechanistic explanation for binding-site affinity changes that occur upon receptor desensitization 

(59, 61, 66, 120-123). When both orthosteric binding sites are occupied, the torque created by this 

agonist-induced confirmation shift reaches sufficient levels to rotate the TM2 domain and shifts 

more polar residues to be exposed to the pore (59, 61, 120, 122). This residue shift opens the pore 

and allows for ion flux through the channel. Overall, agonist binding induces a complex 

confirmational shift which leads to activation of the nAChR and results in rapid opening of the 

channel pore which allows for influx or efflux of permeable cations (Na+
, K+, Ca2+), dependent on 

their electrical and chemical driving forces (120, 124-127). Cation permeability, binding site 

affinity, and the kinetics of receptor activation and desensitization vary widely with receptor 

subunit make-up (124, 125). For example, homomeric α7 nAChRs are thought to display among 

the lowest affinity for nicotine, whereas so called “high-affinity” α4β2 nAChRs are thought to 

display the highest affinity for nicotine and other agonists (128-132). Homomeric α7 nAChRs 

generally display rapid activation kinetics, a greater permeability to Ca2+ than heteromeric nAChRs, 

and rapid desensitization kinetics (124, 133). Subsequent to receptor activation, influx of Ca2+ and 

sodium (Na+) may mediate depolarization of the neuronal membrane potential and engage Ca2+ 

sensitive signaling mechanisms. Sufficient depolarization may activate voltage-gated Na+ and Ca2+ 

channels or stimulate calcium-induced calcium release (134-136). By these avenues, nAChR 

activation may evoke or modulate action potential generation, activate Ca2+ dependent kinases 

(PKA, PKC, PI3K, MAPK, CaMKII), and lead to modulation of other downstream intracellular 

pathways that influence cellular processes and synaptic plasticity (CREB, ATF-2, STAT3) (59, 

133, 136-150). 
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1.3.5 Desensitization 

Desensitization – the phenomenon of reduced biological response after prolonged or 

repeated exposure to stimulation – was noted as a major feature of nAChRs since their initial 

descriptions at the neuromuscular junction (54, 151, 152). Indeed, it is now well known that acute 

(high-concentration) or prolonged (low-concentration) nicotinic agonist exposure can induce 

nAChR desensitization. Considered at the level of the receptor, desensitization of nAChRs 

represents an allosteric biophysical shift – induced upon ligand binding – which progressively 

limits the rate of transition of the receptor from an inactive non-conducting state to a conducting 

state or a resting activatable state (108, 152). Desensitization of nAChRs may occur through 

preferential stabilization of desensitized non-conducting conformational states over other 

functional receptor states (conducting or resting) (151, 153, 154). Ligand affinity is generally low 

while in the resting state relative to the desensitized receptor state – which can be up to 20 times 

higher (151-154). In some cases, variability in the ligand binding site affinity between 

conformational states may contribute to desensitization kinetics by trapping receptor ligands – 

resulting in shortened receptor current decay times (151, 152, 154-157). For example, although 

homomeric α7 nAChRs display lower intrinsic affinity for ACh than α4β2 nAChRs, the presence 

of five binding sites may make them especially efficient at agonist trapping. This could contribute 

to the rapid current decay kinetics displayed by α7 nAChRs upon activation (83, 154-156, 158, 

159).  

Classical desensitization of nAChRs occurs at concentrations capable of activating 

receptors. This form of acute desensitization usually occurs in milliseconds to seconds and is 

influenced by subunit composition of the nAChR, agonist affinity, temporal characteristics of 

exposure, concentration of the desensitizing agent, as well as other factors (54, 151, 152, 154, 160, 

161). Conversely, high-affinity desensitization (HAD) can occur at concentrations that show no 

apparent receptor activation. HAD of nAChRs is much slower than classical desensitization – 

occuring over seconds to minutes (154, 162). Desensitization through HAD is also subunit specific 

– preferentially affecting α4β2 and α7 nAChRs, but also influenceing α3β4 and α3β2 nAChRs, to 

a lesser extent (54, 154, 162-166). Like desensitization onset, recovery from desensitization is 

dependent upon the subunit composition of nAChRs and the specific desensitizing agent (154, 

167). In addition to these key factors, desensitization of nAChRs and recovery from desensitization 

is also influenced by many other factors, including phosphorylation, cellular Ca2+ state, and other 
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endogenous modulators (calcitonin gene-related peptide (CGRP), Substance P (SP), luteinizing 

hormone-releasing hormone, arachidonic acid metabolites, prostaglandin D2, cholesterol, etc.) 

(153, 168-174). 

In order to further discuss the factors above, let us consider the characteristics of the 

kinetics of α4β2 nAChR desensitization and how they are influenced by agonist, concentration, 

and exposure time (167, 175). α4β2 nAChR desensitization is best described as a bi-exponential 

process with an acute, fast, desensitized state followed by a steady, slow, desensitized state – 

possibly representing classical desensitization and eventual accumulation of HAD-like receptor 

states. Both ACh and nicotine can induce nAChR desensitization after acute (high-dose) or 

prolonged (low-dose) administration. Acute administration of a maximally efficacious dose of 

ACh induces both the fast and slow components of desensitization more quickly than does nicotine. 

For both ACh and nicotine, higher agonist concentration induces desensitization more quickly than 

does a lower concentration. For both ACh and nicotine, longer agonist exposure time results in 

slower recovery from desensitization. (160, 167) However, acute administration of nicotine results 

in a slower recovery from desensitization than does ACh. Therefore, recovery rate may be 

negatively correlated with agonist affinity for the desensitized state binding site (i.e. higher affinity, 

lower recovery rate) (167).  

The relevance of desensitization for the normal physiological function of cholinergic 

systems has been debated since its initial description (151). This is because, at the neuromuscular 

junction and at synapses in the brain – where ACh may function in wired-synaptic connection – 

ACh is generally rapidly (within milliseconds) degraded by acetylcholinesterase (AChE) to 

choline and acetate (151, 176-181). Therefore, rapid elimination of ACh by AChE likely limits 

desensitization of nAChRs in most physiological synaptic settings. Despite this, it may be possible 

that after repetitive stimulation or when considering nAChRs with high agonist affinity, rapid 

desensitization kinetics, or high affinity for choline, that desensitization may be relevant even after 

considering the limitations imposed by AChE (152, 153, 182, 183). Alternatively, it may be 

possible that desensitization of nAChRs is not physiologically relevant, in the typical sense, but 

represents an evolutionary adaptation which provides benefit by limiting toxicity of dangerous 

exogenous nicotinic receptor modulators that are found in nature. Undeniably, desensitization of 

nAChRs is a complex process with multiple possible desensitized states and many factors 

influencing the rate, extent, and recovery from desensitization (153, 154, 167). Prolonged 
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desensitization of nAChRs results in a variety of secondary effects on neuronal physiology and is 

essential for nicotine abuse behavior (129). Modulation of gene expression (ion channels, 

membrane receptors, and signal transduction), synaptic plasticity, altered learning and memory, 

and neuroprotective effects are all potential consequences of prolonged nAChR desensitization 

(153, 184, 185). In so far that nicotinic receptor modulators effect desensitization – and that 

desensitization has a wide range of secondary effects – even if it is not relevant to the normal 

physiological function of nAChRs, it clearly has important implications for many diseases where 

cholinergic signalling is aberrant or nicotinic agents may be therapeutically utilized, including 

nicotine dependence, AD, Parkinson’s disease (PD), epilepsy, congenital myasthenic syndromes, 

and Tourette’s syndrome (153, 154, 167, 186-195). 

1.3.6 Regulation 

1.3.6.1 Upregulation 

For most neurotransmitter receptors, repeated or prolonged exposure to agonist results in 

compensation by receptor functional downregulation. For example, prolonged receptor activation 

often provokes receptor internalization (108, 196, 197). Conversely, the phenomena that prolonged 

exposure to nicotine, via cigarette smoking or otherwise, provokes enhanced functional expression 

of nAChRs was first recognized and termed “up-regulation” in the early 1980s (59, 198-202). 

Indeed, in some brain areas high-affinity binding of nicotine can more than quadruple. Nicotinic 

receptors show upregulation upon exposure to nicotinic agonists ranging from hours to days or 

weeks in duration (154, 198, 203-209). Human brain imaging studies have confirmed that smoking 

leads to upregulation of high affinity human nAChRs, which can be sustained for up to a month 

following discontinuation of nicotine exposure (200, 205, 210-219). This upregulation of nAChRs 

is thought to play an essential and unique role in the addictive properties of nicotine (52, 184, 220-

228). Interestingly, not all subtypes of nAChRs are upregulated in response to nicotine exposure 

and not in all brain regions (229). Specifically, high-affinity α4β2 nAChRs appear to be the 

subtype that exhibit the most extensive upregulation following chronic nicotine exposure and 

appear to constitute the vast majority of high-affinity binding sites in brain tissue in the first place 

(199, 229-232). It follows that genetic deletion of the α4 or the β2 nAChR subunit negates most 

chronic nicotine induced nAChR upregulation (199, 233). Chronic nicotine exposure not only 

causes an upregulation of surface α4β2 nAChRs but also a decrease in the α4:β2 stoichiometric 
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ratio of α4β2 nAChRs. Reduction in the α4:β2 ratio results in a greater proportion of high 

sensitivity, slowly desensitizing, low conductance α42β23 nAChRs relative to low sensitivity, 

rapidly desensitizing, high conductance α43β22 nAChRs (95). Because chronic nicotine exposure 

enhances functional expression of α4β2 nAChRs and modulates α4β2 nAChR  stoichiometry 

proportions – and stoichiometry affects the sensitivity, desensitization, and conductance of α4β2 

nAChRs – an understanding of the expression and regulation of stoichiometries could reveal 

important pharmacological targets for the treatment of addiction (95).  

Aside from α4β2 nAChR upregulation, α7, α3β4, α3β2, and α6-containing nAChRs also 

seem to contribute to nAChR upregulation in some brain areas (59, 108, 234, 235). Also, 

interestingly, alterations in nAChR expression are not exclusively observed after nicotine exposure. 

Other full or partial agonists of nAChRs, and even antagonists of nAChRs, have been 

demonstrated to evoke upregulation of nAChR expression (e.g. epibatidine, ABT-418, cytisine, 

carbamylcholine, varenicline, dihydro-β-erythroidine (DHβE), mecamylamine (mec or meca), 

CC4, MLA, AR-R17779, AZD0328) (86, 108, 205, 230, 236-247). This suggests that upregulation 

of nAChRs is not dependent upon activation or desensitization of nAChRs. Additionally, nAChR 

upregulation also seems to not be dependent on alterations in mRNA levels of nAChR subunits – 

suggesting primarily post-translational mechanisms of upregulation (204, 205, 248-254). 

1.3.6.2 Pharmacological Chaperoning 

Many mechanistic pathways have been suggested to underlie functional upregulation of 

nAChRs, including decreased internalization, decreased degradation, expression of more sensitive 

receptor subtypes, increased receptor synthesis, increased receptor assembly, increased receptor 

trafficking, altered desensitization of surface receptors, maturational enhancement, and slow 

stabilization of high-affinity conformation states (90, 95, 108, 204, 220, 254-262). One prominent 

theory – pharmacological chaperoning – has surfaced as a major rationale by which chronic 

nicotine exposure may result in the upregulation of nAChRs at the plasma membrane. This theory 

indicates that nicotine, and other nicotinic ligands, act as pharmacological chaperones for nAChRs 

by serving as molecular scaffolds which enhance receptor subunit folding and trafficking to the 

plasma membrane (205, 239, 249, 254, 263). The extent of pharmacological chaperoning of 

nAChRs is dependent upon ligand binding and subsequent molecular scaffolding to nascent 

receptor subunit compositions. Therefore, according to the theory, the extent of nAChR 
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upregulation is dependent upon both the pharmacologic properties of the chaperoning molecule 

(e.g. plasma membrane penetration and binding affinity) and the properties of the nAChR subtype 

expressed by the cell (e.g. ligand binding properties and subunit trafficking motifs) (239, 256). 

This helps explain how high-affinity α4β2 and α6β2β3 nAChRs are more readily upregulated by 

nanomolar nicotine concentrations than lower affinity nAChRs such as α7 and α3β4 nAChRs (208, 

229, 252, 256, 264). This also helps explain how some brain regions display upregulation of 

subtypes of nAChRs when others do not, since expression of accessory subunits may influence 

ligand binding affinity and assembly (207, 208, 229, 256, 265, 266). The changes that occur due 

to pharmacological chaperoning of nAChRs by nicotinic ligands, which mediate the functional 

upregulation of nAChRs, are diverse and affect all of the secretory system, including the 

endoplasmic reticulum (ER), ER exit sites (ERES), Golgi apparatus, and trafficking to the plasma 

membrane (205, 208, 209, 239, 256, 267-269). In addition to nicotinic agents, a variety of non-

pharmacological chaperones and interacting proteins mediate and influence nAChR assembly, 

degradation, and trafficking as well. These include BiP/GRP78, Erp57, Calnexin, 14-3-3η, RIC-3, 

Ubiquilin-1, UBXD-4, Rer1, and VILIP-1  (238, 260, 270-278). Cholinergic systems are 

implicated in many diseases and the regulation of nAChRs is ultimately a manipulatable system; 

therefore, therapeutically targeting nAChR expression could prove to be a useful and novel 

treatment strategy for many disease states (205, 249, 256, 279). 

1.3.6.3 Unfolded protein response 

The biosynthesis and trafficking of intact nAChR pentamers is a highly inefficient system.  

Only correctly folded and pentamerized nAChRs are allowed to pass through the ER, ERES, Golgi 

apparatus, and into the plasma membrane (238, 280, 281). Additionally, evidence suggests that 

nAChRs are often targeted to a specific localized area of the plasma membrane, adding an 

additional layer of complexity to their trafficking (238, 282-284). Unfolded or improperly folded 

nAChRs are not exported from the ER but are instead summarily ubiquinated and translocated to 

the proteasome from the ER for proteolysis (238, 276). The unfolded protein response (UPR) is an 

important system of regulatory signal transduction pathways that determine the fate of proteins in 

the ER, including nAChRs (269, 285-287). The UPR is activated when exposed to excessive ER 

stress from unfolded proteins. UPR ER lumenal sensory proteins are responsible for recognizing 

accumulation of unfolded proteins (285, 286, 288). Through largely translational means, if 



26 
 

excessive stress remains, the UPR increases protein-folding machinery available in the ER, 

expands the ER abundance, and decreases protein-flux through the ER in an effort to compensate. 

However, if ER stress remains high, the UPR eventually favors the induction of apoptosis (286, 

289-291). The UPR consists of three primary transduction pathways characterized by the primary 

transducers ATF6, PERK, and IRE1. ATF6 is an ER transmembrane protein with a luminal 

sensory domain. When activated, ATF6 is transported to the Golgi where its cytosolic domain is 

cleaved.  The cytosolic fragment then acts as a transcription factor to activate the UPR (286, 292, 

293). PERK is an ER transmembrane kinase that, when activated, oligomerizes and 

autophosphorylates. PERKs primary target, which it inhibits, is the translation factor eIF2α (286, 

294). IRE1 is another ER transmembrane kinase.  When activated, IRE1 cleaves the UPR specific 

transcription factor, XBP1, in a unique manner resulting in translation of the active XBP1 (286, 

295). Ultimately, the UPR works to protect cells against protein biogenesis, folding, and trafficking 

defects.  Due to the important role it fills in protein homeostasis, the UPR has an impact on many 

signaling systems within the cell. Targeting pharmacological chaperoning of nAChRs may be a 

useful treatment strategy for diseases where protein homeostasis, oxidative stress, and Ca2+ 

dysregulation are implicated in addition to cholinergic system dysregulations (205, 269, 296, 297). 

This may be because, through pharmacological chaperoning, nicotinic ligands have the potential 

to reduce ER stress by improving protein folding and trafficking thereby preventing an excessive 

UPR – reducing ATF6 translocation and suppressing eIF2α phosphorylation (205, 256, 269, 285, 

287, 288, 298-301). Indeed, retrospective epidemiological studies have repeatedly shown that 

smoking drastically reduces the risk for PD – a disease which is driven by protein homeostasis, 

Ca2+ dysregulation, and mitochondrial oxidative stress – at least partially due to nicotines positive 

effects on protein biogenesis.  (205, 249, 254, 256, 269, 296, 297, 302). 

1.3.7 Endogenous modulators 

The endogenous neuropeptides CGRP and SP have been found to be modulators of neuronal 

nAChRs and are often found colocalized within neurons (303-310). While both CGRP and SP may 

indirectly modulate nAChRs through effects mediated by their respective G-protein coupled 

receptors, CGRP and SP may also modulate nAChRs by direct interactions on specific nAChR 

subunits (303, 307, 311). CGRP can be coreleased with ACh which may result in prolonged 

channel open times and facilitate desensitization which depresses nicotine evoked current 
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responses (169, 303, 307, 312-315). This effect was found to be competitive-like, independent of 

CGRP G-protein coupled receptor activation, and not due to G-protein coupled receptor mediated 

Ca2+ rise (303). The first 7 amino acids of the N-terminal of CGRP are thought to dictate direct 

interaction with nAChRs; whereas the indirect effects through G-protein couple receptors require 

the entire peptide (303). When reduced to fewer than 7 amino acids or upon loss of the cysteine 

bond formed between amino acid 1 and 7 the peptide reverses modulation from inhibiting to 

potentiation of nAChR action (303, 307, 316, 317). Similar to CGRP, SP has been shown to 

specifically inhibit nAChR currents by mechanisms independent of G-protein coupled receptors 

(303, 308, 311, 318). Dissimilar to CGRP, SP seems to inhibit nAChRs in a non-competitive-like, 

use-dependent fashion – likely by stabilizing receptor desensitization states (303, 310, 319). Of 

note, G-protein independent block of nAChRs by CGRP and SP has been shown to be primarily 

specific to β4 containing nAChRs which are relevant in the medial habenula (MHb) – where SP 

and receptors for CGRP are expressed as well  (303, 311, 320-323). 

1.3.8 Distribution and localization of nicotinic receptors 

The observation of nAChR expression in brain nuclei may give some indication towards 

the physiological and pathological role that subtypes of nAChRs play in those neural pathways. 

Utilization of radioligand binding, immunohistochemistry, mRNA in situ hybridization, and GFP-

labeled subunits have helped map the distribution of nAChRs at the level of the brain nuclei (108, 

324-327).  For example, immunohistochemistry of GFP-tagged nAChR subunits indicates that α4 

and β2 subunits have been found to be distributed in, but are not limited to, the cerebral cortex, 

striatum, thalamus, MHb, substantia nigra (SN), ventral tegmental area (VTA), and superior 

colliculus (SC). In the same way, α3 and β4 nAChR subunits were found to be distributed in 

piriform cortex, MHb, fasiculus retroflexus (FR), and the interpeduncular nucleus (IPN); 

additional expression of α3 (without β4) occurred in the SC. α6 displayed low expression in 

prefrontal cortex (PFC), striatum, MHb, SN, VTA, and SC. β3 nAChR subunits were found to be 

mostly expressed in cortical areas, ST, MHb, FR, SN, VTA, and SC  (324). For a more complete 

picture of brain nuclei nAChR expression see Gotti C. and Clementi F., 2004, Prog Neurobiol and 

Hurst R., Rollema H., Bertrand D., 2013, Pharmacol Ther. 

In order understand the specific function and dysfunction of nAChRs one need to consider 

their expression on discrete cells in neuronal circuits and recognize their subcellular localization 
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on those cells. This is because the subcellular localization of functional nAChRs necessarily 

dictates the effective or functional role that they play in neuronal circuits (328). Traditionally, the 

cellular organization of nAChRs has been observed with electrophysiological, optical, and electron 

microscopy-based techniques (108, 329-332). Nicotinic receptors can be localized to many 

different subcellular locales: the soma, dendritic arbor, postsynaptic terminal, preterminal axon, 

and the presynaptic terminal (131, 329, 330, 333-339). For example, α7 nAChRs are often 

implicated in modulation of glutamatergic signalling through presynaptic mechanisms (340). 

Activation of nAChRs that are localized to the presynaptic terminal may acutely influence synaptic 

release probability in a TTX-dependent or -independent manner through Na+/Ca2+ flux or Ca2+ 

dependent signaling mechanisms and consequently could influence synaptic plasticity (136, 333, 

334, 341-349). For example, voltage gated Ca2+ channels (Cav2.3) are known to be unusually 

localized to the presynaptic terminal of MHb axons in the IPN. Activation of MHb presynaptic 

nAChRs might elicite depolarization of membrane potentials sufficient to activate these channels, 

and paired with nAChR-mediated Ca2+ flux, evoke neurotransmitter release (350). While it seems 

the majority of nAChRs function presynaptically or at a preterminal axonal location, those 

nAChRs which are located at postsynaptic or dendritic locales may act by mediating fast synaptic 

transmission or volume transmission and thus influence neuronal excitability by altering action 

potential probability, firing rate or pattern, and influencing integration of postsynaptic potentials 

through depolarization of the neuronal membrane (59, 238, 328, 338, 341, 351, 352). The 

intracellular loop domain between TM3 and TM4 has been shown to be critically important for 

receptor localization and trafficking to specific subcellular locales (238, 282, 283, 353-361). In 

addition to receptor localization domains on the intracellular cytoplasmic loop, posttranslational 

mechanisms may also influence localization of nAChRs to specific subcellular locales (238, 361). 

1.4 Nicotinic receptor modulator therapeutics 

As our understanding of the function and pharmacology of the nAChR and the role it plays 

in disease pathology has expanded there has been an ever-increasing effort to produce selective 

therapeutics that modulate nAChRs. The most obvious utilization of nicotinic receptor modulators 

lies in the treatment of nicotine addiction and possibly in the treatment of addiction to other 

substances, such as alcohol, cocaine, and methamphetamine (362-374). However, cholinergic 

systems are implicated in many diseases and thus it is not surprising that preclinical and clinical 
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studies over the last two decades have leveraged nAChRs in a wide range of diseases, including 

anxiety, depression, Tourette’s syndrome, epilepsy, pain, and ulcerative colitis (79, 96, 108, 113, 

256, 341, 372, 375-389). In addition, the positive cognitive effects of nicotinic agonists have 

prompted the development of selective nicotinic agonists for cognitive impairment in SZ, 

attention-deficit/hyperactive disorder, AD, and PD (96, 390, 391).  Despite the gargantuan effort 

made by academic and industrial institutions to develop selective nAChR-based treatments for 

these diseases, ultimately, the search for novel nicotinic compounds has had decidedly limited 

success (i.e. varenicline). Opinions about why this is the case somehow remain sanguine – often 

blaming narrow therapeutic windows due to gastric, central, and cardiac side effects; poorly 

designed studies with insufficient duration, dose, or target engagement validation; and either 

inadequate or excessive subtype selectivity of nAChR targeting molecules (108, 375, 392-394). In 

order to learn from the efforts made thus far to produce nAChR modulators, we will discuss some 

specific diseases where this effort has been most notable. 

1.4.1 Parkinson’s Disease 

In 1817 James Parkinson published an article titled “An Essay on the Shaking Palsy” which 

described six cases of what he called paralysis agitans. In this essay Dr. Parkinson described 

characteristic symptoms: bradykinesia, rigidity, postural disturbances, and resting tremor; of the 

disease that is now named in his honor, Parkinson’s disease (395). More than 200 years later, the 

neuroanatomical and pathological origins of PD are much better understood. The central feature 

of PD is the progressive death of DAergic neurons of the substantia nigra compacta (SNc). For the 

first time there is hope for recognizing prodromal markers which might allow for the identification 

of disease modifying therapies and the initiation of treatment before significant damage has been 

wrought by the disease (396). However, at the moment, treatment strategies for PD are focused 

primarily on managing or remitting the symptoms of the disease. The mainstay of symptomatic 

treatment for PD is levodopa (L-DOPA) combined with a peripheral decarboxylase inhibitor (397, 

398). The treatment works by pharmacologically enhancing DA production in degenerating 

DAergic synaptic terminals from the SNc and is most effective at relieving symptoms of rigidity 

and bradykinesia (398, 399). Other pharmacological therapies, including monoamine oxidase 

inhibitors, amantadine, anticholinergics, or β-blockers may help further manage tremor symptoms 

(398). As the disease advances, the efficacy of L-DOPA to treat bradykinesia symptoms begins to 
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wear off more rapidly (397). In later stages of the disease, the influence of exogenous L-DOPA on 

dopamine receptor activation is limited by reduced production and storage of DA in the 

progressively degenerating DAergic synaptic terminals from the SNc (399). As a result of this, 

after five to ten years of treatment, many patients experience L-DOPA induced dyskinesia (LID) 

or motor fluctuations at the lowest dose which is effective for relieving PD symptoms of 

bradykinesia and rigidity (400-403). Ultimately, progressively worsening treatment efficacy 

paired with increasing disease severity manifests as on-off motor fluctuations between dyskinesia 

and rigidity – leading to increased disability and deteriorating quality of life (397). In 1993 high-

frequency deep brain stimulation (DBS) of the subthalamic nucleus (STN) was discovered to be 

effective for reducing PD symptoms (404). Since the discovery of STN-DBS, many clinical trials 

have confirmed the therapeutic utility of DBS in PD patients with refractory motor fluctuations 

(405-409). Additionally, an increasing number of trials provide evidence that STN-DBS may be 

beneficial for the treatment of PD in patients with early motor complications (410-412). When 

paired with L-DOPA treatment, DBS works to reduce tremor and off-state rigidity as well as on-

state dyskinesia, primarily by reducing the dose of L-DOPA necessary to treat bradykinesia 

symptoms (413). Unfortunately, STN-DBS doesn’t slow the progression of the disease and many 

patients still report persistent on-state dyskinesia one year after initiation of STN-DBS/L-DOPA 

therapy (405, 410, 414-416). Therefore, until disease modifying, or curative therapies are found, 

synergistic strategies which could further improve L-DOPA or STN-DBS therapy should be 

identified. 

Nicotine has been used as a stimulant, and medicinally, via tobacco smoking for thousands 

of years (417-419). Interestingly, the first specific and direct use of nicotine for medical therapy 

(to my knowledge) was in 1926 for the treatment of post-encephalitic parkinsonism (393, 420). 

However, the nAChR and nicotine’s role in PD only began to be widely appreciated when 

epidemiological studies showed that smoking was associated with a lower risk of PD (302, 421-

427). Following this, evidence for the beneficial effects of nicotine in PD has continued to grow, 

especially from the lab of Maryka Quik. Preclinical studies suggest that nicotine may mitigate 

nigrostriatal damage – though not all studies agree – (428, 429) and reduce LID in animal models 

of PD (430-432). Most evidence for the effect of nicotinic receptor drugs on PD focus on its effects 

on striatal cholinergic signaling (433). However, interestingly, cholinergic stimulation of the STN 

or stimulation of neurons in the pedunculopontine tegmental nucleus (PPTg), which send 



31 
 

cholinergic projections to the STN, enhances the efficacy of STN-DBS for the relief of PD 

symptoms (434, 435). This DBS enhancement is potentially mediated through nAChRs located on 

STN neurons, as nicotinic activation, deactivation, and desensitization has been shown to modulate 

STN neuron activity through α4β2 and α7 nAChRs (435). Chronic nicotine exposure differentially 

influences functional expression of α4β2 and α7 nAChRs which are expressed on distinct, circuit 

specific, subpopulations of STN neurons (435). These features have been shown to result in 

differential modulation of STN glutamatergic output to the substantia nigra reticulata (SNr) and 

SNc neurons and offer a potential mechanistic explanation for cholinergic enhancement of DBS 

efficacy (435). Indeed, in animal models, activation of circuit specific STN neurons seems to be 

necessary for the efficacy of DBS stimulation. Optogenetic stimulation of STN neurons does not 

replicate the therapeutic effects of STN-DBS but optogenetic stimulation of cortical glutamatergic 

afferents to the STN does (436) – implying that cortical-STN glutamatergic signaling differentially 

excites specific STN neuron subpopulations and that this is necessary for the therapeutic effects of 

STN-DBS. Aligned with this, α4β2 nAChR expressing STN neuron subpopulations were found to 

receive more glutamatergic inputs than α7 expressing subpopulations – whereas α7 expressing 

subpopulations received more GABAergic inputs (435). Overall, this clinical and preclinical 

evidence suggests that STN nAChRs may represent a useful circuit differential therapeutic target 

for patients with PD being treated with STN-DBS/L-DOPA that still experience on-state LID. 

1.4.2 Alzheimer’s disease 

AD is a neurodegenerative disease associated with accumulation of amyloid beta (Aβ) 

plaques, neurofibrillary tangles, and neuronal death, as well as a wide array of systemic effects 

(108, 110, 437, 438). AD is the most common form of dementia. Disease progression results in 

declined memory and cognitive function. AChE inhibitors are a current primary treatment for 

cognitive decline in AD – nodding to the role that cholinergic systems play in cognition and in AD 

(108, 110, 439-446). However, AChE inhibitors (i.e. galantamine, rivastigmine, and donepezil) 

are only effective in some patients and often only for a short period of time. The role that nAChRs 

play in AD has been appreciated for some time (108, 447, 448). Developments in the therapeutic 

approach to AD through nAChR modulation have primarily focused on the direct interaction 

between nAChRs and Aβ (449-452). Despite that, it’s not clear under what conditions Aβ binding 

to nAChRs results in receptor activation or inhibition (110, 453-463). In general, it seems that the 



32 
 

nAChR subtype, experimental system, and Aβ concentration influence the overall direction of 

modulation (110). And so, the effect that Aβ has on nAChRs in patients with AD remains unclear. 

In addition to direct nAChR-Aβ interactions, development of nAChR-based therapies for the 

treatment of AD has been justified by the procognitive effects of cholinergic modulation and the 

cholinergic hypothesis of AD (390, 393, 464, 465). The cholinergic hypothesis of AD is based 

upon unique neurodegenerative phenomena of the disease, specifically depletion of presynaptic 

cholinergic markers in the cortex; the neurodegeneration of the nucleus of the basalis of Meynert, 

which sends cholinergic innervation to the cortex; and the effects of cholinergic modulators on 

memory (464, 466-469). Several α4β2 and α7 nAChR full and partial agonists have entered and 

advanced through clinical studies as AD treatments on the basis of their interaction with Aβ and 

effect on cognitive function (108). Sadly, to date, none of these agents have passed clinical trials 

due to narrow therapeutic windows, failure to meet cognitive endpoints in AD, or for unstated 

reasons (108, 393, 470, 471). In fact, no new drug molecules have been approved by the Food and 

Drug Administration (FDA) for the treatment of AD since memantine in 2003 (439, 464). 

1.4.3 Autosomal dominant nocturnal frontal lobe epilepsy 

Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) is a partial focal epilepsy 

which arises from the frontal cortex during stage 2 of sleep, specifically non-rapid eye movement 

sleep, characterized by clustered hyperkinetic tonic-clonic seizures (188, 190, 472-474). The role 

of α4 nAChRs in epilepsy was first realized following genome sequencing which revealed 

mutations correlated with ADNFLE (188, 190, 474-477). In these first studies ADNFLE was 

associated with mutations of the CHRNA4 gene – which encodes for the α4 nAChR subunit (188, 

476, 478-481). Following this, mutations in two other nAChR encoding genes were found to be 

associated with ADNFLE (482-486). At this point, mutations in CHRNA4, CHRNA2, and 

CHRNB2 have been associated with ADNFLE as well as mutations in KCNT1, DEPD5, and 

corticotropin-releasing hormone (474, 487-489). ADNFLE animal model studies seem to suggest 

that altered regulation of GABAergic transmission may contribute to the major pathology of the 

disease. Interestingly, there is evidence that many antiepileptics (AEDs) – which are effective at 

treating ADNFLE, but have serious side effects – also block heteromeric nAChRs at therapeutic 

doses. Additionally, nicotine – through preferential desensitization – has been suggested to be 

benefitial to ADNFLE patients (190, 474, 490-500). Approximately 70% of ADNFLE patients 
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experience successful remission of seizures to AEDs. The remaining third of patients have 

persistent seizures even in the face of AED treatment. Interestingly, patients with some CHRNA4 

mutations are specifically resistant to carbamazepine therapy (472, 501-507). Therefore, nAChR-

centric therapeutic approachs may represent a potentially fruitful path forward for treatment of 

AED-resistant ADNFLE, but a comprehensive understanding of how different nAChRs regulate 

the implicated GABAergic transmission will be essential for developing rational therapeutic 

approachs (474). 

1.4.4 Schizophrenia 

SZ is a severly debilitating psychiatric disorder that is characterized by a range of 

psychopathological symptoms categorized into positive, negative, and cognitive groups. Positive 

symptoms represent the core features of the disease – delusion and hallucination – and are 

generally treatable with current antipsychotic therapies. The, so called, “negative” symptoms 

include impaired motivation, poverty of speech, and social withdrawal. These symptoms are often 

unaffected – or minimally affected – by antipsychotic therapy. Cognitive impairments occur over 

a wide range of functions and are highly variable between patients (508, 509). Interestingly, SZ is 

highly comorbid with smoking and this comorbidity is likely responsible for the higher mortality 

rate in patients with SZ, since cardiac disease and lung cancer are major killers of individuals 

suffering from SZ (510-513). One major theory addressing this high comorbidity is the self-

administration hypothesis. This hypothesis states that individuals with SZ smoke to alleviate 

symptoms of the disease and/or side-effects of antipsychotic treatment (511, 514-516). An 

alternative hypothesis theorizes that individuals with SZ have a higher likelihood of smoking 

because they are especially vulnerable to addiction (511, 517, 518). Regardless, dysregulation of 

nAChR expression and function is a well-known phenomenon associated with SZ (511, 519, 520). 

For example, SZ patients have reduced expression of α7 nAChRs in multiple brain regions, 

including the hippocampus (HPC), thalamus, and cortex. Some evidence suggests that reduced α7 

nAChR expression isn’t associated with a reduction in protein or mRNA levels – indicating that 

receptor trafficking and assembly is somehow altered (518, 521-526). Additionally, mutations of 

the CHRNA7 gene – which encodes for the α7 nAChR subunit – and altered expression of an 

alternate non-functional CHRNA7 gene (CHRFAM7A) are associated with SZ (511, 518, 524, 

526-528). Some recent studies also link altered α4β2 nAChR expression to SZ. These studies show 
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altered expression of α4β2 nAChRs at baseline, but a recovery to normal expression after 

prolonged nicotine exposure (518, 529-534). CHRNA3 and CHRNA5 – which encode for the α3 

and α5 nAChR subunits – have also been implicated (535-538). Sensorimotor gating (SG) animal 

models of SZ – which have good face validity and ostensibly good predictive validity for 

development of SZ therapeutics – initially indicated promising therapeutic utility of α7 nAChR 

agonists for the treatment of cognitive deficits in SZ patients (187, 539-542). Unfortunately, 

clinical trials with α7 nAChR agonists have reported mixed results and haven’t yet yielded any 

useful therapeutics (542-545). 

1.4.5 Pain 

Nicotinic receptor modulators have been pursued as potential non-opioid therapeutics for 

the treatment of neuropathic pain and inflammation due to their influence on pain pathways and 

immune cell modulation of cytokine release (113, 114, 546-548). Indeed, nicotine itself has been 

shown to have weak analgesic properties by acting in the brainstem (549, 550). The frog toxin 

epibatidine – which is a nonselective nAChR agonist – is even more potent than morphine as an 

analgesic but has severe toxic effects (113, 375, 551, 552). An initially exciting molecule was the 

α4β2 nAChR selective agonist ABT-594, which was developed derivative of epibatidine and 

shown to be an analgesic in preclinical and clinical studies (547, 553-559). Unfortunately, the 

clinical utility of ABT-594 and other α4β2 nAChR selective molecules which have been tested for 

the treatment of pain, has been limited by narrow therapeutic windows and worries of abuse 

potential (546, 556, 558, 560, 561). More recently, targeting of α6β4, α7, and α9 nAChRs directly 

or with PAM-like molecules has been theorized to be an approach which may limit abuse potential 

and offer larger windows of therapeutic utility due to more restricted expression of these nAChR 

subtypes and specific involvement of these nAChRs in inflammatory and pain pathways over other 

neuronal circuits (85, 546, 562-574). However, at the moment, despite more than thirty years of 

development of nAChR modulators as analgesics, there are no nAChR-based analgesics approved 

by the FDA (546). 

1.4.6 Nicotine addiction 

Addiction is initiated and sustained, at least in part, dependent on the positive reinforcing 

and hedonic effects of the drug of abuse (575-577). The neurophysiological, behavioral, and 
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motivational effects of nicotine are complex and involve both dopamine (DA) and non-DA reward 

and aversion pathways (578-581). One major way that nicotine acts to produce positive reinforcing 

effects is by directly impinging on the mesocorticolimbic (MCL) DA system through the VTA 

(578, 582, 583). The MCL DA system is centrally important for processing natural rewards and is 

subject to inordinate alteration upon exposure to psychostimulants, including nicotine, which leads 

to acquisition of maladaptive drug seeking behavior (584-590). The VTA has important efferent 

projection targets, including the nucleus accumbens (nAC), PFC, and tegmental pedunculopontine 

area (TPP), among other areas (578, 591). Ascending DAergic projections to the nAC contribute 

to the, well studied, mesolimbic pathway (578, 591-594). Ascending DAergic projections into the 

PFC from the VTA comprise the mesocortical pathway (578, 591, 595). Efferent descending non-

DA neurons from the VTA also project into the TPP (578, 591, 596, 597). These may be important 

for non-DA mediated reward pathways (578, 598, 599). Afferent projections to the VTA return 

back from the TPP and from the laterodorsal tegmental area (LDT) as excitatory and inhibitory 

inputs. Glutamatergic and cholinergic signals from the TPP and the LDT act as excitatory stimuli 

on the VTA (578, 591, 600-604). The TPP also has GABAergic neurons which send inhibitory 

signals to the VTA (578, 591, 602, 605). As one can see, the neural circuitry within the VTA is 

complex and multiple effects of nicotine on VTA circuitry contribute to the activity of DA neurons. 

For a more complete review of VTA neurocircuitry see Laviolette S. and Kooy D., 2004, Nat Rev 

Neurosci as well as Morales M. and Margolis EB., 2017, Nat Rev Neurosci.  

The role of the VTA in nicotine’s positive reinforcing effects is directly supported by 

evidence that rats will self-administer nicotine to the VTA and that nAChR antagonist application 

in the VTA blocks nicotine self-administration (606, 607). The subunit composition of nAChRs 

on DA and GABA neurons in the VTA plays an important role in the acute and chronic response 

to nicotine administration through nicotinic receptor activation, differential desensitization, and 

selective upregulation (343, 578, 608-611). Projecting DAergic neurons in the VTA express many 

nAChR subunits, including α2-6 and β2-4; whereas GABAergic neurons in the VTA are thought 

to primarily express α4β2 nAChRs (578, 612, 613). Acute activation of α4, α6, and β2 containing 

nAChRs on midbrain VTA DA neurons increases firing and phasic bursting of these neurons 

resulting in elevation of DA in the PFC and nAC through the mesocortical and mesolimbic 

pathways, respectively (343, 344, 575, 578, 582, 583, 589, 590, 614, 615). Prolonged nicotine 

exposure promotes activation of DAergic neurons by favoring activation of α7 contain nAChRs 



36 
 

on glutamatergic presynaptic terminals over activation of α4β2 containing nAChRs on 

GABAergic presynaptic terminals – which eventually desensitize to nicotine concentrations 

achieved by smoking (131, 343, 578). Therefore, desensitization of GABA inhibitory signals 

results in a greater dopaminergic tone from the VTA to the nAC and PFC resulting in prolonged 

action on the MCL DA reward pathway. Additionally, prolonged nicotine exposure may alter the 

nAChR subunit expression of DA or GABA neurons in the VTA favoring a shift towards greater 

DA tone to the MCL reward pathway (578). 

Since its initial report in the 1990s, the α6 nAChR subunit has been implicated as an 

important component of addiction and movement disorders stemming from impaired nigrostriatal 

function (582, 616). However, determining the functional importance of α6 containing nAChRs 

has proven difficult. Fortunately, since the discovery of α-conotoxinMII (α-CtxMII) – a selective 

α6 antagonist – and a hypersensitive α6 nAChR subunit mutation, significant advances have been 

made in the understanding of the importance of the α6 nAChR subunit in addiction and movement 

disorders (616-619). Importantly, unlike α4 and α7 nAChR subunits, α6 nAChR subunits are 

primarily localized to the catecholaminergic nuclei (locus coeruleus (LC), VTA, and SN) (616, 

620-623). Nicotinic receptors containing α6 subunits on DA neurons in the VTA have been shown 

to exist in α6β2β3, α6α4β2β3, and α6β2 formats. As with other nAChRs, chronic nicotine exposure 

has been shown to alter level and ratio of subunit expression in α6 containing nAChRs (616, 621, 

624, 625). Interestingly, chronic nicotine exposure may increase expression of α6β2 while 

decreasing proportional expression of α6α4β2. This has been theorized to be a mechanism by 

which chronic nicotine alters mesolimbic circuitry and DA release following chronic nicotine 

exposure  (207, 265, 616). Because of its importance in the mesolimbic pathway and the limited 

expression of the α6 nAChR subunit, α6 nAChRs may prove to be a novel and exciting therapeutic 

target for addiction and movement disorders (616, 626, 627). 

1.4.7 Nicotine withdrawal  

Despite the reinforcing effects of nicotine, the majority of adult smokers claim to want to 

stop smoking and most smokers make multiple attempts at cessation. Unfortunately, withdrawal 

and subsequent relapse to nicotine use is the typical end result of a quit attempt; only 3-5% of 

untreated smokers maintain abstinence at 12 months after quitting smoking (628-631). This is in 

large part due to negative withdrawal symptoms, that smokers who attempt to quit experience after 
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cessation of nicotine consumption (630, 632, 633). For drugs of abuse – especially nicotine – 

avoidance of aversive withdrawal symptoms that are associated with cessation is thought to play 

a major role in the maintenance of drug use (134, 634). The aversive withdrawal syndrome which 

is associated with cessation of drug taking can be considered a negative reinforcer that incentivizes 

continued drug use and promotes relapse by removal of the aversive syndrome (134, 577, 635). 

Withdrawal involves physical (somatic), emotional (affective), and cognitive disturbances in the 

hours and days following nicotine abstinence. Physical “somatic” withdrawal symptoms include 

racing heart, sweating, and GI discomfort. Affective “emotional” symptoms include anhedonia, 

anxiety, depression, dysphoria, and irritability (134, 636). In animal models of nicotine withdrawal, 

mice or rats are exposed to nicotine by forced inhalation, repeated injection, intravenous infusion, 

implantation of a subdermal osmotic minipump, or through their drinking water (36, 637). After 

prolonged exposure to nicotine (of a duration dependent on administration mode, but at least more 

than two weeks), somatic withdrawal symptoms (head shakes, paw tremors, retropulsion, writhing, 

scratching, straub tail, etc.) and affective withdrawal symptoms (hyperalgesia and anxiety-like 

behavior) can be precipitated by removal of nicotine exposure or by systemic or direct local 

administration of nAChR antagonists (638-642). Cognitive disturbances evoked from nicotine 

withdrawal can be measured in animal models by hippocampal-dependent learning paradigms such 

as contextual fear conditioning (643-645). In humans, smoke intake and measures of physiological 

dependence – such as packs per day or time of first cigarette after waking – are predictors for the 

likelihood of success for quit attempts; but the best predictor for success of quit attempts is the 

severity of withdrawal syndrome (632, 636, 646, 647). As such, nicotine cessation therapies focus 

on blunting the rewarding effects of nicotine and mitigating the severity of the withdrawal 

syndrome to help improve the odds of patients to maintain abstinence. Unfortunately, smoking 

cessation drugs, including varenicline and bupropion, are only marginally effective at fostering 

cessation – improving the odds of abstinence at 12 months from less than 10% to around 20% (648, 

649). Nicotinic receptors in the habenulopeduncular (HP) circuit are thought to play a central role 

in mediation of somatic and affective symptoms of nicotine withdrawal (650-656). This is directly 

supported by evidence showing that, in mice chronically treated with nicotine, direct inhibition of 

nAChRs in the MHb and IPN precipitates withdrawal-like symptoms (657, 658). Importantly, the 

HP circuit expresses α2, α3, α5, and β4 containing nAChRs – which display limited expression in 

other brain areas and have been shown to be critical for nicotine withdrawal symptoms (658-661). 
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Indeed, knockout of the α2, α5, and β4 nAChR subunit blunts the nicotine withdrawal syndrome 

in mice and α3, α5, and β4 nAChR subunit mutations are associated with nicotine abuse (652, 658-

666). Interestingly, the only FDA approved drug which has a mechanism of action that primarily 

targets neuronal nAChRs (varenicline) is indicated as an aid to smoking cessation treatment (667). 

Varenicline is a derivative of the natural nicotinic agent cytisine and is an agonist of α7 nAChRs 

(half-maximal current response (EC50) of 18 micromolar (μM) and intrinsic efficacy (IE) of 84-

93% compared to ACh or nicotine) and a partial agonist of α4β2 (EC50: 2.3-5.2 μM, IE: 13-45%), 

α6β2 (IE: 8.8%), α3β4 (EC50: 13-55 μM, IE: 63-75%), and α3β2 (IE: 3.7%) nAChRs – suggesting 

it likely functions in the MCL and HP circuits to limit reward and mollify withdrawal mechanisms 

(668-670). 

1.5 The habenulopeduncular circuit 

The habenula (Hb) is a small – and yet very complex – bilateral epithalamic nuclei, located 

posteromedial to the thalamus, adjacent to the third ventricle in mice (650, 655, 671). The Hb is a 

phylogenically conserved nuclei that originates with priority in the developing brain of mammals 

– as early as eight weeks into gestation (655, 672). Apart from its role in nicotine withdrawal, the 

Hb has been implicated in many normal physiological functions including sleep, reward, stress, 

pain, depression, and anxiety, among others (673-689). Based on imaging, immunohistochemical, 

and electrophysiological studies, up to 15 subdivisions have been identified – 5 in the medial aspect 

and 10 in the lateral aspect (690-692). The medial aspect of the habenula (MHb) is anatomically 

and cytochemically independent from the lateral aspect (LHb) and the neuronal connectivity of the 

two subdivisions is distinct (675, 693-696). However, it has been suggested that there exists a 

direct, and possibly functionally relevant, connection between the MHb and LHb; there is limited 

evidence of this (674, 690, 697-699). The LHb is important in its own right, and is much better 

studied than its medial neighbor, however the MHb will be the focus of this document because of 

its heavy implication in nicotine withdrawal syndrome (654, 671). 

The MHb itself is characterized by small densely packed neurons (690, 697, 700, 701). The 

superior and dorsal subnuclei of the MHb express glutamatergic and Substance P-ergic markers 

whereas neurons in the ventral two-thirds of the MHb express glutamatergic and cholinergic 

markers (eg. choline acetyltransferase; ChAT) (696). The ventral portion of the MHb can be further 

subdivided into 3 discrete subnuclei base on cytochemical, morphological, and hodological 
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characteristics (690). The most medial ventral subdivision (MHbVi) borders the third ventricle. 

MHbVi neurons are typically round and devoid of indentations and possess large proximal primary 

dendrites and craggy dendritic arbors with myelinated axons projecting ventrolaterally (690, 697). 

Neurons in the ventral two-thirds of the MHb express impressively high numbers of nAChRs that 

consist of a broad and unique mix of nAChR subunits (α3, α4, α6, β2, β3, and β4) (702-704). 

Indeed, each tiny subdivision of the ventral MHb displays a unique palette of nAChR subunits – 

MHbVi: α3, α6, β2, β3, and β4; MHbVm: α3, β2, β3, and β4; MHbVL: α3, α4, β2, β3, and β4 

(324, 654, 655, 696, 705). Note that neurons in the ventral MHb express α3β4 nAChRs, which 

otherwise have a very limited expression profile; also, specifically, neurons in the MHbVL express 

α4 nAChRs (324, 654, 655, 696, 705). Although beyond the scope for in-depth discussion for this 

dissertation, the MHb also, interestingly, expresses GABAB receptors at among the highest levels 

in the brain (671, 706-711). On top of this, recent research suggests that GABAB activation is 

paradoxically activating at the MHb-IPN synaptic terminal (706). Even stranger, thanks to a lack 

of K+/Cl− co-transporter 2, MHb neurons have a high internal chloride (Cl−) concentration which 

may reverse Cl− driving forces and result in neuronal excitation through GABAA receptor 

activation – although this is still not entirely clear (707, 711, 712). It seems that GABAergic 

signaling is probably as strange and as integral to the function of the HP circuit as cholinergic 

signaling is. 

Being a component of the dorsal diencephalic conduction (DDC) circuit, the MHb is 

responsible for the important function of relaying information from limbic forebrain areas to the 

midbrain and hindbrain regions (674, 695, 713). The partnering components of the DDC are 

constituted by the white matter afferents and efferents of the Hb – the stria medullaris (SM) and 

the fasiculus retroflexus (FR), respectively (674, 714). The SM represents the major white matter 

which harbors afferent input to the MHb. Afferents to the MHb origionate, primarily, from nuclei 

in the posterior septum, including the septofimbrial nucleus (SFi), triangular septum (TS), and the 

bed nucleus of the anterior commissure (BAC) (655, 694). In addition to these posterior septum 

inputs, the MHb also receives afferents from the medial septum (MS), nucleus of the diagonal 

band (NDB), the interfascicular nucleus of the VTA (VTAIF), NAc, and mesencephalic raphe of 

the hindbrain, as well as afferents from the LC and superior cervical ganglion (655, 656, 671, 674, 

694, 715-718). Afferents from the posterior septum nuclei seem to be segregated into two parallel 

pathways which terminate as cholinergic and substance P-ergic synapses in the MHb. Afferents 
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from the TS terminate as glutamatergic or ATPergic synapses, whereas afferents from the MS and 

NDB seem to be GABAergic. Norepinephrine (NE), serotonin, ATP, and other neuropeptides have 

also been identified as potential afferent components of MHb transmission (655, 671, 696, 714, 

715, 717, 719-726).  

Neurons in the ventral subdivisions of the MHb mainly project to the IPN where they 

corelease ACh and glutamate, whereas projections from the dorsal MHb project to the lateral 

subnuclei of the IPN where they may release SP, Interleukin-18 (IL-18), and glutamate (134, 696, 

714, 726-730). The FR represents the major white matter which harbors efferent output of both 

the MHb and LHb. MHb axons constitute the central core or internal portion of the FR fiber bundle, 

whereas the LHb axons make up the outer layers of the FR axon fiber bundle (693). Interestingly, 

prolonged nicotine exposure is known to cause selective degeneration of the internal core of the 

rodent FR, whereas other stimulant drugs of abuse have been shown to cause degradation of the 

external portion of the FR (651, 731-735). Upon arriving at the IPN, MHb projections either travel 

ventrally along the lateral border of the IPN and terminate in the lateral subdivision or criss-cross 

horizontally, mediolaterally, through the IPN and form asymmetric synapses en passant and as 

terminals in the remaining central regions of the IPN (674, 700, 736, 737). Four unique forms of 

synapse morphology exist for the MHb-IPN tract: S-type, Crest, F-type, and axosomatic synapses. 

Of these forms, S-type and Crest synapses constitute the vast majority of synapses and 

overwhelmingly arise from MHb origin (700, 736, 738, 739). S-type synapses are, for the most 

part, similar to Crest synapses – both forming asymmetric synapses characterized by spherical, 

agranular synaptic vesicles and few large granular vesicles, with axonal diameters ranging from 

0.3 to 1.3 µm (widening closer to the synapse site) (736). The key difference between S-type and 

Crest synapses is the existence of paired synaptic contact. In crest synapses, two axons contact a 

narrowed dendritic process (the “crest”) on opposite faces of the dendrite – sandwiching the 

dendrite (736). The sandwiching axons of the Crest synapse seem to originate from discrete axons, 

not bifurcations of the same axon. These axons likely originate from opposing MHb nuclei, 

suggesting a function in integration of information passed from bilateral limbic nuclei (655, 736, 

740, 741). The origin of F-type synapses is not as certain as S-type and Crest synapses but, 

interestingly, they are symmetric in nature (736). In addition to the IPN, the MHb may also send 

projections to, and synapse in, the pineal body, VTA, and possibly en passant in the LHb (655, 

656, 693, 697, 698, 714, 742, 743).  
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The IPN receives projections primarily from the MHb through the FR. However, other 

afferents to the IPN contribute from the NDB, substantia innominate, infralimbic region of the 

medial PFC, preoptic nucleus, hypothalamic nuclei, supramammillary nucleus, raphe nuclei, 

nucleus incertus, and dorsal tegmental nucleus (656, 738, 744-751). Of note, some studies have 

also demonstrated projections from the LHb to the IPN (655, 744, 752, 753). Efferents of the IPN 

primarily project to the raphe nuclei and the dorsal and laterodorsal tegmental nuclei; along with 

minor projections to the nucleus incertus and forebrain regions such as the septum, lateral 

hypothalamus, entorhinal cortex, thalamus, and HPC (655, 656, 745, 754-765).  

Studies using a variety of techniques, including radioligand binding, radioactive antibody 

binding, ligand-provoked glucose utilization, in situ hybridization, RT-PCR, and 

immunohistochemistry have revealed that MHb neurons express a substantial level and large 

variety of nAChRs at dendritic, preterminal axon, and presynaptic localizations (108, 248, 621, 

703, 704, 766-781). Indeed, lesions of the habenula and FR result in a sustained reduction in 

nicotine binding sites in the IPN, suggesting the presence of presynaptic residing nAChRs of a 

MHb origin (782). These studies point to α3β4 nAChRs to be the major subtype located in the FR 

and presynaptically at the MHB-IPN synapse. Electrophysiological studies of the MHb-IPN circuit 

identified corresponding features – high expression, large diversity, and functional expression at 

preterminal axon and presynaptic locales – and also suggested an important role for α3β4 nAChRs 

on MHb axons and presynaptic terminals and α5 nAChRs postsynaptically in the IPN (324, 704, 

725, 783-787). Experiments on synaptosomes (presumably of MHb origin) taken from the IPN 

and co-cultures of MHb and IPN neurons demonstrate that nAChR activation is capable of evoking 

ACh release and facilitate glutamate release. These same experiments suggested that α3β4 

nAChRs, not β2 containing nAChRs, mediate this ACh release (702, 788, 789).  Overall, the MHb-

IPN circuit has emerged as an understudied, but potentially highly strategic target, for the treatment 

of a range of diseases, not just nicotine addiction. The lack of success in developing nicotinic 

modulators for the treatment of diseases with cholinergic components highlights the challenges 

presented by the wide expression pattern, overlapping pharmacology of nAChR subtypes, and 

poorly understood function of nAChRs in many neuronal circuits. In order to understand the 

function that nAChRs play in a normal physiological setting and in diseased pathological settings, 

one needs to have a detailed understanding of nAChR location at a wide range of resolutions – 

brain nuclei, cell-specific, and subcellular localization. This is because the function of nAChRs is 
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intrinsically tied to their location (328, 790). Amazingly, experiments using optical techniques for 

the precise subcellular mapping of nAChR functional localization began in the 1990s but have 

only slowly transitioned from ex vivo systems to in vivo brain slice experiments (329, 339, 791-

793). 

1.6 Photolysis of photolabile caged compounds 

In the absence of excessive intensity of light – which could produce harm to the cell – or in 

the case of specialized cells – such as photoreceptors in the eyes – most cells do not react to light 

and most tissue is eminently penetrable to light. (794-796).  This makes photostimulation uniquely 

minimally invasive – allowing for greater utility in living systems or more complete ex vivo 

preparations (796, 797). Infrared (IR) or near-IR light displays properties which are especially 

advantageous for photostimulation, including improved tissue penetration and reduced 

phototoxicity (795-799). Light-responsive compounds offer a powerful tool for biologists – since 

light can be manipulated in very precise and well understood ways.  Strategies focused on using 

light to precisely and rapidly control the spatiality, temporality, and concentration of an active 

form of a light-responsive molecule began being developed for use in biochemical experiments as 

early as the 1970s (794, 800, 801). Early work with Bis-Q-based photoisomerizable nAChR 

agonist and antagonists are an excellent example of how photoactivatable molecules can allow for 

precise spatial and temporal control of biochemical systems (802, 803). These Bis-Q-based studies 

were integral for the development of our understanding of the kinetics and mechanisms of nAChR 

agonist or antagonist binding and dissociation (803, 804), the dose-response relationship of 

nAChR activation at very low-levels of agonist exposure (803, 805), and the nature of the 

millisecond scale synaptic delay of transmitter action following excitation of the presynaptic 

terminal (803, 806). 

Of chief interest among a veritable toolbox of light-responsive entities are “caged” 

compounds (800, 807-810). Joseph Hoffman and Jack Kaplan coined the term “caged” in a 1978 

publication presenting results for their “caged ATP” molecule (811). In general, the caging strategy 

utilizes a chemical modification of a molecule with a photolabile chemical group which is 

irreversibly removed upon photostimulation (801, 812). Despite the visual context that the 

designation “caged” lends to these molecules, usually the steric hindrance or topological isolation 
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induced by the photolabile chemical group is quite limited – often to a single molecular bond (808). 

However, this photolabile group may be an addition at a particularly important portion of the 

molecule’s SAR – such is the case for the main photoactivatable molecule described in this 

document – but this is not always the case and is usually limited by potential attachment sites of 

the photolabile group (794, 808). However, in some cases, the caging is more literal; for example, 

in the case of RuBi-Nic, the active molecule – nicotine – is encapsulated in a coordination complex 

with a ruthenium polypiridine. The ruthenium polypiridine complex forms a single metal to ligand 

bond with nicotine which is sensitive to a wide range of wavelengths in the visible spectrum (813). 

Ideally the photolabile molecule should be biologically inert; generate by-products which are inert 

at relevant concentrations; demonstrate sufficient water solubility; have high stability in aqueous 

mediums; and selectively release its active molecule upon photostimulation, with sufficient 

rapidity to study a wide range of phenomena. Additionally, the compound should have a favorable 

photostimulation excitation wavelength and be receptive to multiphoton photolysis (794, 801, 812).  

Sensitivity to photochemical multiphoton photolysis is often of key importance to the high-

end utility of these caged compounds. This is due to the substantially higher spatial selectivity of 

multiphoton photoactivation over single photon photoactivation, in addition to the excellent tissue 

penetration and low phototoxicity of two photon (2P) excitation wavelengths. 2P photoactivation 

has improved spatial selectivity of fluorescence excitation and uncaging over 1P photoactivation, 

especially in the z-dimension, due to the non-linearity of the effective photostimulation intensity 

compared to actual photostimulation intensity (795, 799, 814, 815).  For 2P excitation, this non-

linearity arises from the circumstance that, for two photons to generate a sufficient excitation state 

to induce photolysis, it is required that two photons of light stimulate a single molecule within the 

time frame that the molecule absorbs the first photon and then may relax back to its ground state 

through vibrational relaxation (795, 799). This photon absorption happens within less than 1 

femtosecond, that is to say nearly instantaneously, and thus the effective photostimulation intensity 

is the square of the actual photostimulation intensity (the probability of absorption of the first 

photon multiplied by the probability of absorption of the second photon) (795, 796). Ultimately, 

the physics of 2P photoactivation results in an effective photoactivation area in the shape of a very-

very thin disk, whereas typical 1P photoactivation results in a photoactivation area shaped like a 

hourglass where the focal point of excitation has the smallest diameter cross-section and highest 

photostimulation intensity (799, 814). The 2P uncaging absorption spectra for caged compounds 
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is often much more difficult to establish than the 1P uncaging spectra. This is because the total 

amount of photolysis product is much smaller and can often be difficult to detect with typical 

analytical methods (799). However, when the “caged” molecular species or the photolysis products 

exhibit fluorescent properties, fluorescence-based techniques can be extremely useful for 

quantifying 2P uncaging absorption spectra. Biological surrogates of chemical-physical uncaging 

can also be used to quantify 2P uncaging absorption spectra when the photolysis product evokes a 

rapid biological effect – such as opening an ion channel (799).  

Photolysis of “caged” compounds represents a core tool with which to influence receptor 

activation in a spatially and temporally controlled manner. Indeed, photolysis of “caged” glutamate 

and GABA receptor ligands empowered pivotal studies that informed our understanding of the 

biophysical parameters, receptor localization, and function of glutamate and GABA receptors (812, 

816, 817). This technique is widely generalizable and has been found to be of great value in many 

biological systems. Many tools which are useful for the interrogation of diverse, central biological 

processes have been developed using this technique, including caged Ca2+, IP3, carbamylcholine, 

glutamate, GABA, serotonin, glycine, and many others (794, 808, 812, 818-824). 

1.7 Scope and Objectives 

In order to further our understanding of the topics presented above, the following chapters 

will focus on the characterization of a novel photo-activatable nicotine molecule (PA-Nic) and the 

utilization of this new tool to interrogate nAChR subcellular localization, regulation, and function 

in the MHb-IPN circuit as well as in the VTA and HPC. Chapter 2 gives a detailed description of 

all animal subjects, materials, methods, equipment, experimental design, and statistical tests used 

to perform the experiments described in Chapters 3-7. The chemical synthesis of PA-Nic, 

photochemical characterization, and photolysis paradigm validation experiments are detailed in 

Chapter 3. The chemical synthesis and photochemical characterization of PA-Nic were performed, 

primarily, by Luke Lavis and Sambashiva Banala at Janelia Research Campus, HHMI. Because of 

the central importance these experiments serve in the utilization of PA-Nic for the interrogation of 

nAChR subcellular localization, regulation, and function, the results of these experiments are 

included in this document and are discussed in detail. Chapter 4 addresses the localization, 

regulation, and function of nAChRs in the MHb and interrogates the effect of prolonged nicotine 
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exposure on nAChR expression and function. Chapter 5 addresses the localization, regulation, and 

function of nAChRs in the IPN and also observes the effects of prolonged nicotine exposure on 

the MHb-IPN circuit. Chapter 5 investigates the role of presynaptic nAChRs on MHb terminals in 

activation of IPN neurons and identifies physiological phenomena displayed by IPN neurons that 

are associated with nicotine application. Finally, Chapter 6 addresses nAChR function and 

localization in the VTA and HPC. To conclude, in Chapter 7, the direction of future research, 

general conclusions, and implications of our research are discussed. 
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 MATERIALS AND METHODS 

Portions of this chapter (pgs 46-61) are reprinted from publications 2-5. Publication 2 was written 

by Drenan RM, Arvin MC, Banala S, and Lavis LD with input from all other authors. Publication 

3 was written by Drenan RM and reviewed and edited by Yan Y, Peng C, Arvin MC, Jin XT, 

Wang Y, and Wokosin DL. Publication 4 was written by Drenan RM and reviewed and edited by 

Arvin MC and Wokosin DL. Publication 5 was written by Drenan RM. 

2.1 Materials 

2.1.1 Chemicals 

Commercial reagents were obtained from reputable suppliers and used as received. All 

solvents were purchased in septum-sealed bottles stored under an inert atmosphere. All reactions 

were sealed with septa through which an argon atmosphere was introduced unless otherwise noted. 

Reactions were conducted in round-bottomed flasks containing Teflon-coated magnetic stir bars. 

Heating of reactions was accomplished with an aluminum reaction block on top of a stirring 

hotplate equipped with an electronic contact thermometer to maintain the indicated temperatures.  

2.1.2 Drugs 

(−)-Nicotine hydrogen tartrate salt (nicotine) was obtained from Glentham Life Sciences 

(Wiltshire, United Kingdom). Acetylcholine chloride (ACh), mecamylamine (mec or meca), 

picrotoxin (PTX), dihydro-β-erythroidine (DHβE), and atropine sulfate (atropine) were obtained 

from Sigma. CGP 55845 (CGP), SR16584, 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), D-

(−)-2-Amino-5- phosphonopentanoic acid (D-AP5), donepezil hydrochloride (donepezil), 

Octahydro-12- (hydroxymethyl)-2-imino-5,9:7,10a-dimethano-10aH-[1,3]dioxocino[6,5-

d]pyrimidine-4,7,10,11,12-pentol (TTX), and QX-314 chloride (QX-314) were obtained from 

Tocris. PA-Nic and its major photochemical by-product was synthesized as described below and 

provided by Sambashiva Banala from the lab of Luke Lavis (Janelia Research Campus, Howard 

Hughes Medical Institute). Heparin was obtained from Santa Cruz Biotechnology (Dallas, TX). 

RuBi-Nic was obtained from Abcam. α-conotoxin MII was synthesized by J.M.M., as 
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previously described (825, 826). All other chemicals/drugs were obtained from Sigma unless 

otherwise specified. 

2.1.3 Viral Vectors 

AAV5.CAG.Flex.GCaMP6f.WPRE.SV40 vectors for Cre-dependent expression of 

GCaMP6f were obtained from University of Pennsylvania Vector Core (lot #V5532L, titer 1.74 

× 1013 GC/mL). 

 

AAV1.CAG.Flex.jRCaMP1b.WPRE.SV40 vectors for Cre-dependent expression of 

jRCaMP1b were obtained from University of Penssylvania Vector Core (lot #V28577, titer 1.7 x 

1013 GC/mL). 

2.2 Animal Husbandry 

2.2.1 Animal Subjects 

All experiments that utilized animal subjects were performed following guidelines 

provided by Purdue University or Northwestern University Institutional Animal Care and Use 

Committee. Procedures also followed the guidelines for the care and use of animals provided by 

the National Institutes of Health Office of Laboratory Animal Welfare. Mice were housed at 22 

°C on a 12-h light/dark cycle with food and water ad libitum. Mice were weaned on postnatal day 

21 and housed with same-sex littermates. Unless stated otherwise, experiments were conducted on 

C57BL/6J mice obtained from Jackson Laboratories (Jax #000664) or wild-type (WT) mice with 

a C57BL/6J background bred in Purdue or Northwestern University animal facilities. The 

following mouse strains were obtained from Jackson Laboratories: ChAT-IRES-Cre (Jax 

#006410), vGluT2-IRES-Cre (Jax #016963), Gad2-IRES-Cre (Jax #010802), Ai14 (Jax #007908). 

Mice expressing tdTomato in a Cre-dependent manner (ChAT-IRES-Cre::Ai14, vGluT2-IRES-

Cre::Ai14, Gad2-IRES-Cre::Ai14) were obtained by crossing mice heterozygous for each 

mutation, which produced ~25% double-heterozygous progeny. Pre-weanling mice (<21 d old) 

were used for stratum radiatum (SR) recordings. All other mice used were 6–24 weeks of age. 
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2.2.2 Surgical Procedures 

2.2.2.1 Stereotaxic injection surgery 

Male and female mice were used for surgery starting at 8 weeks of age. Mice were initially 

anesthetized with an intraperitoneal (i.p.) injection of a ketamine–xylazine mixture (120 mg/kg 

ketamine, 16 mg/kg xylazine). Mice were given additional 'boost' injections of ketamine (100 

mg/kg i.p.) as needed. Alternatively, some mice were anesthetized with isoflurane: 3% (flow rate 

500 mL/min) for induction and 1.5% (28 mL/min) for maintenance. Mice were secured in a 

stereotaxic frame and a small incision at the top of the head was made to expose the skull. 

Coordinates used for bilateral MHb injections were (relative to bregma, in millimeters) medial–

lateral (M/L), ±0.3; anterior–posterior (A/P), −1.58; dorsal–ventral (D/V), −2.75 with overshoot 

to −3.0 before retraction to −2.75. Exact coordinates were adjusted to account for slight differences 

in head size between individual mice: the bregma/lambda distance measured for each mouse was 

divided by the reported bregma/lambda distance for C57 mice (4.21), then multiplied by the A/P 

coordinate. The injection needle was slowly lowered through the drilled hole to the D/V coordinate. 

For adeno-associated viruses, 300 nL of virus (per hemisphere) was infused at a rate of 50 nL/min. 

The injection needle was left in place for 10 min after the infusion ended before being slowly 

retracted. Sutures were used to close the incision. At the conclusion of the surgery, mice were 

given ketoprofen (5 mg/kg by subcutaneous injection) and placed in a recovery cage, kept warm, 

and observed until they were ambulatory. Mice were single-housed after virus injection surgery 

and were given at least 14 d to recover and for the virus to express before experimental procedures 

were started. 

2.2.3 Treatments and Drug Administration 

Mice were treated with nicotine via drinking water or by subcutaneous osmotic 

minipump implantation. For mice treated with nicotine via drinking water, nicotine hydrogen 

tartrate or L-tartaric acid (control group) was dissolved in tap water (pH 7.0) supplemented with 

saccharin sodium (3 mg/mL) to mask the bitter taste of nicotine. We used the following 

treatment schedule (nicotine (reported as nicotine free base), tartaric acid; in μg/mL): days 1–

2, (50, 75); days 3–4, (100, 150); day 5 and beyond, (200, 300). On day 5 and beyond we 

maintained doses by replacing drinking water solutions every 2–3 d, and mice were treated for 
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at least 28 d before experimentation. For mice treated with nicotine via minipump, mice were 

implanted with primed osmotic minipumps (model 2004; Alzet; Cupertino, CA) filled with sterile 

saline or (−) nicotine hydrogen-tartrate salt dissolved in sterile saline. Nicotine (free base) was 

delivered at a rate of 12 mg/kg/day. Mice were treated for 14-28 days before experimentation. 

For all acute ex vivo brain slice experiments where ACh or nicotine are utilized, atropine 

(1 μM) was added to the recording solution to block mAChR activation. The electrophysiology 

recording solution was supplemented with the following: PTX (100 µM), CNQX (20 µM), D-AP5 

(50 µM) for data collected in Figures 18, 22, 28, 35, 36, and 38. The electrophysiological recording 

solution was supplemented with the following: TTX (0.5 µM), PTX (75 µM), CNQX (10 µM), D-

AP5 (30 µM), and CGP-55845 (10 µM) for data collected in Figure 40-43, 45, and 46; 

hemicolinium-3 (50 µM) and vesamicol (2 µM) were added to this cocktail for data collected in 

Figure 46. For data in Figures 18, 22, 28, 35, 36, 38, 42, 43, 45, 46, and 49, the internal solution 

was supplemented with QX-314 (2 mM) for improved voltage control. The electrophysiology 

recording solution was supplemented with PTX for data collected in Figure 47. 

2.2.4 Acute Ex Vivo Brain Slice Preparation 

Mice were anesthetized with Euthasol (sodium pentobarbital, 100 mg/kg; sodium phenytoin, 

12.82 mg/kg) before trans-cardiac perfusion with oxygenated (95% O2/5% CO2), 4 °C N-methyl-

D-glucamine (NMDG)-based recovery solution that contained (in mM) 93 NMDG, 2.5 KCl, 1.2 

NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 

10 MgSO4·7H2O, and 0.5 CaCl2·2H2O; 300–310 mOsm, pH 7.3–7.4. Brains were immediately 

dissected after the perfusion and held in oxygenated, 4 °C recovery solution for 1 min before a 

brain block containing the MHb was cut and the brain was sectioned with a vibratome (VT1200S; 

Leica). Coronal slices (200-250 μm) were sectioned through the MHb, VTA, IPN, or HPC and 

transferred to oxygenated, 33 °C recovery solution for 12 min. Slices were then kept in holding 

solution (containing, in mM, 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 

5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 2 MgSO4·7H2O, and 2 CaCl2·2H2O; 300–310 

mOsm, pH 7.3–7.4) for 60 min or more before recordings.  

For two-photon uncaging experiments (performed in the lab of Yevgenia Kozorovitskiy), 

brain slices were prepared as follows. Animals were deeply anesthetized by inhalation of 

isoflurane and decapitated, and the brain was rapidly removed and immersed in ice-cold 
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oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM) 127 NaCl, 2.5 KCl, 25 

NaHCO3, 1.25 NaH2PO4, 2.0 CaCl2, 1.0 MgCl2, and 25 glucose (osmolarity ∼310 mOsm/L). 

Tissue was blocked and transferred to a slicing chamber containing ice-cold ACSF, supported by 

a small block of 4% agar. Bilateral 250-μm-thick slices containing the MHb were cut on a Leica 

VT1000S and transferred to a holding chamber with ACSF equilibrated with 95% O2, 5% CO2. 

Slices were incubated at 34 °C for 15–30 min before electrophysiological recording. 

2.3 Methods 

2.3.1 Chemical Synthesis 

Note of contribution: All chemical synthesis and chemical/spectroscopic characterization was 
performed by researchers at Janelia Research Campus – including members in the lab of Luke 
Lavis, namely Sambashiva Banala. I did not perform any chemical synthesis or 
chemical/spectroscopic characterization and did not intellectually contribute to the original 
chemical development of the coumarin-caged molecules mentioned in this document. 

2.3.1.1 Procedure for the reaction of nicotine with coumarin-bromide 

Nicotine (compound 2) (303 mg, 1.87 mmol) was dissolved in 40 mL anhydrous CH3CN. 

Coumarin bromide (compound 1) (900 mg, 1.87 mmol) was added and the reaction was heated to 

60 °C and stirred for 18 h. The reaction was cooled to room temperature and concentrated in vacuo. 

Purification by HPLC (5–50% v/v MeCN in H2O, linear gradient, constant 0.1% v/v TFA additive) 

and lyophilization afforded the desired product as pale, yellow powder. The regioisomer 

compound 8 (820 mg, 56%) is easily separable by HPLC and distinguished 1H NMR. Compound 

6 (PA-Nic) and compound 7 are diastereomers and eluted as a single peak, inseparable at this step; 

obtained 82 mg (6%) as a 3:1 diastereomeric mixture. Both isomers were distinguished by 2D 

NOESY spectra. Reactions were monitored by thin layer chromatography (TLC) on precoated 

TLC glass plates (silica gel 60 F254 250 µm thickness) or by LC/MS (4.6 mm × 150 mm 5 µm 

C18 column; 5 µL injection; 10–95% CH3CN/H2O, linear gradient, with constant 0.1% v/v TFA 

additive; 20 min run; 1 mL/min flow; ESI; positive ion mode; UV detection at 254 nm). TLC 

chromatograms were visualized by UV illumination or developed with KMnO4 stain. Flash 

chromatography was performed on an automated purification system using pre-packed silica gel 

columns or by preparative HPLC (Phenomenex Gemini NX 30 × 150 mm 5 µm C18 column). 

High-resolution mass spectrometry was performed by the High Resolution Mass Spectrometry 
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Center at the University of Iowa. NMR spectra were recorded on a 400 MHz spectrometer. 1H and 
13C chemical shifts (δ) were referenced to TMS or residual solvent peaks. Data for 1H NMR spectra 

are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q 

= quartet, dd = doublet of doublets, m = multiplet), coupling constant (Hz), integration. Data for 
13C NMR spectra are reported by chemical shift (δ ppm) with hydrogen multiplicity (C, CH, CH2, 

CH3) information obtained from DEPT spectra. 

2.3.1.2 UV-Vis and fluorescence spectroscopy 

Spectroscopy was performed using 1-cm path length, 3.5-mL quartz cuvettes from 

Starna Cells or 1-cm path length, 1.0-mL quartz microcuvettes from Hellma. All measurements 

were taken at ambient temperature (22 ± 2 °C). Absorption spectra were recorded on a Cary 

Model 100 spectrometer (Agilent). Fluorescence emission spectra were recorded on a Cary 

Eclipse (Varian). Absolute fluorescence quantum yields were recorded on a Quantaurus-QY 

spectrometer (model C11374; Hamamatsu). All spectroscopy measurements were performed in 

phosphate-buffered saline (PBS), pH 7.4, and the values of maximum absorption wavelength 

(λmax), extinction coefficient at λmax (ɛ), maximum fluorescence emission wavelength (λem), and 

fluorescence quantum yield (Φf) presented are averages (n = 3; Table 1). 

2.3.1.3 HPLC and LC-MS 

High-performance liquid chromatography (HPLC) was performed on an Agilent 1200 

Analytical HPLC system equipped with an autosampler and diode array detector. To measure the 

uncaging quantum yield (Φu; Table 1), the loss of PA-Nic (compound 6) was monitored using a 

4.6 × 150 mm Kinetex C18 column (Phenomenex) with a 5–95% gradient of CH3CN in H2O 

containing constant 0.1% (v/v) TFA. To examine the release of nicotine and coumarin by-

products compound 9 and compound 10 from PA-NIc, samples were assessed by tandem liquid 

chromatography–mass spectrometry (LC-MS) using an Agilent 1200 LC-MS system equipped 

with an autosampler, diode array detector, and mass spectrometry detector using a 4.6 × 150 mm 

Gemini NX-C18 column with a 5–95% or 5–50% gradient of CH3CN in H2O containing constant 

0.1% (v/v) TFA. Chromatograms were measured using absorbance at 254 nm or 210 nm, or using 

the total ion count, depending on the optical properties of the released drug compound 
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2.3.2 Photochemical Characterization 

Note of contribution: All chemical synthesis and chemical/spectroscopic characterization was 
performed by researchers at Janelia Research Campus – including members in the lab of Luke 
Lavis, namely Sambashiva Banala. I did not perform any chemical synthesis or 
chemical/spectroscopic characterization and did not intellectually contribute to the original 
chemical development of the coumarin-caged molecules mentioned in this document. 

2.3.2.1 Determination of the uncaging quantum yield 

Photochemistry was performed in 1-cm path length, 3.5-mL quartz cuvettes (Starna) in a 

Luzchem LZC 4V photoreactor equipped with 365-nm UV lamps, a carousel, and a timer as 

previously described (827). Briefly, the light intensity (hv) was calibrated by potassium 

ferrioxalate actinometry. A solution of 60 mM K3Fe(C2O4)3 was irradiated using the photoreactor 

setup and released Fe2+ was determined by complexometry with 1,10-phenanthroline. Using the 

known quantum yield of this process (Φ = 1.21), the photon flux (I) was determined as 3.57 × 

10−7 ein/min·cm2. For the conversion of PA-Nic to nicotine, the samples were irradiated and a 

small aliquot (50 μL) was placed in an amber glass high-recovery HPLC vial. These samples were 

analyzed by HPLC as described above. The Φu (mol/ein) was determined by fitting a plot of HPLC 

peak integral signal (S) versus irradiation time to a one-phase exponential decay described by 

equation (1): 

 

 

 

where S0 is the signal before irradiation, t is the irradiation time (min), St is the signal at time t, I is 

the irradiation (ein/min·cm2), and σ is a decadic extinction coefficient (in units of cm2/mol; 1,000-

fold higher than the ɛ value with units of M−1 cm−1 based on cuvette geometry). 

2.3.2.2 Determination of the 2P fluorescence action cross-section of PA-Nic and GCaMP6f 

To determine δf, the experimental setup previously described (828, 829) was used; 1 μM 

solutions of PA-Nic (compound 6) in PBS, GCaMP6f in 30 mM MOPS buffer, pH 7.2, containing 

100 mM KCl and 10 mM Ca·EGTA, or reference dye fluorescein in 50 mM sodium borate buffer, 

pH 9.5, were illuminated in an epi-illumination microscope (IX-81, Olympus) with light from a 

mode-locked femtosecond Ti:Sapphire laser (Chameleon Ultra II, Coherent). Fluorescence 
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collected by the 1.2-NA (numerical aperture) objective (UplanSApo 60× W; Olympus) was 

reflected off the laser dichroic (675DCSPXR; Omega Optical), spectrally filtered (539/278; 

Semrock), and focused by the tube lens onto a fiber-coupled avalanche photodiode (SPCM-

AQRH-14-FC; Excelitas). The system was run under computer control to set both laser wavelength 

(700–1,080 nm) and power (1 mW at the sample plane), and to record and store the avalanche 

photodiode signal. The use of 1 mW of laser power focused with the 1.2-NA objective yielded 

sufficiently low laser intensity that no fluorescence was observed from the photolysis by-product 

compound 9 and compound 10. At each laser wavelength, the action cross-section of PA-Nic was 

found from equation (2): 

 

 

 

where the subscripts S and F refer to the sample (PA-Nic or GCaMP6f) and fluorescein, 

respectively; Φ2 is the two-photon fluorescence quantum yield (usually equal to the one-photon 

fluorescence quantum yield, Φf), σ2 is the two-photon absorption cross-section in GM, 〈F(t)〉 

is the fluorescence signal recorded by the detector in counts per sec, η is the detector quantum 

efficiency averaged over the fluorescence emission spectrum, and T is the fraction of the 

fluorescent light transmitted through the bandpass filter. Using this equation, together with the 

known fluorescein two-photon absorption cross-section (average of values from citations (830, 

831)) and assuming Φ2F is equal to the one-photon fluorescein fluorescence quantum yield 

(Φf = 0.92), the two-photon fluorescence action cross-section spectrum of PA-Nic and 

GCaMP6f was determined (Figure 8; GCaMP6f data not shown). 

2.3.2.3 Determination of the 2P uncaging action cross-section of PA-Nic 

To determine the δu of PA-Nic, previously described methods (832, 833) were adapted to 

find the fractional amount of photolysis by HPLC (Shimadzu UFLC system with diode array 

detector; 4.6 × 150 mm Gemini NX-C18 column with a 5–95% gradient of CH3CN in H2O 

containing constant 0.1% (v/v) TFA). Photolysis experiments proceeded as follows: laser light 

from a Ti:Sapphire laser was focused by a 50-mm focal-length achromatic doublet lens (AC254-

050-B; Thorlabs) into a sub-micro cuvette (16.10F-Q-10; Starna) containing a solution of PA-Nic 
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(10 μM, 18 μL) in PBS buffer. The solution also contained 50 μM 3-(4-methoxyphenyl)propan-1-

amine, a non-photolyzable internal concentration standard to correct for evaporation during the 

illumination period, as the sealed cuvette contained an ∼180-μL head volume of air. Laser power 

of 0.75 W was used for all photolysis experiments, measured after transmission through the cuvette. 

As a diagnostic, a side-observing fiber-coupled spectrometer was set up to monitor the 

fluorescence spectrum of the PA-Nic solution in the cuvette during excitation. This allowed 

observation of spurious back-scattering effects from the PA-Nic solution that interrupted laser 

mode-locking, evidenced by abrupt disappearance of PA-Nic fluorescence. A quarter-wave plate 

placed between the laser and focusing lens was found sufficient to eliminate the spurious effects 

on laser mode-locking. To obtain the photolysis rate, PA-Nic samples were illuminated for various 

time intervals from 0 to 40 min at 810 nm, 760 nm, or 720 nm and analyzed them by HPLC as 

described above. To obtain the spectral dependence of photolysis, solutions of PA-Nic were 

illuminated for 40 min at wavelengths between 710 nm and 930 nm and then analyzed them by 

HPLC (Figure 8). To determine the δu of PA-Nic, fluorescein was again used as an external 

standard, which allowed δu to be expressed according to equation (3): 

 

 

 

where Φ2u and σ2S are the two-photon uncaging quantum yield and absorption cross-section, 

respectively, of PA-Nic; Np is the rate of uncaging in molecules per sec as determined by 

HPLC; CS is the initial concentration of PA-Nic; CF is the concentration of fluorescein; 〈F(t)〉 

is the time-averaged rate of fluorescence (photons per sec), collected by a power detector with 

collection efficiency Ω; and Φ2F and σ2F are the two-photon fluorescence quantum yield and two-

photon absorption cross-section, respectively, of fluorescein (832, 833). For determination of 

〈F(t)〉F, fluorescein in 50 mM sodium borate buffer, pH 9.5, was placed in a cuvette (3-Q-10; 

Starna) and illuminated at 810 nm, 760 nm, or 720 nm with focused laser light (0.75 W) as above, 

and a side-observing power meter (PM100A console, S120C head; Thorlabs) was used to record 

the fluorescent power produced. To eliminate scattered laser light, an infrared-blocking filter 

(720/SP; Semrock) was placed in front of the detector. The fraction of the total fluorescent power 

collected by the power meter is given by equation (4): 
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where r is the radius of the power meter (4.85 mm), R is the distance from the fluorescence axis 

to the detector face (45 mm), y is the measured filter transmission (0.97), and n is the refractive 

index of water (1.33) (832). 

2.3.3 Patch-Clamp Electrophysiology 

Brain slices were transferred to a recording chamber being continuously superfused at a 

rate of 1.5-2.0 mL/min with oxygenated 32°C recording solution. The recording solution (artificial 

cerebrospinal fluid; ACSF) contained (in mM): 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 24 NaHCO3, 

12.5 glucose, 2 MgSO4·7H2O, 2 CaCl2·2H2O, and 0.001 atropine; 300-310 mOsm; pH 7.3-7.4). 

Patch pipettes were pulled from borosilicate glass capillary tubes (1B150F-4; World Precision 

Instruments) using a programmable microelectrode puller (P-97; 11 Sutter Instrument). Tip 

resistance ranged from 5.0 to 10.0 MΩ when filled with internal solution. The following internal 

solution was used (in mM): 135 potassium gluconate, 5 EGTA, 0.5 CaCl2, 2 MgCl2, 10 HEPES, 2 

MgATP, and 0.1 GTP; pH adjusted to 7.25 with Tris base; osmolarity adjusted to 290 mOsm with 

sucrose. 

Neurons within brain slices were first visualized with infrared or visible differential 

interference contrast, followed in some cases by fluorescence microscopy to identify neurons 

expressing fluorescent proteins. A light emitting diode (LED) light source (XCite 110LED; 

Excelitas) coupled to excitation filters (400/40 nm, 470/40 nm, and 560/40 nm bandpass) was used 

to search for fluorescent neurons. Electrophysiology experiments were conducted using a Nikon 

Eclipse FN-1 or Scientifica SliceScope. A computer running pCLAMP 10 software was used for 

recordings along with a Multiclamp 700B or Axopatch 200B amplifier and an A/D converter 

(Digidata 1440A or Digidata 1550A). pClamp software, Multiclamp/Axopatch amplifiers, and 

Digitata A/D converters were from Molecular Devices. Data were sampled at 5-10 kHz. 

Immediately prior to gigaseal formation, the junction potential between the patch pipette and the 

superfusion medium was nulled. Series resistance was uncompensated.  
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2.3.4 Pressure Ejection Application 

To record physiological events following local application of drugs, a drug-filled pipette 

was moved to within 50-200 μm of the recorded neuron using a second micromanipulator. A 

Picospritzer (General Valve) or Picopump (World Precision Instruments; PV820) dispensed drug 

(dissolved in recording solution) onto the recorded neuron via a pressure ejection. Ejection volume, 

duration, and ejection pressure varied depending on the goal of the experiment. 

2.3.5 Photochemical Uncaging 

2.3.5.1 Epi-illumination 

For epi-illumination uncaging experiments, a Nikon Eclipse FN-1 upright microscope 

equipped with infrared and visible differential interference contrast (DIC) optics and a 

40×/0.80-NA objective was used to visualize cells within brain slices. A computer running 

pCLAMP 10 software (Molecular Devices) was used to acquire whole-cell recordings along 

with an Axopatch 200B amplifier and a 16-bit Digidata 1440 A/D converter (both from 

Molecular Devices). Data were sampled at 10 kHz and low-pass filtered at 1 kHz. Immediately 

before gigaseal formation, the junction potential between the patch pipette and the superfusion 

medium was nulled. Series resistance was uncompensated. An LED light source (XCite 

110LED; Excelitas) coupled to excitation filters (400/40 nm, 470/40 nm, and 560/40 nm 

bandpass) was used for photostimulation. Internal LEDs in the XCite 110LED were (center 

wavelength/full-width at half-maximum, in nm) 385/30, 470/40, 560/80, and 640/40. For near-

UV photostimulation, flash wavelength was therefore approximately 390 ± 10 nm. Light flashes 

were triggered by pCLAMP or PrairieView via TTL pulses. Flash energy output from the LED 

was determined by calibration using a photodiode power sensor (Model S120C; Thor Labs). 

2.3.5.2 One-Photon Laser Flash Photolysis 

For focal nicotine uncaging using one-photon laser (405 nm) flash photolysis, an 

Olympus BX51 upright microscope with a 60×/1.0-NA objective was used to visualize cells. 

PrairieView 5 (Bruker Nano) software was used for acquisition via a Multiclamp 700B patch-

clamp amplifier (Molecular Devices). Analog signals were sampled at 5 kHz and low-pass 

filtered at 1 kHz, and an A/D converter (PCI-NI6052e; National Instruments) was used for 
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digitization. Patch-clamp recordings were carried out using the internal solution mentioned 

above, except that Alexa Fluor 568 (A568; 50-200 μM) or Alexa Fluor 488 (A488; 50-200 μM) 

was also included in the recording pipette to visualize cells in two-photon laser scanning 

miscroscopy (2PLSM). After break-in, the internal solution with the Alexa Fluor dye was 

allowed to equilibrate for 15–20 min before imaging was initiated. The vast majority of 2PLSM 

one-photon uncaging experiments used A488 and a Mai Tai HP1040 (Spectra Physics) tuned to 

900 nm, whereas several pilot studies used A568 and a Mira 900 (Coherent) infrared laser (with 

Verdi 10W (532-nm) pump laser) tuned to 790 nm. The laser was pulsed at 80 MHz (Mai Tai 

HP) or 76 MHz (Mira) (<100-fs or ∼250-fs pulse duration, respectively), and a Pockels cell 

(ConOptics) was used for power attenuation. The dual-channel, two-photon fluorescence was 

detected by two non-descanned detectors; green and red channels (dual-emission filters: 525/70 

nm and 595/50 nm) were detected by the following Hamamatsu photomultiplier tubes, 

respectively: end-on GaAsP (7422PA-40) and side-on multi-alkali (R3896). A 405-nm 

continuous wave laser (100 mW OBIS FP LX; Coherent) was used for 

photostimulation/uncaging via a second set of x–y galvanometers incorporated into the 

scanhead (Cambridge Technologies) and controlled by voltage command from PrairieView. A 

spot diameter of ∼1 μm was used for all such laser flash photolysis experiments. 405-nm laser 

power was measured below the sample but above the condenser using a Field Master GS (LM10 

HTD sensor head).  

2.3.5.3 MHb Axonal jRCaMP1b Imaging 

PA-Nic was superfusion applied (5mL recirculation) at 200 μM concentration for more 

than 10 min before uncaging trials. Field stimulation trials were coordinated through the t-series 

and markpoints function tools of PrairieView and were performed as follows: 1 repetition, 405 

nm laser, 400 laser power (40% total power, ~2 mW at sample), 5000 ms initial delay, 45.12 

ms interpoint delay, 5 ms laser stimulation duration, No spiral revolution, 8x8 grid giving 64 

total points approximately 20 microns apart, stimulation proceeded, in order, by point number 

from 1 to 64. After plane scanning during field PA-Nic uncaging, single spot PA-Nic uncaging 

was performed at axons responsive to field stimulation. Single spot PA-Nic uncaging was 

performed as follows: 20 repetitions, 405 nm laser, 400 laser power (40% total power, ~2 mW 

at sample), 5000 ms initial delay, 45.12 ms interpoint delay, 5 ms laser stimulation duration, 
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No spiral revolution.  After single spot uncaging trials, nAChR antagonists (10 μM meca, DHβE, 

and SR16584) were superfusion applied and allowed to equilibrate for more than 10 min, at 

which point the field stimulation trial was repeated. 

2.3.5.4 Two-Photon Laser Flash Photolysis (performed by Nicholas Bannon) 

Note of Contribution: All two-photon laser photoactivation (also refered to as 2P 
photostimulation or 2P photolysis) experiments were designed and performed by members of the 
lab of Yevgenia Kozorovitskiy, namely Nicholas Bannon. I intellectually contributed to, but did 
not perform or design, two-photon laser photoactivation experiments. 
 

2PLSM and two-photon laser photoactivation were accomplished on a modified 

Scientifica microscope with a 60×/1.0-NA objective. Two mode-locked Ti:Sapphire lasers 

(Mai-Tai eHP Deep See and Mai-Tai eHP; Spectra Physics) were separately tuned, with beam 

power controlled by independent Pockels cells (ConOptics). The beams were separately 

shuttered, recombined using a polarization-sensitive beam-splitting cube (Thorlabs), and 

guided into the same galvanometer scanhead (Cambridge). The Mai Tai eHP Deep See was 

tuned to 910 nm for excitation of A488, and the Mai Tai eHP was variably tuned between 690 

and 1,000 nm to uncage PA-Nic. A modified version of ScanImage was used for data acquisition. 

PA-Nic was added by superfusion (100 μM) or via pressure ejection. For PA-Nic pressure 

ejection, 300-ms pulses of 200 μM solution in ACSF were delivered at 5–10 p.s.i. through a 

patch pipette placed 20–60 μm away from the recorded cell. Successful photoactivation of PA-

Nic, confirmed by blockade with mec (pre-mec, 11.06 ± 0.9 pA; post-mec, 8.56 ± 1.2 pA; n = 

11; P = 0.008, two-sided paired t-test), was observed at the following parameter ranges: 3–20-

ms pulse widths, 680–880-nm uncaging laser tuning, and 10–80-mW power measured at the 

sample plane. A spot diameter of ≤0.8 μm, based on measurements of 0.5-μm beads (17152-10; 

Polysciences Inc.) imaged with the uncaging laser, was used for all two-photon laser flash 

photolysis experiments. Two GaAsP photosensors (Hamamatsu, H7422) with 520/28-nm 

bandpass filters (Semrock), mounted above and below the sample, were used to image A488 

fluorescence signals. 
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2.3.6 Two-Photon Laser Scanning Microscopy – Two-Photon Ca2+ Imaging 

For GCaMP6f Imaging of MHb neurons from ChAT-Cre mice infected with 

AAV5.CAG.Flex.GCaMP6f.WPRE.SV40 vector, neurons were identified by two-photon 

excitation of GCaMP6f (920 nm, ∼250-fs pulse duration, 2–3.5 mW) with a 60×/1.0-NA objective. 

Time-lapse images (0.074-μm2 pixels, 2-μs pixel dwell time, 6× optical zoom, 0.65 sec sampling 

rate) were acquired from GCaMP6f-expressing neurons that spontaneously oscillated between 

high and low Ca2+ (Figure 29b); neurons not showing this behavior were not selected for imaging. 

Spontaneously active neurons (n = 5) were tested for responsiveness to nicotine via superfusion of 

100 μM nicotine (Figure 29c). For time-lapse images, we quantified the changes in Ca2+ by 

calculating the mean pixel intensity along a two-dimensional (line scan) region of interest crossing 

the soma. For Ca2+ imaging experiments involving PA-Nic laser flash photolysis, PA-Nic (2 mM) 

was locally perfused as described above. Somatic changes in Ca2+ before and after PA-Nic 

photolysis were recorded with a continuous line scan. The GCaMP6f line-scan signal was acquired 

at 0.33 ms per line and 90 pixels per line with 0.08-μm pixels and 2-μs pixel dwell. Fluorescence 

intensity values were acquired from the soma and recorded as the mean of 11 pixels from the line 

scan. The line scan was initiated 5 sec before the triggered laser flash (405 nm, 5 ms, 2 mW) and 

continued for 15 sec after the light flash. Line scan data were processed with a 21-point moving 

average before analysis. Ca2+flux was expressed as the change in fluorescence from baseline 

(ΔF/F0), as described in equation (5): 

 

 

 

where F0 is the baseline GCaMP6f signal, calculated as the mean signal from the 2 sec before 

photostimulation, and ΔF is the change in fluorescence, calculated as the difference between the 

peak response (FP, the mean signal from a 1 sec window starting 4 sec after photostimulation) 

and F0. 

  For jRCaMP1b imaging of MHb neuron axons from ChAT-Cre mice infected with 

AAV1.CAG.Flex.jRCaMP1b.WPRE.SV40 vector, axons in the FR were identified by two-photon 

excitation of jRCaMP1b with a 60×/1.0-NA objective. Wide field images of the MHb and FR were 

taken as follows: 10xobjective, 1040nm wavelength, 90.45% power, 2048x2048 resolution, 6 μs 
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pixel dwell, 2x frame averaging, 1.25x optical zoom, 1000 gain MultiAlk PMT, 450 gain DODT 

PMT. Axons of MHb neurons were traced 100 to 200 microns from the most ventral aspect of the 

MHb. Field scanning of FR axons was performed as follows: 60xWD Objective, 1040nm 

wavelength, 90.45% power, 512x512 resolution, 0.8 μs pixel dwell, no frame averaging, 1.5x 

optical zoom, 1000 gain MultiAlk PMT, no DODT PMT. Images were acquired at maximum speed 

with the t-series tool. 107 images were acquired per test (~60 seconds period). T-series acquisition 

was coordinated with the markpoints function. ROIs were selected manually from standard 

deviation z-projections and average pixel intensity of ROIs (n=28 from 2 female mice) was taken 

over time. Data was processed as follows: FIJI smoothing process was performed on z-stack, FFT 

bandpass filter was applied to the z-stack, background subtraction was performed on the z-stack, 

mean ROI intensity was measured over time. Final ROI data was filtered a final time with a 3-

point rolling average. Line represents the average values of ROIs before (green) and after (red) 

nAChR antagonists (meca, DHβE, SR16584). Shaded regions represent 95% confidence intervals 

of averaged traces. Intensity data was converted to ΔF/F0
  with equation (5). Baseline fluorescence 

was calculated for each ROI as the average mean intensity in frames before laser stimulation 

(frames 1-8). 

2.3.7 Statistical Methods and Tests 

α level was set to 0.05 for all statistical tests, which were conducted with GraphPad Prism 

7 (La Jolla, CA) software. Differences were considered significant at p < 0.05. Experimenters were 

blinded to the treatment condition for data described in Figures 32, 35, 36, and 42-45. Statistical 

tests included two-sided unpaired students t-test (Figures 31-33, 36, 40, 42, 44, 45, and 49b), and 

two-sided paired t-test (Figures 11, 14, 16, 29, 39, 49c, 49d, and 51, 52), non-parametric two-tailed 

Wilcoxon matched-pairs signed rank test (Figure 47d and 47e), non-parametric two-tailed Mann-

Whitney test (Figures 35, 47a, and 47b), one-way ANOVA (Figures 19, 21, 28, and 43), and two-

way ANOVA (Figures 27, 42, and 46). Error bars denote s.e.m. Individual data points in scatter 

plots represent independent replicates/cells. Image analysis was performed with ImageJ (NIH). 

Analysis of electrophysiology data was performed with Clampfit (Molecular Devices) and custom 

scripts written in MATLAB (The Math Works). In Figure 32 resting membrane potential was 

determined by simply deriving the mean membrane potential for each cell from a continuous 20 

sec recording. Input resistance was calculated from the change in steady-state current evoked by a 
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voltage step from the holding voltage (834). Action potential characteristics were 

calculated/derived by first detecting spikes in recording traces using the threshold search feature 

of Clampfit. All automatically-detected spikes were checked and manually accepted or rejected. 

Spike amplitude was derived by finding the difference between the peak spike voltage and the 

baseline, pre-spike voltage. Action potential threshold was defined as the voltage at which dV/dt 

exceeded 20 mV/ms (835). Spontaneous EPSCs were detected via automated detection using Mini 

Analysis (Synaptosoft, Inc.; Fort Lee, NJ), followed by manual verification of detected events. 

Paired pulse experiments were conducted using a 50 ms inter pulse interval. Rise time and decay 

time (Figure 40) was the time from 10% to 90% of peak response, or 90% of peak to 10% of peak 

response, respectively. 
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 PHOTOCHEMICAL AND PHARMACOLOGICAL 
CHARACTERIZATION OF PHOTOACTIVATABLE NICOTINE 

Portions of this chapter (pgs 62-94) are reprinted from publications 2 and 4. Publication 2 was 
written by Drenan RM, Arvin MC, Banala S, and Lavis LD with input from all other authors. 
Publication 4 was written by Drenan RM and reviewed and edited by Arvin MC and Wokosin DL. 
The contributions of individual authors to data collection are specifically addressed in each figure. 

3.1 Introduction 

As discussed, photoactivatable caged molecules represent powerful tools with which 

scientists may manipulate biological systems with spatial and temporal precision using nontoxic, 

noninvasive stimulation. Unfortunately, many pharmacological agents still cannot be caged via 

standard strategies because they lack obvious attachment sites for photolabile groups (e.g., CO2H, 

OH, NH). A canonical example of a previously uncageable drug is the nAChR agonist nicotine. 

Other such compounds include the AChR agonists cevimeline, PNU-282,987, milameline, and 

oxotremorine; as well as the opioid fentanyl and the selective serotonin-reuptake inhibitor 

escitalopram (2). A shared feature of these compounds is a tertiary nitrogen – a common motif in 

many pharmacological agents that is often critical for biological activity (836). Quaternization of 

tertiary amines has been used previously to create photoactivatable molecules which have been 

utilized as polymer initiators, amino acids, mustards, and anticancer agents; but such compounds 

have not been widely reported in biological experiments (837-840). A caging strategy involving 

covalent attachment of a coumarin photolabile group, to form a quaternary ammonium salt, was 

envisioned (832, 841, 842). Thus, a general strategy for preparing photoactivatable drugs was 

developed through alkylation of tertiary nitrogen atoms to form photolabile quaternary linkages.  

Using this technique, a panel of coumarin-caged compounds was generated. We focused our 

attention on the quaternary ammonium salt of nicotine (PA-Nic) because of the medical, scientific, 

social, and economic implications of the molecule. Our collaborators began characterizing PA-Nic 

by describing the chemical synthesis and photolysis pathways of the molecule. They then 

determined the purity and stability of PA-Nic preparations in aqueous mediums. Following this 

we determined the fluorescence emission and uncaging absorption spectra for PA-Nic by 1P and 

2P photostimulation. We then interrogated the pharmacological properties of PA-Nic – in its 
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quiescent form – and the pharmacological properties of the primary by-products of PA-Nic 

uncaging. Finally, we determined the spatial and temporal characteristics of photochemical 

uncaging of PA-Nic for utilization in biological experiments using a wide range of photolysis 

paradigms. 

3.2 Results 

3.2.1 Photochemical Development of PA-Nic 

3.2.1.1 Chemical structure and synthesis of PA-Nic 

Synthesis of PA-Nic (Figure 1; compound 6) was accomplished as described in the 

methods section. In brief, alkylation of nicotine (compound 2) with iminodiacetic acid-substituted 

coumarin bromide (compound 1) afforded the quaternary nitrogen center (841). PA-Nic was 

obtained after deprotection of tert-butyl groups with TFA. Alkylation of nicotine yielded three 

isomers: the major diastereomer, PA-Nic; the minor diastereomer, (compound 7); and a 

regioisomer with the coumarin attached to the pyridine nitrogen of nicotine, (compound 8). 

  

 

3.2.1.2 Photochemical Reaction Mechanism 

Initial LC-MS experiments on the photolysis of PA-Nic showed that the compound 

released nicotine as well as two by-products from the coumarin cage, presumably 

Figure 1. Synthesis of PA-Nic, minor-diastereomer, and regioisomer. 

Data contributed by Banala S and Lavis LD. 
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monoalkylcoumarin (compound 9) and dialkylcoumarin (compound 10); these same two 

products were also observed upon photolysis of a model coumarin-caged compound generated in 

the Lavis laboratory. The presence of the 4-methylcoumarin by-products compound 9 and 

compound 10 suggested a radical cleavage mechanism as previously proposed by Giese and 

coworkers for coumarin-caged secondary amines (843). This could theoretically occur via at least 

two modes (Figure 2). In Pathway 1, excitation of PA-Nic followed by intramolecular electron 

abstraction could yield a diradical species. Release of nicotine, followed by H• migration, could 

yield an iminium species. Attack by water and release of glyoxylic acid, would give coumarin by-

product compound 9. In Pathway 2, excitation of PA-Nic followed by intermolecular electron 

abstraction from solvent could give a radical species. Release of nicotine, followed by H• 

abstraction from solvent, could yield by-product compound 10; note that compound 9 could also 

arise from photobleaching of compound 10, although compound 9 is observed throughout the 

photolysis reaction of PA-Nic. 

 

 

3.2.1.3 Purity 

As discussed, nanomolar concentrations of nicotine may desensitize neuronal nAChRs. 

This emphasized the importance of PA-Nic preparations that were devoid of “free” nicotine (54, 

161). As such, in order to detect the possibility of desensitization of nAChRs as a confounding 

factor in our biological experiments, our collaborators looked to determine the chemical purity of 

PA-Nic preparations after synthesis and HPLC purification. To do this, they employed LC-MS 

Figure 2. Proposed PA-Nic photolysis mechanisms and structure of by-products. 

Data contributed by Banala S and Lavis LD. 
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experiments. These experiments demonstrated that our preparations of PA-Nic were nearly 

devoid of free nicotine (Figure 3). 

The identity of the photochemical by-products of PA-Nic photolysis were further 

confirmed, by our collaborators, through LC-MS experiments by comparing these products with 

authentic samples synthesized in the Lavis laboratory. Compound 10 was synthesized by 

alkylation of 7-amino-4-methylcoumarin followed by deprotection as previously described; 

compound 9 is a by-product in this reaction due to incomplete alkylation of 7-amino-4-

methylcoumarin (841). Analysis by LC–MS after photolysis confirmed the release of nicotine as 

well as the identity of compound 9 (~80% of PA-Nic photolysis by-product) and compound 10 

(~20% of PA-Nic photolysis by-product) (Figure 3). Additionally, the 1H NMR spectrum of 

compound 9, prepared by alkylation of 7-amino-4-methylcoumarin or by photolysis of the model 

compound were identical (data not shown). 

 

 

Figure 3. PA-Nic purity and identification of photolysis by-products. 

LC–MS traces of PA-Nic (6) before and after 10 sec illumination with 405 nm LED light (hv) and 
authentic samples of released products compound 9, compound 10, and nicotine. Data 
Contributed by Banala S. 
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3.2.1.4 Dark Stability 

The chemical stability of photoactivatable molecules in aqueous mediums is of crucial 

importance to their utility in biological settings. Some chemical bonds – esters, amides, ethers, 

amines, and carbamates – may be sensitive to hydrolysis in an aqueous environment (812). As 

mentioned above, nAChRs are exceptionally sensitive to nicotine and even minimal degradation 

and subsequent release of nicotine could lead to desensitization of nAChRs being a confounding 

factor in biological experiments (54, 161). Therefore, in order to determine the chemical stability 

of PA-Nic in aqueous medium, our collaborators observed HPLC chromatogram peak areas of 

PA-Nic vs. time in aqueous medium with no irradiation. They found that PA-Nic showed 

excellent dark stability in aqueous medium for more than 10 hours (Figure 4). Convincingly, 

even when exposed to unfiltered laboratory light for 1 hour, only 5% of PA-Nic was found to 

be uncaged (unpublished observation of Banala S) and when exposed to filtered laboratory light 

(>480 nm), which is easy for humans to work in, it was observed that less than 1% of PA-Nic was 

uncaged after 1 hour. (unpublished observation of Banala S). This finding along with those of our 

LC-MS experiments provided great confidence that our PA-Nic preparations were devoid of free 

nicotine and that PA-Nic is highly stable in aqueous environments. Therefore, we considered that 

PA-Nic was likely to be exceptionally easy to utilize in biological experiments without worry for 

unwanted uncaging of the molecule. 

 

 

Figure 4. Chemical ‘dark’ stability of PA-Nic. 

HPLC chromatogram peak area of PA-Nic vs. time (no irradiation) to determine chemical stability 
of PA-Nic (6); n=3 independent samples. Data contributed by Banala S. 
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3.2.1.5 Fluorescence properties of PA-Nic with 1-and 2-photon excitation 

To determine the fluorescent emission and absorption properties of PA-Nic, and those of 

its photochemical by-products, our collaborators used the experimental setup described in the 

methods section (2.3.1.2). We found PA-Nic to be a moderately fluorescent compound, likely 

thanks to its coumarin scaffold, with a fluorescence quantum yield (Φf) of 0.10 – displaying an 

absorption and emission maxima of 404 and 510 nm, respectively (Table 1). As further evidence 

for the generation of a monoalkylated coumarin as the major by-product of uncaging, our 

collaborators measured the absorption spectrum of a sample of PA-Nic before and after exhaustive 

photolysis. Following exhaustive photolysis, we observed a 44 nm hypsochromic shift in the 

maximum absorbance (λmax = 359 nm), consistent with a monoalkylated coumarin as the major 

photochemical by-product (data not shown). Additionally, upon exhaustive photolysis of PA-Nic, 

the maximum emission wavelength was also blue-shifted compared to PA-Nic (Figure 5). The 

blue-shift of absorption and emission upon PA-Nic photolysis is likely due to a decrease in the 

presence of PA-Nic and an increase in the concentration of its photochemical by-products. Indeed, 

the by-products of PA-Nic photolysis (mono- or di-alkylated coumarins, compound 9 and 10), 

also exhibit fluorescent properties with absorption and emission maxima of 360/451 and 372/458 

nm, respectively (Table 1). 

 

 

Figure 5. Fluorescence emission cross-section of PA-Nic and PA-Nic photolysis products. 

Normalized fluorescence emission of PA-Nic (1 μM in PBS; 400 nm excitation) before and after 
UV irradiation (10 min). Data contributed by Banala S. 
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3.2.2 PA-Nic is selectively uncaged by UV and IR irradiation. 

To determine the 1P photolysis properties of PA-Nic, the experimental setup described in 

the methods section (2.3.5.2) was used. For the conversion of PA-Nic to nicotine, a Φu value of 

0.74% (Figure 6a) was obtained. Note that, although the Φu value for PA-Nic is lower than 

those for coumarin-caged molecules that release better leaving groups – such as carboxylates 

and phosphates – it is similar to the Φu value of a 7-amino-coumarin-caged compound that 

releases an amine via a carbamate linkage (832, 841, 842, 844, 845). The relatively low Φu value 

for PA-Nic was compensated, in part, by a high extinction coefficient (ɛ = 17,400 M−1cm−1; Table 

1). Our collaborators then determined the absorption spectra of PA-Nic and found that formation 

of the quaternary center at the 4-position of the coumarin elicited a ∼15-nm red shift in the 

absorption maxima of the coumarin cage (λmax = 404 nm, Figure 6b, Table 1), thus matching it 

to readily available ∼400-nm LED and laser light sources. The photochemical quantum yield 

(Φu) of the two diastereomers of PA-Nic (compound 6 and 7) were similar and an order of 

magnitude higher than the regioisomer pyridinium, compound 8 (Table 1). 

 

 

 

Figure 6. 1P uncaging cross-section of PA-Nic. 

 (a) A plot of mean HPLC chromatogram peak area versus UV irradiation time (365 nm), which 
provides the uncaging quantum yield (Φu = 0.74%). The solid line shows the exponential fit; error 
bars indicate ± s.d.; n = 2 independent samples. (b) Absolute absorption spectrum of PA-Nic (6; 
10 μM); representative results from one of three independent samples. Data contributed by Banala 
S. 
 



69 
 

We then sought to biologically validate the 1P uncaging absorption spectra data 

determined by these spectroscopic experiments. To accomplish this, PA-Nic was superfusion 

applied to voltage-clamped MHb neurons in acute ex vivo mouse brain slices, and blue (~470 

nm) or green (~560 nm) epi-illumination light flashes were applied while whole-cell current was 

measured. We found that inward current from PA-Nic photolysis was negligible at 470 and 560 

nm light under these photostimulation parameters (Figure 7). This data demonstrates that – at 

moderate light intensity, which is generally still sufficient for activating spectra-matched 

reporter fluorophores or other light-activated effectors – PA-Nic displays little or no uncaging 

from blue or green light; suggesting that, with careful selection of fluorophores or light-

activated effectors, PA-Nic can be utilized in conjunction with 1P fluorescence microscopy 

experiments or other optical techniques. 

 

 

 

Next, we sought to determine whether PA-Nic could be used during 2PLSM and for 2P 

photolysis. Our collaborators quantified the efficacy of uncaging by 2P excitation by determining 

the uncaging action cross-section (δu), which is the product of the 2P absorption cross-section (σ2) 

and the 2P uncaging quantum yield (Φ2u). The δu is expressed in units of Goeppert–Mayer (GM), 

where 1 GM is defined as 10−50 cm4·sec photon−1. To determine δu the experimental setup 

described in the methods section (2.3.2.3) was used. Our collaborators measured the 2P δu as 0.094 

GM at the maximal 2P absorption (810 nm) and as 0.059 GM and 0.025 GM at the commonly 

used 760-nm and 720-nm photolysis wavelengths, respectively (832). The 2P δu value at 810 nm 

was used to set the scale for converting the spectrum of photolysis versus excitation to a spectrum 

Figure 7. Validation of 1P uncaging absorption spectra of PA-Nic. 

PA-Nic was applied (80 μM superfusion) to (# of neurons/mice: n=4/2) voltage-clamped MHb 
neurons, and blue (~470 nm) or green (~560 nm) epi-illumination light flashes (100 ms, 0.06 
mW/mm2) were applied. Representative traces are shown for one cell. Scale: 500 ms, 5 pA. Data 
contributed by Arvin MC. 
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of uncaging action cross-section, the shape of which agreed with the fluorescence action cross-

section, reflecting the spectral dependence of the underlying 2P uncaging absorption cross-section 

(Figure 8). Of note, these values are similar to those of the widely used 4-methoxy-7-nitroindolinyl 

(MNI)-glutamate (δu = 0.06 GM at 730 nm) (817). 

Fluorescent emission of PA-Nic can also be achieved by 2P excitation. Therefore, our 

collaborators also characterized the 2P fluorescence action cross-section (δf), which is the 

product of σ2 and the 2P fluorescence quantum yield (Φ2), properties that are known for the 

reference dye fluorescein (830, 831). The δf is also expressed in units of GM. To determine 

2P δf the experimental setup described in the methods section (2.3.2.2) was used. Using this 

approach, together with the known fluorescein 2P δf (average of values from refs. (830, 831)) 

and assuming Φ2f is equal to the 1P fluorescein fluorescence quantum yield (Φf = 0.92), the 2P δf 

spectrum of PA-Nic (Figure 8) was determined. Importantly, we found that the 2P excitation 

uncaging and fluorescence spectrum of PA-Nic is different from the Ca2+ imaging sensor 

GCaMP6f, as their 2-photon excitation spectra showed minimal overlap (data not shown). This 

also revealed that the 2P excitation spectra of PA-Nic allows for co-utilization of green and red 

fluorophores, such as A488, A568, and tdTomato, in 2PLSM paradigms – since the secondary 

peak of A488 and A568 and the maximal fluorescence excitation peaks of tdTomato lie largely 

outside of the 2P uncaging and fluorescence action spectra of PA-Nic (828, 846). Therefore, the 

data shows that GCaMP6f can be selectively excited in the presence of PA-Nic – allowing for 

photolysis experiments in conjuction with Ca2+ imaging – and that PA-Nic is compatible with a 

wide range of fluorescence microscopy experiments, given thoughtful selection of paired 

fluorophores to minimize spectra overlap  (2). 
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3.2.3 PA-Nic photolysis releases nicotine and rapidly activates nAChRs. 

In order to understand the approximate concentration of nicotine being locally applied 

to neurons upon photostimulation, we performed pressure-ejection application of ACh and 

nicotine to calibrate epi-illumination PA-Nic photolysis currents of MHb neurons. Pressure 

ejection application of ACh (Figure 9a) and nicotine (Figure 9b) displayed dose-dependent 

inward currents from activation of nAChRs. In our experiments on MHb neurons, epi-

illumination photolysis of PA-Nic generally elicited inward whole-cell currents ranging from 

tens to hundreds of pA, suggesting that epi-illumination uncaging of PA-Nic resulted in local 

nicotine concentrations ranging from 10 to 100 μM. If we sought to better estimate nicotine 

concentrations achieved by focal 1P laser photolysis of PA-Nic, more spatially restricted 

methods of ACh and nicotine application, such as iontophoresis, would be an important 

calibration experiment. 

 

Figure 8. 2P fluorescence and uncaging cross-section of PA-Nic. 

(a) 2-Photon fluorescence action cross-section (δf; red) and 2-photon uncaging action cross-
section (δu; black) spectra for PA-Nic; points indicate mean; error bars indicate ± s.d.; n=2 
independent samples. (b) Plot of normalized mean HPLC chromatogram peak area of PA-Nic vs. 
irradiation time (810 nm) to determine 2- photon uncaging action cross-section (δu); δu = 0.094 
GM at 810 nm; error bars indicate ± s.d.; n=3 independent samples. Data contributed by Banala 
S and Macklin JJ. 
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We then sought to confirm that PA-Nic uncaging by UV photostimulation was evoking 

MHb neuron whole-cell inward currents during patch clamp electrophysiology solely through 

activation of nAChRs. Nicotinic receptors are known to display reversal potentials at near 0 

mV holding voltage (847-851). We leveraged this well-known feature of nAChRs to provide 

evidence that PA-Nic photostimulation was activating nAChRs. To do this we established 

whole-cell patch clamp electrophysiology recordings of MHb neurons and held their membrane 

voltage at −80 to 0 mV while taking +10 mV voltage steps. At each holding voltage we recorded 

PA-Nic photolysis currents. Currents were normalized to the maximum current elicited from 

each cell – the current elicited at −80 mV holding voltage. We found that PA-Nic uncaging-

evoked currents reversed at approximately +2 mV – consistent with the activation of nAChRs 

(Figure 10).  

 

Figure 9. Ex Vivo calibration of PA-Nic uncaging responses. 

Summary data (mean ± s.e.m.) is shown for MHb voltage clamp responses to pressure ejection 
application of the indicated concentration of (a) acetylcholine (ACh; # of neurons/mice: n=30/7) 
or (b) nicotine (Nic; # of neurons/mice: n=12/2). Data contributed by Arvin MC and Jin XT. 
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To further reassure that PA-Nic photolysis currents elicited from epi-illumination and 

405 nm laser photostimulation were soley mediated by nAChRs, we took a pharmacological 

approach to eliminate nAChR activation by superfusion applying nAChR-antagonists. In the 

epi-illumination photostimulation paradigm we evoked PA-Nic uncaging currents before, and 

then after, superfusion application of a cocktail of nAChR antagonists (meca, MLA, DHβE, 

SR16584). We found that whole-cell currents evoked by epi-illumination uncaging of PA-Nic 

were nearly entirely eliminated after superfusion application of nAChR antagonists (Figure 11).  

 

Figure 10. Reversal  potential of PA-Nic uncaging current responses. 

PA-Nic (100 μM) was applied locally to the cell via pressure ejection followed by epi-illumination 
flash (1 s pulse, 0.12 mW/mm2). (a) Representative light-evoked currents from the same neuron 
are shown for different holding potentials. Scale: 2 s, 200 pA. (b) Current-voltage relation: 
currents during nicotine uncaging at various holding potentials. Data show mean±s.e.m. (# of 
neurons/mice: n=3/2). A linear regression (y = 0.0123x – 0.03, R2 = 0.997) extrapolates to a 
reversal potential of ~ +2 mV.  Data contributed by Arvin MC. 
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We took a similar approach within the 1P laser photostimulation paradigm, but in this 

case with only one non-specific antagonist, mecamylamine. Regardless, we found that whole-

cell currents evoked from MHb neurons by 405 nm laser stimulation uncaging of PA-Nic was 

nearly entirely eliminated by superfusion application of mecamylamine (Figure 12). 

 

Figure 11. PA-Nic epi-illumination uncaging responses are blocked by nAChR antagonists. 
Representative voltage clamp traces are shown for light-evoked currents before (black trace) and 
10 min after (red trace) superfusion of a nAChR antagonist cocktail (10 μM meca, 100 nM MLA, 
10 μM DHβE, 20 μM SR16584). PA-Nic (100 μM) was applied locally to the cell via pressure 
ejection followed by a 1 s flash (0.12 mW/mm2). Scale: 2 s, 45 pA. Inset: before-after plot 
summary data with two-sided paired t-test (# of neurons/mice: n=4/2). Data contributed by Arvin 
MC. 
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3.2.4 Quiescent PA-Nic and the main by-product of PA-Nic photolysis are inert at the nAChR. 

Following verification that PA-Nic uncaging soley activates nAChRs on MHb neurons, 

we sought to determine other subtler pharmacological features of PA-Nic. As discussed, the 

hindrance, or topological isolation, that is provided by the addition of photolabile chemical groups 

is often quite limited (794, 808). Therefore, we sought to confirm that the chemical addition of the 

coumarin moiety to nicotine was sufficient to renounce agonist activity of the compound at the 

nAChR while in its quiescent caged form. To determine this, we first puff applied PA-Nic to MHb 

neurons patch clamped in the whole-cell formation and observed any application-evoked inward 

current before photolysis. We found that PA-Nic application evoked no inward current before 

photostimulation (Figure 13). Indicating that PA-Nic had no agonist activity while still caged. 

Figure 12. 1P laser photolysis uncaging of PA-Nic is antagonized by mecamylamine. 

PA-Nic (80 μM superfusion) was uncaged in an ∼1-μm perisomatic spot with a 405-nm laser 
pulse (10 ms, 2.9 mW). Voltage-clamp currents before (black trace) and 10 min after (red trace; 
single experiment) mecamylamine (10 μM) superfusion are shown. Representative traces shown 
are from 1 experiment representative of >10 independent experiments. Scale: 50 ms, 100 pA. Data 
contributed by Marshall JJ. 
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Some photoactivatable molecules have been shown to have untoward pharmacological 

activity while in their quiescent caged form. Specifically, some caged molecules have been 

shown to act as receptor antagonists while still in their quiescent form (816, 852-858). Therefore, 

we sought to determine if PA-Nic displayed any nAChR antagonism while in its quiescent form. 

To do this we first superfusion applied PA-Nic, in the absence of photostimulation, and then 

pressure ejection applied ACh to activate nAChRs in the presence of quiescent PA-Nic. We 

found that superfusion application of PA-Nic, in the absence of photostimulation, had no effect 

on nAChR activation of MHb neurons evoked by ACh pressure ejection – providing confidence 

that PA-Nic has no relevant agonist or antagonist activity at the nAChR while in its quiescent 

form at concentrations utilized for superfusion application (Figure 14). This finding also 

reassured our previous LC-MS purity experiments (Figure 3). Since superfusion application of 

quiescent PA-Nic had no effect on MHb neuron holding currents (data not shown) and did not 

Figure 13. Quiescent PA-Nic is not an agonist of nAChRs on MHb neurons. 

PA-Nic was applied locally (100 μM pressure ejection) to voltage-clamped MHb neurons via 
pressure ejection (500 ms, 12 psi), followed immediately by a light flash (1 s pulse, 0.12 
mW/mm2) with the microscope field stop aperture fully restricted, for several trials (2 independent 
experiments). Quiescent PA-Nic evoked no detectable inward current until photolysis stimulation. 
Scale bars: 125 ms, 60 pA. Data contributed by Arvin MC. 
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affect nAChR mediated currents (Figure 14), this suggests “free” nicotine levels in PA-Nic 

preparations where less than sufficient to induce desensitization of nAChRs through classical 

or HAD pathways. 

 

 

 

Having confirmed that PA-Nic did not act as an agonist or antagonist while in its 

quiescent form, we then sought to confirm that nicotine alone, and not any photochemical by-

product of uncaging, was acting at the nAChR to evoked whole-cell currents from MHb neurons. 

To make this determination, the main photochemical by-product of PA-Nic photolysis 

(compound 9) was synthesized, as described in the methods section, and applied by pressure 

ejection to MHb neurons patch clamped in the whole-cell formation. We found that pressure 

ejection application of compound 9 had no effect on MHb neuron currents (Figure 15) – 

demonstrating that it was unable to activate nAChRs or any other relevant receptors at 

concentrations utilized for superfusion application in photochemical uncaging experiments. 

 

Figure 14. Quiescent PA-Nic does not antagonize nAChRs on MHb neurons. 

ACh (100 μM) was applied to a voltage-clamped MHb neuron via pressure ejection before (black 
trace) and after (red trace) superfusion of PA-Nic (80 μM). PA-Nic had no detectable effect on 
ACh-evoked currents while quiescent. Representative traces shown. Scale: 250 ms, 15 pA. Inset: 
before-after plot summary data with two-sided paired t-test (# of neurons/mice: n=5/1). Data 
contributed by Arvin MC. 
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Finally, having observed many other pharmacological facets of PA-Nic and its major 

photochemical by-product (compound 9), we sought to confirm that compound 9 had no 

antagonist activity at the nAChR. To do this we first applied ACh and then superfusion applied 

compound 9 followed by pressure ejection application of ACh to activate nAChRs in the 

presence of compound 9. We found that superfusion application of compound 9 had no effect 

on nAChR activation of MHb neurons evoked by ACh pressure ejection (Figure 16) – indicating 

no antagonist activity of compound 9. Overally, these pharmacological experiments 

demonstrate that neither quiescent PA-Nic nor its photochemical by-products have any 

untoward agonist or antagonist pharmacological effects at the nAChR ~100 μM concentrations. 

 

 

Figure 15. The major by-product of PA-Nic photolysis is not an agonist of nAChRs. 

Compound 9 was applied via pressure ejection to a voltage-clamped MHb neuron (100 μM, 12 
psi, 125 ms; 2 total independent experiments). Scale: 1 s, 5 pA. Data contributed by Arvin MC. 

Figure 16. The major by-product of PA-Nic photolysis is not an antagonist of nAChRs. 

ACh (100 μM) was applied by pressure ejection to a voltage-clamped MHb neuron before (black 
trace) and after (red trace) superfusion of by-product (9; 100 μM). Representative traces shown. 
Scale: 250 ms, 20 pA. Inset: before-after plot summary data with two-sided paired t-test (# of 
neurons/mice: n=4/2). Data contributed by Arvin MC. 
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3.2.5 PA-Nic photolysis releases nicotine in a spatially and temporally delimited manner. 

With confidence that PA-Nic exhibits ideal spectroscopic and pharmacological 

properties we set out to determine how the compound might be utilized in biological 

experiments. We first utilized the epi-illumination paradigm of photostimulation to release 

nicotine from superfusion administered PA-Nic (80 μM superfusion) in an area around the MHb 

neuron soma in acute ex vivo brain slices while measuring whole-cell current during patch 

clamp electrophysiology. We were able to precisely control LED stimulation time and strength 

through voltage commands written in pClamp and routed to the LED instrument, described in 

the methods section (2.3.5.1). We designed an experiment where we first held the LED flash 

duration constant and progressively increased LED photostimulation intensity (Figure 17a and 

17b). We then ran a subsequent experiment where we held LED photostimulation intensity 

constant and adjusted the LED photostimulation duration (Figure 17c and 17d). In these 

experiments, epi-illumination flashes elicited responses that increased in amplitude with 

increasing photostimulation intensity and photostimulation duration. Thus, light-evoked 

nicotine release allowed for the generation of complete photochemical dose–response curves in 

brain slices by precisely controlling the local concentration of nicotine with different 

photostimulation protocols. This represents a significant advantage over existing local drug-

application techniques, such as pressure ejection, since the spatial and temporal qualities of 

nicotine application through PA-Nic photolysis can be precisesly controlled; the technique is 

non-invasive, not requiring any pressure wave or pipettes to repeatedly enter and exit the tissue; 

and in that it allows for complete photochemical dose-response curves to be generated from 

single neurons. 
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A similar approach was taken within the 405 nm laser photostimulation paradigm. In 

this case, the focal application of photostimulation was placed adjacent to the MHb cell soma 

and laser stimulation intensity and duration was controlled by voltage command written in 

PraireView and routed to the laser, described in the methods section (2.3.5.2). In these 

experiments, laser photostimulation elicited rapid responses that increased in amplitude with 

increasing photostimulation intensity and photostimulation duration (Figure 18). Thus, 

precisely controlled laser photostimulation allowed for nicotine release in a spatially restricted 

pattern that enabled the collection of complete photochemical dose–response curves elicited 

Figure 17. Controllable nicotine uncaging via PA-Nic epi-illumination photolysis. 

(a) Representative voltage-clamp traces from an MHb neuron after light pulses (1 s) of varying 
intensity. Scale: 2.5 s, 75 pA. (b) Resulting photochemical dose–response relation for peak 
currents (y = 2.876x + 2.1; R2 = 0.9921). Shown is the mean (# of neurons/mice: n = 9/6) peak of 
light-activated currents plotted against the input flash intensity. Error bars indicate ± s.e.m. (c)
Representative voltage-clamp traces during light pulses (0.12 mW mm−2) of varying duration 
applied to an MHb neuron. Scale: 2.5 s, 250 pA. (d) Graphical analysis of the summary pulse 
duration data in c. The Hill equation was fitted to the mean data (Hill slope (nH) = 2.0; duration at 
half-maximum = 0.3 s; R2 = 0.928) from n = 5/3 (# of neurons/mice). Error bars indicate ± s.e.m.
Data contributed by Arvin MC. 
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from nAChRs located at specific subcellular locales. This represents a significant advantage 

over existing spatially restricted drug-application techniques, such as iontophoresis, in that the 

technique is non-invasive and allows for complete photochemical dose-response curves from 

single neurons at multiple subcellular locales, since the technique does not require pipettes to 

repeatedly enter and exit the tissue and provides more precise control over the temporal and 

spatial qualities of drug application. 

 

 

Figure 18. Relationship between laser stimulation and PA-Nic photolysis-evoked current. 

PA-Nic (80 μM superfusion) was applied to voltage-clamped MHb neurons, and nAChR-
mediated currents were evoked via 405 nm laser flashes (perisomatic position) using a range of 
laser powers and pulse durations. (a) Representative voltage-clamp traces during PA-Nic 
photolysis (10 ms) at the indicated laser power. Scale bars: 1 s, 16 pA. (b) Peak inward current 
for PA-Nic photolysis-evoked (10 ms) responses at the indicated laser power (# of neurons/mice: 
n=4/3; mean ± s.e.m.). Single-phase exponential function was fitted to the data (R2=0.537). (c)
Representative voltage-clamp traces during PA-Nic photolysis (1 mW) using the indicated pulse 
duration. Scale bars: 1 s, 40 pA. (d) Peak inward current for PA-Nic photolysis-evoked (1 mW) 
responses at the indicated pulse duration (# of neurons/mice: n=6/3; mean ± s.e.m.; normalized to 
maximum for each cell). The Hill equation was fitted to the data (Hill slope (nH) = 1.0, duration 
at ½ max = 100 ms, R2 = 0.943). Data contributed by Arvin MC. 
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As discussed, 2P photostimulation represents the most challenging but precise method 

of photochemical uncaging (791, 795, 799). We found that PA-Nic uncaging may also be 

precisely controlled by 2P photostimulation intensity and duration, since our collaborators 

showed that PA-Nic photostimulation with 760 nm light evoked stable inward currents and 2P 

photolysis current amplitudes increased with longer pulse durations at a fixed laser power or 

with increasing laser power at a fixed pulse duration (Figure 19). 

 

 

Figure 19. 2-photon photolysis currents as a function of pulse duration and laser power.  

Voltage-clamped MHb neurons were superfused with ACSF containing 100 µm PA-Nic and 1 
µm atropine. (a) 2-photon photolysis responses at a single perisomatic location in response to PA-
Nic photolysis using 3, 10, and 20 ms pulse durations at fixed laser power (80 mW; 760 nm). 
Traces show an average of 5-10 sweeps per condition. Scale: 10 pA, 50 ms. (b) Graphical 
representation of data from 15 uncaging locations (# of neurons/mice: n = 5/4, mean ± s.e.m., p
value: Dunn’s post-hoc after Friedman’s test (χ2 (3) = 9.733, p = 0.008). (c) 2-photon photolysis 
responses at a single perisomatic location in response to PA-Nic photolysis with a 10 ms pulse 
duration at 10, 20, 30, and 80 mW laser power. Traces show an average of 5–10 sweeps per 
condition. Scale: 10 pA, 50 ms. (d) Graphical representation of data from 15 uncaging locations 
(# of neurons/mice: n = 5/3, mean ± s.e.m., p value: overall one-way ANOVA (F(3,53)=17.2)).
Data contributed by Bannon NM. 
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We then sought to determine the temporal and pharmacological limits of nicotine 

activation of MHb neuron nAChRs in order to avoid local accumulation of nicotine (limited by 

diffusion of nicotine from the photostimulation point) or desensitization of nAChRs on MHb 

neurons in our experiments. Therefore, we designed an experiment in which we modulated the 

inter-stimulus interval of 405 nm laser perisomatic photostimulation and detected whole-cell 

current amplitudes or accumulation of membrane depolarization (Figure 20). In these 

experiments we found that, when photostimulation of PA-Nic was applied in 1 sec intervals, 

nicotine uncaging-evoked whole-cell currents appeared to only partially recover between pulses, 

suggesting accumulation of nicotine and possible desensitization of nAChRs (Figure 20a). 

Conversely, when the inter-stimulus interval of photostimulation was set to 10 sec, nicotine 

induced little desensitization of MHb nAChRs over multiple photostimulation events (Figure 

20b) – since photostimulation-evoked nAChR current peaks were equal accross 

photostimulation events. This suggests that the 10 sec interval between photostimulations was 

sufficient to allow for nicotine to diffuse away from the neuron, since membrane depolarization 

did not accumulate. 

 

 

 

 Having demonstrated that local nicotine application through PA-Nic photolysis was 

precisely controllable by photostimulation duration and intensity, we then sought to determine 

the spatial specificity of uncaging in the different photostimulation paradigms. We began by 

Figure 20. Temporal response analysis of PA-Nic 1P laser flash photolysis.  

Representative traces are shown for MHb neurons where PA-Nic (100 μm superfusion) was 
repeatedly uncaged at the same perisomatic location with an inter-stimulus (2 mW, 50 ms) interval 
of 1 s (a) or 10 s (b). Data contributed by Arvin MC. 
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testing the spatial specificity of PA-Nic uncaging in the epi-illumination paradigm. We found 

that when the appropriate aperture (field stop aperture) of the upright microscope we used for 

these experiments (Nikon Eclipse FN-1) was restricted, that the epi-illumination column of light 

was approximately ~50 microns in diameter (unpublished observation Arvin MC). To test the 

spatial specificity of uncaging in ex vivo brain slices we made whole-cell patch clamp 

electrophysiology recordings from MHbVi neurons and uncaged PA-Nic that was applied by 

superfusion application around the cell (i) and then repositioned the epi-illumination 

photostimulation column 100 μm (ii) and 200 μm (iii) ventrolaterally and recorded whole-cell 

currents evoked by photostimulation at those locations (Figure 21a). We found that the 

photostimulation protocol used evoke modest currents from MHbVi neurons when placed 

directly above the recorded cell (Figure 21b). When repositioned to positions ii and iii, away 

from the recorded cell, whole-cell currents were undetectable or negligible (Figure 21b). This 

result revealed that – within the epi-illumination paradigm of photostimulation and when 

carefully controlling the photostimulation area, duration, and intensity – nicotine application 

can be restricted to a subnuclei or region of interest. 

 

 

Figure 21. Spatial precision of epi-illumination PA-Nic uncaging. 

MHbVi neurons were held in voltage-clamp configuration during epi-illumination photolysis (33 
ms, 0.12 mW/mm2) of PA-Nic. (a) A restricted field stop aperture permitted nicotine uncaging 
directly over the recorded VI neuron (i), or at 100 (ii) to 200 (iii) μm from the recorded cell. Scale: 
60 μm (b) Peak light-evoked currents in individual MHbVi neurons (# of neurons/mice: n=4/2,
mean ± s.e.m.) following nicotine uncaging at position i, ii, or iii, as indicated. One-way ANOVA 
(3; (i), (ii), (iii)): significant main effects of location [F(1.886,5.659) = 40.76, p = 0.0005], p
values (Bonferroni multiple comparison): 0.0108 (i vs. ii) and 0.0096 (i vs iii). Data contributed 
by Arvin MC. 
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 We then sought to determine the spatial specificity of focal 405 nm laser 

photostimulation. As discussed, for 1P laser photolysis, the photostimulation intensity occurs 

in an hourglass shaped area with the focal point being the area with the smallest cross-section 

and highest photostimulation intensity. Ultimately, the focal point produces a near-diffraction-

limited, sub-µm spot of photostimulation at the focal plane inside the sample. The spatial 

restriction of nicotine uncaging by focusing of the laser and the galvo-controlled positioning of the 

focal point allowed for precise localization of nicotine uncaging. Although at a much smaller scale 

than the previous epi-illumination paradigm, we took a similar approach to test the spatial 

specificity of the laser photostimulation paradigm in ex vivo brain slices. We made whole-cell 

patch clamp electrophysiology recordings from MHb neurons and uncaged PA-Nic that was 

applied by superfusion application. We began by uncaging nicotine at a perisomatic location 

and subsequently walked the focal photostimulation point away from the recorded MHb neuron 

(Figure 22a). We found that, when repositioning the focal laser photostimulation point laterally 

away from the recorded neuron, nicotine uncaging evoked currents rapidly fell to zero; 

demonstrating that, with careful selection of photostimulation parameters, the 1P laser 

photostimulation paradigm affords excellent lateral spatial specificity (Figure 22b). As 

discussed, in the 1P photostimulation paradigm the photostimulation intensity change from the 

focal plane falls off linearly in the axial direction (above or below). In order to estimate the 

spatial specificity of nicotine application in the axial aspect, we took a similar approach to 

before – only in this experiment we moved the focal point axially to the recorded neuron instead 

of linearly. As expected, we found that the spatial specificity of 1P photostimulation nicotine 

uncaging was less exact in the axial aspect than in the linear aspect (Figure 22c). 
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3.2.6 Experimental photostimulation parameters are innocuous to MHb neurons 

Converse to the especially non-toxic qualities of IR light, UV light – or near-UV light – is 

known to be phototoxic at sufficient intensity or duration (859-862). Therefore, we sought to 

confirm that experimental intensities of 405 nm 1P photostimulation, in the absence of PA-Nic, 

had no untoward effect on MHb neurons in our studies. To determine if 1P laser photostimulation 

evoked any artifacts in voltage-clamp recordings, a validation study on voltage-clamped MHb 

neurons was conducted in the 405-nm laser photostimulation paradigm in the total absence of PA-

Nic. We found that, in the absence of PA-Nic, peri-somatic laser stimulation evoked dose-

dependent inward currents in several MHb neurons when they were stimulated with 4–5 mW laser 

pulses. However, inward currents were nearly entirely undetectable at laser strengths ≤2.5 mW 

(Figure 23). Based upon these experiments we can’t confidently determine the origin of this effect; 

however, we may speculate they could be evoked by thermal effects or peroxidation effects on 

membrane lipids or proteins mediated through oxidative species generated by UV 

photostimulation that evoke a non-selective light-induced cation current (863-867). Additionally, 

Figure 22. Spatial precision of 1P laser PA-Nic uncaging. 

(a-b) Estimation of lateral spatial precision. (a) A representative 2PLSM image of an MHb 
neuron. Nicotine was uncaged (white circles; 10 ms, 1.5 mW) at the surface (i; 0 μm) and at 3.5 
(ii), 7.0 (iii), and 10.5 (iv) μm laterally (X,Y) from the cell surface. Representative traces from a 
single neuron are shown. Scale bar (left), 20 μm. Scale (current; right): 500 ms, 30 pA. The color 
key indicates relative intensity from low (deep blue) to high (white). (b) The Hill equation was fit 
to mean (± s.e.m.) data (Hill slope (nH) = 2.293; R2 = 0.9074; # of neurons/mice: n = 6/5), which 
resulted in an estimate of 4.5 μm for the lateral distance at half-maximum amplitude (dashed 
lines). (c) Estimation of axial spatial precision. To estimate the axial (Z) precision of nicotine 
uncaging, uncaging locations were assigned at 2 μm intervals above and below a perisomatic 
location. The Hill equation was fit to mean (± s.e.m.) of 12 uncaging locations (Hill slope (nH) = 
1.079; R2 = 0.8846; # of neurons/mice: n = 6/5), which resulted in an estimate of 5.781 μm for the 
axial distance at half-maximum amplitude (dashed lines). Data contributed by Arvin MC. 
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we can conclude that the 1P laser photostimulation parameters (≤2.5 mW, ≤50 ms) used in our 

studies were all mild enough to avoid untoward, gross-nonspecific, photostimulation artifacts. 

 

 

 

Although especially non-toxic, 2P photostimulation has also been shown to be capable 

of evoking non-specific membrane depolarization at excessive intensity (868). As such, our 

collaborators took a similar approach in the 2P photostimulation paradigm, as we did with 1P 

photostimulation, to test for photostimulation artifacts. In brief, our collaborators applied light 

excitation in the absence of PA-Nic to MHb neurons that were voltage clamped at –70 mV and 

superfused with a PA-Nic free ACSF medium. ACSF (no PA-Nic) was locally applied to the 

neuron via pressure ejection and laser pulses (10 ms) were delivered to a perisomatic location. 

The excitation wavelength was incremented from 760 to 900 nm and power was held constant 

(30 mW). They found that laser pulses delivered in the absence of PA-Nic fail to elicit currents 

at 760–900 nm (Figure 24). 

 

Figure 23. Light-evoked inward currents evoked by high power 405 nm laser pulses. 

In the absence of PA-Nic, patch-clamped MHb neurons were stimulated with 405 nm laser flashes 
(50 ms, perisomatic uncaging position, # of neurons/mice: n=4/2) using a range of laser 
powers:  (a) shows average traces for n=4 neurons at the indicated laser power. Scale bars: 50 ms, 
1.5 pA. (b) Plot of the peak inward current for these n=4 neurons at the indicated laser power. Data 
contributed by Arvin MC. 
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Table 1. Spectral and photochemical properties of the photoactivatable drugs in PBS, pH 7.4. 

Compound 
absorbance 
maximum 
(λmax; nm) 

extinction 
coefficient 

(ɛ; M−1cm−1) 

uncaging 
quantum 
yield (Φu) 

fluorescence 
emission 

maximum 
(λem; nm) 

fluorescence 
quantum 
yield (Φf) 

PA-Nic 
(compound 6) 

404 17,400 7.4 x 10−3 510 0.10 

PA-Nic 
Diastereomer 

(compound 7) 

406 14,300 7.6 x 10−3 - - 

PA-Nic 
Regioisomer 

(compound 8) 

406 17,200 0.5 x 10−3 - - 

Major By-product 
(compound 9) 

360 15,00 - 451 0.83 

Minor By-product 
(compound 10) 

372 17,000 - 458 0.32 

 

Figure 24. Laser pulses delivered in the absence of PA-Nic fail to elicit currents. 

MHb neurons (# of neurons/mice: n=5/4, 3 perisomatic locations/cell) were voltage clamped at –
70 mV and superfused with a PA-Nic free ACSF medium. ACSF (no PA-Nic) was locally applied 
to the neuron via pressure ejection and laser pulses (10 ms) were delivered to a perisomatic 
location. The excitation wavelength was incremented as indicated and power was held constant 
(30 mW). Data show individual cell responses and mean ± s.e.m. Data contributed by Bannon 
NM. 
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3.3 Discussion 

3.3.1 Chemical Structure 

Nicotine was selected as a prime caging candidate based on its relevance to human health, 

its potential utility for biological experiments, and based on crystal structure and SAR data 

supporting the importance of the tertiary amine center for its biological activity. The crystal 

structure of nicotine with acetylcholine binding protein (AChBP) and electrophysiology studies 

on wild-type and mutated nAChR proteins indicate that the N-methylpyrrolidine functionality 

interacts with the protein through a strong cation–π interaction and a hydrogen bond to a 

tryptophan residue (123, 869). Furthermore, removal of the N-methyl group – which gives the 

metabolite nornicotine – decreases the potency and shifts the efficacy of the drug for different 

nAChR subtypes – indicating the importance of this position in the pharmacology of the molecule 

(870). Cevimeline, PNU-282,987, milameline, oxotremorine, fentanyl, and escitalopram were also 

prime candidates based on SAR studies (871-880). This panel of drug compounds represents a 

large structural diversity at the tertiary nitrogen group – containing pyrrolidine (nicotine and 

oxotremorine), piperidine (milameline and fentanyl), quinuclidine (cevimeline and PNU-282,987), 

and dimethylamine (escitalopram) groups – which demonstrates the broad applicability of the 

caging strategy. 

Coumarin-based cages have broad utility in the release of small-molecule modulators of 

biological activity (832, 841-845, 881, 882). Heteroatom substitution at position 7 of the 

coumarin scaffold endows derivative molecules with UV or near-UV excitation maxima 

fluorescent activity (883). Considering this, it is not surprising that PA-Nic and the coumarin by-

products yielded from its photolysis display the fluorescent excitation spectra of a coumarin dye. 

As was shown in our studies, position 3 and 4 of the coumarin scaffold have previously been 

demonstrated to be receptive to different chemical additions (2, 884). The 15 nm red-shift induced 

by the formation of the quaternary center at the 4-position of the coumarin scaffold conveniently 

places the peak 1P excitation maxima of PA-Nic at 404 nm – matching the excitation spectra of 

PA-Nic to readily available ~400 nm light sources and shifting the excitation range toward less 

phototoxic wavelengths. The shift in fluorescence spectra induced by the quaternization was 

fortunate, but not entirely surprising since the spectral characteristics of coumarin compounds have 

been shown to be tuneable by different nitrogen substitutions at positions 3 and 4 (885, 886). What 
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we can ultimately conclude from this, is that the addition of photorelease molecules onto the 

coumarin scaffold, as well as the scaffold itself, influences the resulting molecules spectroscopic 

characteristics. Coumarin dyes have generally been valued for their net-neutral charge – which has 

allowed for them to be utilized as cell permeable dyes (887, 888). Conversely, quaternization of 

the tertiary nitrogen of nicotine yielded a charged molecule with low cell permeability and high 

aqueous solubility (calculated LogP = −4.612 at pH 7.4). Fortunately, cell permeability is not 

necessarily a highly desirable quality for a “caged” tool compound and, in this case, is probably 

happily sacrificed for greater aqueous solubility. Overall, because of the spectroscopic and 

electrochemical consequences of quaternization of the tertiary nitrogen of nicotine at position 4 of 

the coumarin scaffold, PA-Nic sits apart from more typical coumarin based dyes in some unique 

ways and displays ideal chemical and spectroscopic properties for use in biological experiments. 

3.3.2 Photolysis Paradigm 

The choice of PA-Nic application method and uncaging paradigm are critical steps in 

experiments which utilize PA-Nic photo-stimulation. Superfusion application and local perfusion, 

each offer distinct advantages and limitations. The choice is largely impacted by the nAChR 

functional expression level in the cell type of interest. It is often preferable to use superfusion 

application when functional expression levels are high, as superfusion application allows for a 

uniform probe concentration surrounding the recorded cell, mitigating confounding factors of 

application uniformity and facilitating data interpretation. Superfusion application also eliminates 

the need for a second perfusion pipette in the tissue, which is one of the major benefits of the 

technique. However, superfusion application of expensive compounds costs more per experiment 

and may not be possible for all budgets or experimental designs.  

In most respects, photolysis of PA-Nic by epi-illumination or laser photostimulation is 

superior to other methods of delivering nAChR ligands to receptors within brain slices; such 

approaches include superfusion application and local drug delivery via a puffer pipette (pressure 

ejection). Superfusion application of active drug molecules tends to over-emphasize the long-term 

effects of the applied drug, whereas pressure ejection can suffer from variability in response 

kinetics and amplitudes between trials and across cells. Importantly, neither of these alternative 

approaches can adequately distinguish receptor activities in different cellular locations from the 

same neuron. Another alternative approach, iontophoretic drug delivery, has the potential to reach 
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similar spatial resolutions of application as 1P photolysis. However, the technique may still be 

refractory to experiments designed to make detailed maps of receptor expression. This is because 

of the need to constantly reposition the iontophoresis pipette – which may greatly disturb the local 

tissue and lead to cell damage. Not only this but, iontophoretic application may still suffer from 

variability in response kinetics and amplitudes between trials and across cells that local pressure 

ejection application suffers from. 

Epi-illumination is the most easily accessible photolysis paradigm by which to utilize PA-

Nic. Even still, utilization of PA-Nic with simple epi-illumination offers multiple potential benefits 

over alternative nAChR agonist application methods. This is due to the precise control that 

photostimulation gives over application concentration, rate, and location. First, local nicotine 

concentrations can be precisely controlled in a photo-dose dependent manner; allowing for rapid 

concentration response curves to be generated in ex vivo or in vivo systems. Second, the temporal 

pattern of nicotine application can be finely controlled and is generally on par or better than the 

speed of pressure ejection by puffer pipette. This opens the possibility of utilizing PA-Nic for 

kinetic studies of receptor activation/desensitization. Third, the epi-illumination uncaging 

paradigm allows for spatial precision of uncaging at the subnuclei level; potentially allowing for 

PA-Nic to be used to interrogate the effects of nAChR activation on circuit activity. 

For laser photolysis stimulation, beam geometry, the exposure dose (intensity and duration), 

and exposure location are key variables. The system used for these studies is capable of 

simultaneously positioning two different photostimulation beams (one beam for 2PLSM 

fluorescence excitation and one beam for 1P photolysis photostimulation). These beams are 

adjustable by moving a lens in/out of the photostimulation light path before the beam enters the 

galvanometer system. Without this lens, the 1P photostimulation beam fills the entrance pupil of 

the 60x/1.0 NA water-dipping [60x WD] objective, producing a near-diffraction-limited, sub-µm 

spot at the focal plane inside the sample. This is associated with 1P photostimulation light with an 

hourglass shape, extending above and below the focal spot symmetric with the optical axis. 

Conversely, with the lens inserted into the path, 1P photostimulation laser light is focused into the 

entrance pupil of the objective lens and then exits as a pencil-like beam. This beam, which is 

expected to be ~10 µm in diameter for a 60x objective, extends uniformly as a vertical column 

through the sample (à la epi-illumination). In this mode, the light intensity at any given location 

within the stimulation spot will be ~1% of the near-diffraction-limited small spot intensity but 
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affecting a much larger area and thus a larger number of PA-Nic molecules. Thus, the pencil-like 

beam mode represents a photostimulation paradigm with spatial properties somewhere in between 

standard epi-illumination and focal laser stimulation. For all 1P laser photostimulation experiments 

discussed in this document, an hourglass-type focal photostimulation beam was used. Ultimately, 

the spatial restriction of nicotine uncaging by hourglass shaped laser photostimulation allowed for 

precise localization of nicotine application. Additionally, the photodose dependent release of 

nicotine by 1P laser photostimulation from neighboring PA-Nic molecules scaled with 

photostimulation intensity and duration, allowing for precise control over the concentration and 

rate of application of nicotine.  

PA-Nic is not the only photosensitive tool available for the interrogation of nAChRs and 

cholinergic signaling in biological systems. It is certainly worth noting that other light-activated 

compounds that activate nAChRs exist; among these are CNB-carbachol, DPNB-ABT594, and 

RuBi-Nic (793, 813, 820). The most widely used of these tools, CNB-carbachol, is a nonspecific 

muscarinic and nicotinic agonist. CNB-carbachol has previously been used to precisely map the 

expression of nAChRs on neurons in culture by 2P photolysis and has also been used to map α7 

nAChR expression on SNr, hippocampal CA1 stratum pyramidal (SP) neurons and CA1 stratum 

radiatum (SR) interneurons by focal 1P photostimulation (329, 791, 792). The newest of these 

caged compounds, DPNB-ABT594 is a selective agonist of α3β4 and α4β2 nAChRs and was 

recently utilized in similar fashion to PA-Nic and CNB-carbachol to confirm the findings made in 

our studies – that nAChRs are expressed at somatic, dendritic, and axonal subcellular locations of 

the ventral MHb neurons (793). Unlike CNB-carbachol and DPNB-ABT594, recorded utilization 

of RuBi-Nicotine for the study of nAChRs and the cholinergic system is extremely limited (813). 

This may be due to its sensitivity to a large range of visible light (blue and green) or may be due 

to potential instability in aqueous mediums – where water may exchange with the metal bound 

ligand. Indeed, in our studies we found RuBi-Nicotine difficult to work with (2)… In addition to 

these alternative light-activated compounds, genetically engineered nAChRs which are tethered to 

photo-switchable ligands exist (889). Furthermore, optogenetically activated release of ACh has 

been used for investigation of native nAChRs. For example, optogenetic activation of MHb 

efferents to the IPN has revealed clear glutamatergic transmission – in addition to cholinergic 

connectivity, albiet limited (890). However, optogenetically activated release of ACh has not 

proven useful for mapping subcellular nAChR localization and most studies utilizing optogenetic 
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activation of cholinergic neurons have relied on a ChR2-expressing bacterial artificial 

chromosome (BAC) transgenic mouse, which has been demonstrated to exhibit abnormal 

cholinergic transmission (891-896). 

3.3.3 Limitations 

Several key requirements for the focal 1P uncaging of PA-Nic should be noted. First, an 

appropriate visualization method is needed to accurately locate the neuronal membrane. Imaging 

with conventional epi-fluorescence microscopy may be sufficient when studying cultured cells, 

but for recording from neurons in brain slices or other thick tissue preparations, 2PLSM or confocal 

microscopy is a requirement. Second, a suitable method is needed to position the photolysis laser 

beam. This approach utilizes a dual-galvanometer scan head with two independent x-y mirrors for 

raster scanning of the imaging beam and point photoactivation using the uncaging laser beam (897-

899). Other, more limited solutions are possible, such as (1) a single-galvanometer scan head that 

alternatively raster scans the imaging beam and the uncaging beam, or (2) simply directing the 

uncaging beam to the center of the field of view such that the cell is brought to this position for 

flash photolysis. Third, a system is required for simultaneous electrophysiological recording if one 

wishes to collect physiological signals during experiments. Commonly, troubleshooting involves 

trying to understand why no nAChR activation is seen following flash photolysis. When working 

with a cell type that has not been previously studied with PA-Nic, the investigator should perform 

local puff-application of ACh or nicotine to determine whether sufficient receptors are functionally 

expressed (2) and to establish a calibration with which to approximate nicotine application by 

photostimulation (Figure 9). To validate that the system is capable of detecting photolysis 

responses, control experiments could be done in medial habenula neurons that express large 

quantities of receptor (2, 4, 5). In this brain area, PA-Nic superfusion application is possible, which 

is preferable for validation experiments. Only after performing these validation experiments 

should one move on to an unstudied cell type. If the experimental system has been validated and 

responses remain very small or undetectable, it may be warranted to alter the application technique, 

increase the concentration of PA-Nic, increase the flash intensity or pulse duration, add a nAChR 

positive allosteric modulator to enhance nAChR activity (3), or some combination of these. 

Occasionally, uncaging responses are too large (especially when utilizing epi-illumination 

photostimulation), with significant nAChR activation resulting in indirect voltage gated Na+ 
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channel activation and unclamped inward currents due to poor space clamp. These artifacts, which 

completely obscure nAChR inward currents and make data interpretation impossible, can be 

eliminated by inclusion of QX-314 (2 mM) in the recording pipette. They may also be eliminated 

by reducing the concentration of PA-Nic or by reducing the flash intensity or pulse duration. In all 

visible light photo-stimulation experiments, care must be exercised when selecting stimulation 

sites to avoid unintended stimulation/photolysis above or below the desired focal plane. 

Additionally, and when applicable, the laser power must always be titrated to reproduce 

physiological responses. It is especially important to be aware of z-axis photostimulation when 

working with caged ligands, as ligands that are activated above/below the focal spot may still 

diffuse and interact with the biological system (i.e., receptors) under study. 

3.3.4 Summary 

In summary, we have developed a flexible strategy for preparing photoactivatable 

derivatives of previously uncageable drugs. Our photoactivatable nicotine molecule, PA-Nic, 

can be activated by relatively short-wavelength one-photon (~404 nm) or two-photon (~810 nm) 

light – and thus can be imaged in combination with other fluorophores or sensors – applied in 

a wide range of photostimulation paradigms. Using this tool, we have shown that it is possible 

to finely tune the spatiotemporal application of nicotine to achieve precise optopharmacology 

experiments, which allows different aspects of nicotine application and exposure to be modeled 

(2-5). PA-Nic has already been shown to be useful for nAChR functional mapping and imaging 

experiments where dendritic or presynaptic Ca2+ dynamics are rapidly modulated by nAChRs, 

but savy utilization of the tool could also prove essential for the study of cholinergic volume 

versus point-to-point transmission (444). More generally, given the number of tertiary amine 

compounds in the pharmacopeia, the use of a photolabile quaternary linkage should enable the 

development of other photoactivatable compounds to better model drug exposure and modulate 

native receptor proteins in brain tissue. Overall, the characterization of PA-Nic indicates that it 

has ideal chemical and spectroscopic properties for use in investigations of endogenous nAChRs 

in brain tissue at a wide range of spatial and temporal resolutions. 
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 SUBCELLULAR LOCALIZATION, REGULATION, AND 
FUNCTION OF NICOTINIC ACETYLCHOLINE RECEPTORS IN 

THE MEDIAL HABENULA 

Portions of this chapter (pgs 95-114) are reprinted from publications 2, 4, and 5. Publication 2 was 
written by Drenan RM, Arvin MC, Banala S, and Lavis LD with input from all other authors. 
Publication 4 was written by Drenan RM and reviewed and edited by Arvin MC and Wokosin DL. 
Publication 5 was written by Drenan RM. The contributions of individual authors to data collection 
are specifically addressed in each figure. 

4.1 Introduction 

With the caging strategy and photochemical characterization of PA-Nic established, we 

focused on the utility of PA-Nic for interrogating the function and localization of nAChRs in 

biological systems. We chose to begin with the MHb because, despite its small size, the MHb 

expresses nearly every heteromeric nAChR subunit at the highest level of any nuclei in the brain 

and because it is heavily implicated in mediation of nicotine withdrawal syndrome (324, 650-656). 

To begin, using immunohistochemistry, fluorescence microscopy, and 2PLSM techniques, we 

imaged the MHb nuclei and discrete MHb neurons expressing the cholinergic marker ChAT. Using 

these techniques, we made observations of the MHb at the nuclei, sub-nuclei, and single cell 

resolution. Sholl analysis of three-dimensional (3D) reconstructed images of MHb neurons filled 

with fluorescent dye provided a description of MHb neuron morphology. We then set out to 

characterize the function and expression of nAChRs on MHb neurons. We began by preparing 

mouse brain slices containing the MHb and imaged with DIC light microscopy or 2PLSM. We 

made whole-cell patch clamp recordings from MHb neurons while observing nAChR activation 

evoked by PA-Nic uncaging through various photoactivation paradigms. First, epi-illumination 

LED light pulses were used to uncage nicotine in specific MHb subnuclei and the response of 

MHb neurons to acute nicotine exposure was recorded. Following that, an optical method was 

developed for precise release of nicotine at discrete locations near neuronal membranes during 

electrophysiological recordings (4). In brief, patch-clamped neurons in brain slices were filled with 

dye to visualize their morphology during 2PLSM, and nicotine uncaging was executed with a light 

flash by focusing a 405 nm laser beam near discrete subcellular locales while whole-cell current 

deflections were measured. High-resolution 3D images of MHb neurons allowed for reconciliation 
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of nicotine uncaging-evoked nAChR responses with cellular morphology. Using this method, we 

studied the subcellular location of nAChRs on MHb neurons in native brain tissue. This method 

allowed for detailed analysis of nAChR functional distribution on whole MHb neurons. Following 

this, using viral transfection methods combined with fluorescent Ca2+ indicators, we observed the 

Ca2+ dynamics of MHb neurons and measured the Ca2+-mobilization response of MHb-ChAT(+) 

neurons to nicotine uncaging at somatic and axonal locales in all-optical paradigms. We then 

looked to characterize the effects of prolonged exposure to nicotine on MHb neurons by treating 

mice through their drinking water. After cNIC treatment, using cell-attached and whole-cell patch 

clamp electrophysiology, we observed the activity of MHb neurons in the absence of nicotine. We 

then described the functional upregulation of nAChR expression on MHb neurons with pressure 

ejection, photochemical dose-response curves, and spatially delimited PA-Nic uncaging 

experiments at discrete subcellular locales. 

4.2 Results 

4.2.1 Morphological Description of Medial Habenula Neurons 

In mice, the MHb is a small bilateral epithalamic nuclei located adjacent to the third 

ventricle (Figure 25a). Neurons in the ventral two-thirds of the MHb express the cholinergic 

marker ChAT. In many of our MHb studies we utilized transgenic mice, which express the red 

fluorophore tdTomato in a cre-dependent manner (ChAT-Cre::Ai14), to identify ChAT(+) MHb 

neurons (Figure 25b). The ventral MHb can be divided into three distinct subnuclei (inferior, 

MHbVi; central, MHbVc; lateral, MHbVL; Figure 25c) based on cytochemical, morphological, 

and hodological characteristics (690). The majority of MHb studies discussed in this document 

were performed on MHbVi neurons. Two photon laser scanning microscopy, using DODT 

imaging and fluorescence imaging, allowed for us to identify MHb neurons for 

electrophysiological recordings and revealed that ChAT(+) MHb neurons are small, round neurons 

(Figure 25d).
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Figure 25. Description of MHb nuclei and expression of ChAT(+) MHb neurons 

(a) Location of MHb in mouse brain near bregma –1 mm to –2 mm. (b) Validation of ChAT-
Cre::Ai14 mice for targeted recordings from MHb cholinergic neurons. Coronal sections from 
ChAT-Cre::Ai14 mice containing MHb were co-stained with anti-ChAT and anti-DsRed 
antibodies. Scale: 175 μm. (c) MHb subregions. Recordings were made from MHb neurons in the 
ventral inferior (VI) subregion. Other ventral MHb subregions: central (VC) and lateral (VL). (d)
Representative 2PLSM image of tdTomato expression in ChAT(+) MHb neurons (arrow) in brain 
slices during patch clamp recordings from ChAT-Cre::Ai14 mice is shown. Scale: 20 μm. Data 
contributed by Arvin MC and Peng C. 
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We reconstructed MHb neuronal morphology using 3D images collected by 2PLSM 

following whole-cell electrophysiological recordings in which we filled neurons with a fluorescent 

dye (Figure 26a and 26b). Sholl analysis revealed MHb neurons generally have ~2 primary 

dendrites and a compact dendritic arbor (Figure 26c), consistent with previous work (697). The 

dendritic arbors of intact MHb neurons were compact. Medial habenula neuron dendrites were 

generally craggy and tortuous – having many bifurcations and varicosities. Indeed, it was said by 

one researcher that they resembled the arbors of cherry blossom trees. The primary dendrites of 

MHb neurons were often pronounced, with large diameters. 

 

 

4.2.2 PA-Nic Photolysis Allowed for Mapping of Nicotinic Receptor Expression and Function. 

We sought to investigate the effects of acute nicotine exposure on nAChR expressing 

MHbVi neuron activity. Thus, we further explored the utility of PA-Nic by studying nAChR-

modulated excitability evoked by PA-Nic photolysis. After patch-clamping MHbVi neurons 

and superfusion applying PA-Nic, we elicited PA-Nic uncaging via epi-illumination photolysis 

and determined if PA-Nic uncaging was capable of driving action potentials through 

depolarization of the membrane potential mediated by inward current through the nAChR. We 

found that while in current clamp mode, but not injecting any positive or negative current, MHb 

neurons generally fired action potentials spontaneously. Minimal uncaging of PA-Nic evoked 

Figure 26. Morphological characterization of MHb neurons. 

(a) Representative 2PLSM image of a patch-clamped MHb neuron filled with Alexa Fluor 488. 
(b) 3D reconstruction of the neuron shown in (a). Inset shows exploded view of reconstructed 
dendritic arbor. (c) Sholl analysis for MHb neurons (# of neurons/mice: n=24/17). MHb neuron 
morphology was reconstructed in 3D and the number of Sholl intersections is plotted at each Sholl 
radius (1 µm step size). Shading indicates 95% confidence interval. Data contributed by Arvin 
MC, Kim VJ, and Drenan RM. 
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membrane depolarization and rapid action potential firing (Figure 27a). This finding agrees 

with our previous studies, where application of nicotine enhanced AP firing of MHb neurons, 

and previous studies from other researchers, where application of ACh has been shown to cause 

rapid excitation of MHb neurons (324, 725, 900). In epi-illumination experiments we used a 

restricted field-stop aperture (resulting in a ∼60-μm diameter column of photostimulation) to 

constrain epi-illumination flashes. This allowed the effect of epi-illumination PA-Nic 

photolysis to be spatially restricted, this was evident, since repositioning the photolysis location 

to the adjacent MHbVc (ii) or MHbVL (iii) prevented PA-Nic photolysis from effecting the 

MHbVi neuron firing frequency (Figure 27b). 

 

 

 

Next, we sought to determine if – and to what extent – nAChRs were functionally 

expressed at discrete cellular locales of MHb neurons. To do this, we first visualized MHb 

neuronal morphology with 2PLSM and uncaged nicotine with spatially delimited perisomatic 

1P laser pulses (405 nm, ∼1-μm spot diameter) using the methods described in the methods 

section (2.3.5.2). In brief, we filled MHb neurons with fluorescent dye and tracked dendritic 

Figure 27. Modulation of MHb neuron excitability by PA-Nic epi-illumination uncaging. 

 (a) MHbVi (i) neurons were held in current clamp (I=0) configuration during epi-illumination 
photolysis of PA-Nic. A restricted field stop aperture permitted nicotine uncaging directly over 
the recorded Vi neuron (i), or at 100 (ii) to 200 (iii) μm from the recorded cell. A representative 
(of 4 independent experiments) trace is shown for a recording from a MHbVi neuron (right panel). 
Photolysis: 33 ms, 0.12 mW/mm2. Scale: 1 s, 15 mV (b) Before-after plots showing the peak 
action potential firing rate in individual MHbVi neurons (# of neurons/mice: n=4/2) at baseline 
and following nicotine uncaging at position i, ii, or iii as indicated in a. two-way RM ANOVA of 
treatment (2; baseline vs. flash) x location (3; (i), (ii), (iii)): significant main effects of treatment 
[F(1,9)=23.17, p=0.001], location [F(2,9)=7.155, p=0.0138], and a significant treatment x 
location interaction [F(2,9)=5.416, p=0.0286]. p values (Bonferroni multiple comparison): 
0.0012 (i), 0.3962 (ii), >0.7541 (iii). Data contributed by Arvin MC. 
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projections to and from the soma using 2PLSM (Figure 28a). We did this while making voltage 

clamp electrophysiology recordings paired with PA-Nic uncaging at locations in 15 μm 

intervals along the dendrites (Figure 28b). Ultimately, this allowed for us to reconcile PA-Nic 

uncaging responses with subcellular locales and map the expression of these responses on MHb 

neurons (Figure 28c). The results of these experiments demonstrated that nAChR-mediated 

currents elicited from proximal dendritic locales were greater than those from distal dendrites 

(Figure 28d). Suggesting that MHb nAChRs may play a functional role in modulating action 

potential initiation at the soma and proximal dendrites by shifting the resting membrane 

potential and that Ca2+ flux elicited by nAChR activation would have direct signaling effects 

on somatic calcium-dependent signaling machinery.  
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Figure 28. Mapping nAChR expression with spatially deliminted laser flash photolysis. 

(a) Raw reference images from a single representative neuron are shown for MarkPoints photo-
stimulation trials at discrete subcellular locations. Inset shows an exploded view of the photo-
stimulation location. Note that for some photo-stimulation locations (the right-most image in this 
series), the dendritic structure is in focus but the soma and proximal dendrite are not. (b) The 
nicotine uncaging-evoked inward current evoked from each subcellular location in reference 
images is plotted. (c) Representative 2PLSM MIP image of a ChAT+ MHb neuron, marked with 
uncaging positions (white circles; 50 ms, 2 mW) and the evoked response at each location. 
Scale bars, 20 μm (lower right) or 1 s, 60 pA (upper right). The color key indicates relative 
intensity from low (deep blue) to high (white). (d) Summary of position-dependent uncaging 
data for ChAT+ MHb neurons (# of neurons/mice: n = 8/5) using PA-Nic (80 μM superfusion). 
Nicotine uncaging responses were recorded at the soma and at dendritic locations at the 
indicated linear distances from the soma surface. Mean values (+ s.e.m.) and individual 
responses (circles) are shown. p values determined by Tukey's post hoc test after one-way 
ANOVA (F(4,69) = 4.3; P= 0.0036). Data contributed by Arvin MC. 



102 
 

 Having demonstrated that nAChR expression is highest at the proximal dendrites of MHb 

neurons, we looked to gain a better understanding of the effects of nAChR activation on Ca2+ 

mobilization to further understand the effects of nicotine exposure on calcium-dependent signaling 

in MHb neurons. To do this we examined Ca2+ dynamics in MHb-ChAT(+) neurons expressing 

GCaMP6f through viral tranfection (Figure 29a). At baseline we found that MHb neurons often, 

but not always, displayed spontaneous Ca2+ fluctuations (Figure 29b). These spontaneously 

Ca2+ oscillating MHb neurons responded to local superfusion administration of nicotine with 

prolonged elevation of the Ca2+-state (Figure 29c). Following nicotine application, in some 

cases, spontaneous Ca2+ oscillations resumed (Figure 29c), in other cases spontaneous 

oscillation halted even after the Ca2+ signal returned to baseline following nicotine washout. 

(data not shown). This data was consistent with the effect of nicotine uncaging on action 

potential generation of MHb neurons in the epi-illumination paradigm, since activity-dependent 

and nAChR-mediated Ca2+ flux could evoke enhanced calcium levels in the MHb neuron upon 

nicotine application (Figure 27). These results were also consistent with the suggestion that 

nAChR activation may influence somatic and proximal dendritic Ca2+-dependent secondary 

signaling. 

To confirm that activation of nAChRs at proximal locales were responsible for Ca2+ 

mobilization observed upon local superfusion application, we took a spatially delimited, all 

optical opproach via rapid line-scan imaging of the Ca2+-indicator fluorophore, GCaMP6f, in 

MHb neuron somas during 1P focal photostimulation. We applied PA-Nic, locally, to the 

imaged neuron and performed perisomatic 1P photostimulation flashs with durations of only 5 

ms (405 nm; 2 mW; Figure 29d). This photostimulation protocol was sufficient to robustly 

increase Ca2+ levels measured by 2PLSM of GCaMP6f (Figure 29e and 29f). We confirmed 

that this effect was not a photostimulation artifact by demonstrating that, without PA-Nic, laser 

flashes were ineffective at altering Ca2+ levels, and by showing that nAChR antagonists 

significantly attenuated Ca2+ mobilization induced by PA-Nic photolysis within the same 

neurons (Figure 29e and 29f). The pharmacological block of the Ca2+-level elevation upon PA-

Nic photolysis also suggests this effect was evoked by nAChR activation, not activation of 

another receptor. 
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Our prior work revealed strong nAChR subunit expression in MHb proximal axons as they 

enter the FR (324) and previous reports from other groups have strongly suggested that MHb 

neurons express nAChRs at axonal locales (702, 788, 789). However, to our knowledge no studies 

had demonstrated the functional expression – membrane located and mediating transmembrane 

current flux upon activation – of these nAChRs. Therefore, having determined the nAChR 

Figure 29. Interrogation of Ca2+ mobilization with PA-Nic in all-optical paradigms. 

(a) AAV-Flex-GCaMP6f was microinjected into MHb of ChAT-Cre mice via stereotaxic surgery. 
(b-c) Characteristics of GCaMP6f-expressing MHb neurons in acute slices. (b) Neurons 
exhibiting spontaneous Ca2+ cycling between high-Ca2+(box/image 1) and low-Ca2+ (box/image 
2) states. Flash photolysis was only conducted in neurons exhibiting spontaneous Ca2+ flux. Scale: 
15 s, 1.0 ΔF/F. Image scale: 8 μm. The color key indicates relative intensity from low (deep blue) 
to high (white). (c) Neurons displaying spontaneous Ca2+ cycling behavior are sensitive to 
nicotine. A representative trace (# of neurons/mice: n=5/3) from a Ca2+ cycling MHb neuron 
showing spontaneous Ca2+ cycling and a sustained increase in Ca2+ following superfusion of 
nicotine (100 μM). Scale: 1 min, 1.0 ΔF/F. (d-f) All-optical analysis of nAChR activity with 
2PLSM Ca2+ imaging in MHb neurons. (d) Ca2+ signals in GCaMP6f-expressing ChAT+ MHb 
neurons in acute slices were imaged via 2PLSM and 405 nm laser flashes were delivered before 
and after local-perfusion of PA-Nic (1-2 psi, 2 mM). (e) Representative (# of neurons/mice: n=6/5) 
traces from a Ca2+-cycling MHb neuron showing 405 nm laser flash-evoked increases in 
Ca2+ before (green trace) and after (magenta trace) superfusion of a nAChR antagonist cocktail (1 
μM DHβE, 1 μM SR16584, 100 nM α-Ctx MII). Photolysis: 5 ms, 2 mW. Scale: 2.5 s, 1.0 ΔF/F. 
(f) Before-after plot of Ca2+ signals (ΔF/F) under the conditions indicated (# of neurons/mice: 
n=6/5). p values: two-sided paired t-test. Data contributed by Arvin MC and Kim VJ. 



104 
 

expression profile of MHb neurons at dendritic and somatic locales, we sought to determine, 

through optical Ca2+ imaging methods, if MHb neurons expressed functional nAChRs at axonal 

locales. To accomplish our interrogation of functional axonal nAChR expression, we virally 

transfected ChAT(+) neurons in the MHb with a red calcium-dependent fluorescent indicator 

(jRCaMP1b) and carried out PA-Nic photostimulation while imaging Ca2+ levels with 2PLSM at 

axons in the FR (Figure 30a and 30b). Calcium indicator fluorescence was detectable in ChAT(+) 

MHb neuron axons in the FR (Figure 30c and 30d). Similar to MHb neuron soma, in some cases 

spontaneous activity was observed (data not shown). In order to detect responsive MHb axons, we 

first uncaged PA-Nic in the field of view to release nicotine and detect responsive axons, as 

described in the methods section (2.3.5.3). We found that many ChAT(+) MHb neuron axons were 

responsive to nicotine uncaging and pharmacological block of nAChRs was sufficient to occlude 

Ca2+-flux evoked from nicotine uncaging (Figure 30e). We then took a spatially restricted approach 

to nicotine uncaging, described in the methods section (2.3.5.3), to assure that nAChRs at the 

axonal location were responsible for Ca2+-flux from nicotine field uncaging. We found that a focal 

barrage of photostimulation evoked Ca2+-flux which quickly returned to base-line (Figure 30f). 

These data provide evidence that nAChRs residing on the axons of MHb neurons are functionally 

expressed and that activation of axonal nAChRs of ChAT(+) MHb neurons by nicotine uncaging 

is sufficient to evoke Ca2+-flux by nAChR activation or activity-dependent mechanisms. 
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4.2.3 Chronic nicotine exposure alters spontaneous excitability of MHb neurons. 

We previously reported that cNIC increased MHbVi neuron firing rate using the cell-

attached recording configuration (900). We found the same effect in this study (Figure 31; 

t(19)=4.036, p=0.0007), validating this prior result. 

 

Figure 30. Interrogation of nAChR-mediated Ca2+ mobilization in MHb neuron axons. 

(a) AAV-Flex-jRCaMP1b was microinjected into MHb of ChAT-Cre mice via stereotaxic 
surgery.  (b) All-optical analysis of nAChR activity with 2PLSM Ca2+ imaging of jRCaMP1b 
expressed in Chat(+) MHb neuron axons paired with 1P laser photostimulation of PA-NIc (c)
2PLSM DODT contrast and pseudocolored (fire LUT) fluoresence excitation intensity of 
jRCaMP1b in MHb and FR. Image Scale: 200 μm (d) High magnification image of inset 
highlighted in (c). jRCaMP1b fluoresence of ChAT(+) MHb axons. Image Scale: 25 μm (e) 
Average ± 95% confidence interval of relative jRcAMP fluorescence response of MHb axon ROIs 
to PA-Nic field uncaging before and after application of nAChR antagonists (10 μM Meca, 10 
μM DHβE, 10 μM SR16584; # of ROIs/mice: n=28/2) (f). Individual ChAT(+) MHb neuron 
axon ROI fluorescent responses to focal single spot laser photostimulatio of PA-Nic (# of 
ROIs/mice: n=4/1). Data contributed by Arvin MC and Kim VJ. 
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Interestingly, in whole-cell configuration, the waveform of action potentials differed 

between control and cNIC-treated MHbVi neurons. Figure 32a shows representative spike traces 

from a control and cNIC neuron. Compared to control neurons, cNIC neurons exhibited a 

depolarized resting membrane potential (Figure 32b; t(63)=2.395, p=0.0196). Compared to spikes 

recorded in control neurons, cNIC spikes have reduced amplitude (Figure 32c; t(60)=2.166, 

p=0.0343), increased half-width (Figure 32d; t(60)=3.033, p=0.0036). Figure 32e shows 

representative phase plots for spikes recorded from control and cNIC neurons. cNIC-treated 

MHbVi neurons displayed a depolarized membrane potential at which spikes reached firing 

threshold (Figure 32f; t(59)=2.413, p=0.0189), a decreased rise slope (Figure 32g; t(61)=3.328, 

p=0.0015), and a decreased decay slope (Figure 32h; t(61)=2.725, p=0.0084) compared to control 

neurons. Mean input resistance was not different in MHb control neurons compared to cNIC-

treated neurons (t(24)=0.5985, p=0.5551) (data not shown). 

 

Figure 31. Chronic nicotine enhances action potential frequency in MHb neurons. 

 (a) Representative cell-attached firing traces for MHb neurons from control and cNIC-treated 
mice. (b) Summary data (# of neurons/mice: control: n=11/3; cNIC: n=10/4) of cell-attached 
firing in MHb neurons for control and cNIC-treated mice. p value determined by two-sided 
unpaired t-test. Data contributed by Wang Y and Drenan RM. 
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4.2.4 Chronic nicotine enhances expression of functional nAChRs. 

Next, we studied the pharmacology of nAChR upregulation, a key feature of nicotine 

dependence. We found that cNIC treatment upregulated nAChR function in MHb neurons, 

including neurons that express ChAT, using pressure ejection of ACh (Figure 33). 

 

Figure 32. Chronic nicotine alters spontaneous action potentials in MHb neurons. 

(a) Representative spontaneous action potentials for whole-cell patch clamped MHb neurons for 
control and cNIC-treated mice, illustrating features quantified in subsequent panels. (b) Summary 
resting membrane potential data (control: n=34 cells; cNIC: n=31 cells) for MHb neurons from 
control and cNIC-treated mice. (c) Summary action potential amplitude data (control: n=32; 
cNIC: n=30) for MHb neurons from control and cNIC-treated mice. (d) Summary action half-
width data (control: n=32; cNIC: n=30) for MHb neurons from control and cNIC-treated mice. 
(e) Representative spontaneous action potential phase plots for MHb neurons from control and 
cNIC-treated mice, illustrating features quantified in subsequent panels.   (f) Summary action 
potential threshold data (control: n=32; cNIC: n=29) for MHb neurons from control and cNIC-
treated mice. (g) Summary action potential max rise slope data (control: n=32; cNIC: n=31) for 
MHb neurons from control and cNIC-treated mice. (h) Summary action potential max decay slope
data (control: n=32; cNIC: n=31) for MHb neurons from control and cNIC-treated mice. Data in 
panels b-d and f-h came from the same mice (control = 5 mice; cNIC = 7 mice). Data show 
individual cell responses and mean ± s.e.m. p values were determined by two-sided unpaired 
students t-test. Data contributed by Wang Y and Drenan RM. 
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However, it was not clear whether this enhanced nAChR-mediated response reflected 

an increase in the number of surface receptors or a shift in nAChR sensitivity – which may have 

been mediated by alterations in nAChR subunit expression, or otherwise. We utilized the 

temporal control of nicotine release to generate a photochemical dose-response curve with PA-

Nic (Figure 34). Using this method, we identified that cNIC increased the pharmacological 

efficacy of nicotine on MHb nAChRs without affecting potency (Figure 34b). This suggests 

that chronic nicotine treatment increased the receptor number without affecting receptor 

sensitivity to nicotine. 

Figure 33. Chronic nicotine enhances functional nAChR expression of MHb neurons. 

ChAT-Cre::Ai14 mice were treated with control or chronic nicotine for 4-6 weeks via their 
drinking water, and ACh (100 μM)-evoked currents were recorded from visually-identified 
ChAT(+) neurons (# of neurons/mice: n=9/2 control; n=17/3 nicotine). Bar/dot plot shows mean 
(+ s.e.m.) and individual responses. p value: two-sided unpaired t-test. Data contributed by Jin 
XT. 
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Having determined that ChAT(+) MHb neurons displayed enhanced nAChR expression, 

we sought to determine if cNIC exposure altered the relative localization of nAChR distribution 

at the soma or dendritic arbor. Therefore, we took at similar spatially delimited approach as 

before, described in methods section (2.3.5.2), to interrogate the cNIC enhanced nAChR 

expression profile. In spatially delimited laser flash recordings, uncaging current responses 

were enhanced by chronic nicotine treatment at both somata and dendrites (Figure 35). This 

data illustrates that chronic nicotine exposure induces plastic changes in postsynaptic nAChR 

function that may sensitize MHb neurons to cholinergic agonists, which could modulate 

excitability and/or dendritic integration. 

 

Figure 34. Photochemical dose-response curves of control and cNIC-treated MHb neurons. 

(a) Representative traces from one control and one chronic-nicotine-treated ChAT+ MHb neuron 
stimulated via epi-illumination photolysis (80 μM PA-Nic superfusion; 0.12 mW mm−2) for the 
indicated durations. Scale: 200 pA, 2 s. (b) The Hill equation was fitted to photochemical dose 
response mean values (± s.e.m.) from control (# of neurons/mice: n = 7/2) or chronic-nicotine-
treated neurons (# of neurons/mice: n = 11/3) (control: nH = 1.7, duration at half-maximum = 0.3 
s, R2 = 0.732; chronic nicotine: nH = 1.6, duration at half-maximum = 0.3 s, R2= 0.89). Data 
contributed by Wang Y. 
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To further study axonal nAChRs in MHb neurons and examine MHb-IPN circuit changes 

brought about by cNIC exposure, we recorded electrophysiological responses evoked from PA-

Nic uncaging at MHbVi neuron axons (Figure 36). Whereas dendritic arbors were often found 

dorsal to the soma, a narrow and unbranching process departing from the primary dendrite or soma 

projecting ventrolaterally (presumably the axon) was found in n=11 of 24 reconstructed neurons 

(Figure 36a). Using laser flash photolysis of PA-Nic during voltage clamp recordings and 2PLSM, 

we rapidly (50 ms flash duration; 2 mW) evoked nAChR activity by uncaging PA-Nic adjacent to 

the axon of MHb neurons from control- and cNIC-treated animals (Representative data in Figure 

36b is evoked by uncaging at an axonal location 45 µm from soma). MHb axonal nAChR function 

was strongly enhanced in cNIC neurons compared to control neurons when the uncaging spot was 

placed at 15 µm (t(12)=2.206, p=0.047), 30 µm (t(12)=3.235, p=0.0072), 45 µm (t(12)=3.285, 

p=0.0065), and 60 µm (t(11)=3.238, p=0.0079) from the soma (Figure 36c). 

 

 

 

Figure 35. Mapping nAChR expression profile of control and cNIC treated MHb neurons. 

(a) Representative uncaging response traces from control and chronic-nicotine-treated neurons 
stimulated at the soma and at a dendrite ∼30 μm from the soma by 405-nm laser photolysis (50 
ms, 2 mW) of PA-Nic (50 μM superfusion). Scale:20 pA, 2 s. (b) Scatter plots (mean ± s.e.m.) of 
nicotine uncaging amplitudes at the indicated cellular locations for ChAT+ control (# of 
neurons/mice: n = 6/3) and chronic-nicotine-treated (# of neurons/mice: n = 14/4) neurons. p 
values determined by two-sided Mann–Whitney test. Data contributed by Arvin MC. 
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4.3 Discussion 

In these studies we found that MHb-ChAT(+) neurons were generally small neurons with 

craggy, torturous dendritic arbors. Most MHb neurons possessed 1-2 primary dendrites (Figures 

25 and 26) and an axon projecting ventrolaterally from the soma or primary dendrite (Figure 

36), consistent with previous reports (697). PA-Nic uncaging protocols were capable of eliciting 

enhanced excitability and Ca2+-mobilization from MHb-ChAT(+) neurons (Figures 27, and 29-

32). We demonstrated that nAChRs are expressed at all subcellular locales, including the axons 

(Figures 30 and 36) of MHb neurons – but where most highly at the proximal dendrite (Figures 

28 and 36). We found that cNIC treatment altered the future excitability of MHb neurons even 

when no nicotine was present (Figure 31 and 32). Our data suggests that the level, but not 

subtype profile, of nAChR expression was altered following cNIC exposure (Figure 34). We 

demonstrated that cNIC sensitizes somatic, dendritic, and axonal responses of MHb neurons to 

future nicotine exposure via enhanced functional expression of the nAChR (Figure 35 and 36). 

The results of our MHb studies further validate the utility of PA-Nic photolysis to activate nAChRs 

Figure 36. Chronic nicotine enhances functional nAChR expression on MHb neuron axons. 

(a) A representative 2PLSM image of a MHb neuron with intact axon is shown, including 
approximate positions where PA-Nic (50 µM) laser flash photolysis was executed adjacent to the 
axonal membrane. (b) Representative nAChR currents following nicotine uncaging along the 
axon of a MHb neuron from a control/cNIC-treated mouse. (c) Summary nicotine uncaging-
evoked current amplitudes for MHb neurons at the indicated distance from the soma along the 
axon (# of neurons/mice: control: n=7/4 mice; cNIC: n=7/5). Data show individual cell 
responses and mean ± s.e.m. p values were derived from two-sided unpaired t-test. Data 
contributed by Arvin MC. 
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in spatially and temporally controlled manners, illustrating its broad utility in biological 

experiments and its compatibility with fluorescent Ca2+ indicators. 

Chronic nicotine treatment has previously been shown to alter the excitability of MHb neurons, 

we found similar effects here (900) . We speculate that altered excitability of MHb neurons could 

be mediated by depolarization of the membrane potential – which may reduce the number of 

voltage-gated sodium channels available for activation – leading to alterations in the action 

potential waveform, such as reduced spike amplitude, spike widening, reduced spike rise and 

decay slope, and a shift in spike threshold to a more depolarized membrane potential (Figure 32). 

Alternatively, cNIC exposure may initiate a signaling cascade that down-regulates sodium 

channels – possibly through Ca2+-dependent secondary-signaling mechanisms, as we 

demonstrated that nAChR activation is capable of modulating Ca2+-mobilization in MHb-ChAT(+) 

neurons. Future work will be required to identify which of these scenarios is responsible for altered 

excitability of MHb neurons following cNIC treatment. 

Our epi-illumination and 1P photolysis results showcase the spatial precision afforded by 

different photostimulation paradigms in biological experiments. During our epi-illumination 

experiments where we recorded action potential firing elicited by PA-Nic uncaging (Figure 27), 

we found that nicotine release was spatially delimited when the field-stop aperture was 

restricted, allowing for the release of nicotine in specific subnuclei during electrophysiological 

recordings. Interestingly, we observed that greater photostimulation parameters than the 

minimal parameters used here, also evoked depolarization followed by brief action potential 

barrages; however, in these instances, often the MHb neuron became quiet following 

photostimulation, no longer spontaneously firing action potentials (data not shown). Thus, it 

may be possible that excessive nAChR activation could push MHb neurons into depolarization 

block and inhibit spontaneous activity (725).  Modulation of cholinergic components in the MHb-

FR-IPN circuit have previously been shown to effect conduction velocity, and so, modulation of 

axon-residing nAChRs may induce depolarization block in the axons of MHb neurons and alter 

MHb-IPN transmission (786, 787). Further studies are necessary to elucidate the precise role that 

nAChRs at different subcellular locales of MHb neurons play in mediating MHb-IPN transmission 

and withdrawal syndrome. 

Our 1P laser photolysis experiments utilize the spatial precision of nicotine application via 

focal laser photolysis of PA-Nic and demonstrate how spatial precision of application can be 
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utilized to map the functional expression of nAChRs at different subcellular locales. 

Pharmacological dissection of nAChR subtype paired with our spatially delimited laser 

photostimulation nAChR mapping technique could provide insight into the relative distribution 

of different subtypes of nAChRs at somatic locales versus dendritic or axonal locales. These 

experiments may reveal that specific subtypes of nAChRs are localized to specific subcellular 

locations, possibly dependent upon different trafficking motifs on the cytosolic loop. One 

limitation of our 1P laser photostimulation method is that it does not account for the relative 

amount of cell surface area at the site of uncaging. Therefore, it may be possible that elevated 

nAChR-mediated responses at the proximal dendrites are a result of their pronounced diameter 

over distal MHb neuron dendrites. In future experiments, 3D modeling of MHb neurons 

followed by estimation of neuronal membrane adjacent to the site of uncaging could address 

this limitation and enable precise calculation of the number and density of functional nAChRs 

on MHb neurons. An additional limitation is that, we did not adjust for differences in uncaging 

based on depth of the photostimulation location within the brain slice tissue (856). However, 

both dendrites and somas were located at variable depths within the brain slice tissue; therefore, 

any effect of 405 nm photostimulation tissue penetration on PA-Nic uncaging should be evenly 

distributed between different subcellular locales. 

Our data illustrating the functional expression of nAChRs on MHb preterminal axons was 

recently corroborated in a publication by Stefan Passlick, from the lab of Graham Ellis-Davies (Mt. 

Sinai School of Medicine, New York, NY), in which they utilized DPNB-ABT594, a 

photoactivatable molecule which releases an α4β2 selective nAChR agonist, to evoke 

electrophysiological and Ca2+ signals from MHb neuron axons (793). However, our results extend 

those by showing functional upregulation of nAChRs at axonal locales following cNIC (Figure 

36). One limitation of our electrophysiological data collected from MHb axons is that the patch-

clamp electrophysiology method utilized is likely limited to detecting currents from proximal 

axons – due to space clamp limits of the patch voltage clamp (901, 902). In future studies axon 

patched electrophysiology could be utilized to record electrophysiological signals from distal 

axons (903). Despite the limitations of the electrophysiological approaches taken, the optical 

approach we chose to take allowed for us to interrogate axon fibers residing distally, in the FR. 

Indeed in the Passlick, et al. study, the authors found that somatic voltage-clamp electrophysiology 

responses of axons decreased – presumably due to ‘axonal filtering’ – at photostimulation locations 
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further from the soma, whereas Ca2+ responses did not (793). As such, although our data clearly 

demonstrate that functional expression of nAChRs at preterminal axonal locales is enhanced 

following cNIC treatment, it is likely or possible that the relative expression does not fall off at 

greater distances from the soma – as it appears in our electrophysiological data.  

In Ca2+ imaging experiments using the green Ca2+ indicator, GCaMP6f, we utilized a brief 

1P laser photostimulation protocol (5 ms, 405 nm; 2 mW; Figure 29).  This photostimulation 

duration and intensity was compatible with shuttering of the sensitive, GCaMP6f-detecting, 

GaAsP PMT during 1P photostimulation. Shuttering of the GaAsP PMT was necessary during 

1P photostimulation due to blue-green phosphorescence induced in the optical components of 

the microscope upon 405 nm photostimulation, which would overload the GaAsP PMT (4). In 

Ca2+ imaging experiments utilizing the red Ca2+ indicator, jRCaMP1b, the MultiAlk PMT was 

used to detect fluorescence changes. The MultiAlk PMT used for these experiments was not 

shuttered during laser photostimulation. As a result, blue-green phosphorescence was detected 

by the PMT upon photostimulation. However, this phosphorescence was subtracted out of the 

Ca2+ fluorescence intensity results using image analysis techniques, described in the methods 

section (2.3.6). All together our electrophysiological and Ca2+ imaging results effectively 

illustrate that PA-Nic can be efficiently utilized in electrophysiological or all-optical regimes 

for spatially delimited nAChR activation or modulation of action potential firing and that 

activation of somatic nAChRs via nicotine uncaging is capable of influencing nAChR-mediated 

or activity-dependent Ca2+-mobilization in MHb-ChAT(+) neurons. 
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 SUBCELLULAR LOCALIZATION, REGULATION, AND 
FUNCTION OF NICOTINIC ACETYLCHOLINE RECEPTORS IN 

THE INTERPEDUNCULAR NUCLEUS 

Portions of this chapter (pgs 115-139) are reprinted from publications 2 and 5. Publication 2 was 
written by Drenan RM, Arvin MC, Banala S, and Lavis LD with input from all other 
authors.Publication 5 was written by Drenan RM. The contributions of individual authors to data 
collection are specifically addressed in each figure. 

5.1 Introduction 

Aversive nicotine withdrawal symptoms may be required to produce escalated intake of 

nicotine (904, 905), the latter being a cardinal feature of tobacco addiction (21). A significant effort 

among pre-clinical researchers has begun to identify the mechanistic basis for this aversive 

withdrawal response. β4 nAChR subunit knockout mice exhibit decreased nicotine withdrawal 

behaviors (659). β4’s conspicuous and selective expression in the MHb-IPN pathway (248) fueled 

speculation that this system played a role in nicotine dependence (659). This was later confirmed 

when blockade of nAChRs selectively in the MHb-IPN pathway precipitated nicotine withdrawal 

in mice chronically exposed to nicotine (658). Elegant subsequent work suggested that the MHb-

IPN pathway works to limit nicotine intake through α5-containing nAChRs (661). Tapper and 

colleagues later demonstrated that optical activation of GABAergic GAD2(+) neurons in the IPN 

is sufficient to reproduce withdrawal-like behavior (657), but there is clear evidence that GAD2(+) 

neurons are only a subset of all IPN neurons (324, 834, 906, 907). Blockade of nAChRs in the 

MHb or IPN triggers withdrawal-like behavior in cNIC-treated mice (658), implying that 

prolonged nicotine exposure sensitizes nAChR-mediated responses of the circuit directly or 

augments the downstream cellular effect of their activation. Despite the elegant circuitry work 

cited above, the nAChR-mediated or cellular sensitization mechanisms of the MHb-IPN circuit 

evoked upon cNIC-treatment, at play in nicotine dependence, have not been satisfactorily 

identified. Moreover, how such sensitization maps onto the diverse cell types found in IPN (834, 

908) is not at all clear. Identifying these mechanisms is a high priority, as this could promote 

discovery of improved nicotine abuse cessation strategies. The importance of the MHb-IPN 

pathway extends beyond nicotine dependence. For example, altered cholinergic activity in this 

circuit is implicated in withdrawal from morphine (909), blockade of MHb or IPN nAChRs is 
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sufficient to precipitate withdrawal from chronic alcohol exposure (910), and psychostimulants 

likely influence cholinergic signaling in IPN by altering ACh release (911). 

Having characterized nAChR function and expression on MHb neurons and the effects of 

cNIC on those features, we moved forward in the MHb-IPN circuit to the postsynaptic component 

of the circuit, the IPN neurons. Using a combination of optopharmacological, physiological, and 

microscopy approaches, here we show that chronic nicotine exposure enhances nAChR function 

and cellular excitability at multiple locations towards the end of the MHb-IPN circuit. We began 

by preparing mouse brain slices containing the IPN along with MHb fiber terminals from the FR. 

High-resolution 3D images of IPN neurons allowed us to reconstruct IPN neuron morphology. 

Using fluorescence microscopy and 2PLSM, we imaged IPN neurons filled with fluorescent dye 

and detected abutment of ChAT(+) neuron axons by detecting the reporter fluorophore tdTomato 

in ChAT-Cre::Ai14 mice. We then set out to characterize the function and expression of nAChRs 

on IPN neurons. To do this, in mouse brain slices containing the IPN, we imaged with DIC light 

microscopy or 2PLSM and made whole-cell patch clamp recordings from IPN neurons while 

observing nAChR activation evoked by PA-Nic uncaging through laser photostimulation protocols. 

We observed that PA-Nic uncaging evoked currents were drastically prolonged compared to MHb 

neuron responses and subsequently attempted to characterize these prolonged IPN neuron 

responses to PA-Nic uncaging. We also recognized that PA-Nic uncaging responses of IPN 

neurons attenuated over multiple uncaging events. Thus, we attempted to describe the specificity 

of this effect to nicotine and determined the extent to which desensitization mediated adaptation 

of nAChR current responses to consecutive exposures of nicotine. We then looked to characterize 

the effects of prolonged exposure to nicotine on IPN neurons by treating mice with nicotine 

through their drinking water or with subcutaneous osmotic minipumps. Following cNIC treatment, 

we observed the activation of IPN neurons to nicotine uncaging at different subcellular locales and 

described the enhanced nAChR-mediated response of IPN neurons to PA-Nic uncaging. We then 

tested if enhanced nAChR expression in the IPN influenced prolonged current decay of IPN 

neurons or adaptation of nAChR-mediated currents to multiple exposures to nicotine. Following 

this, using minimal laser stimulation uncaging of PA-Nic and current-clamp electrophysiology 

techniques, we then investigated the ability of nicotine to evoke excitation – through depolarization 

of the membrane potential – in IPN neurons displaying different baseline electrophysiological 

characteristics following cNIC treatment. Suspicious of the effects of presynaptic nAChR 
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activation on postsynaptic currents, we observed the effects of enhancing cholinergic transmission 

using pharmacology to block AChE and tested if enhancement of cholinergic transmission altered 

prolonged current decay of IPN neurons or adaptation of nAChR-mediated currents to multiple 

exposures to nicotine. Finally, we tested the ability of nicotine to enhance glutamatergic 

transmission to IPN neurons following cNIC-treatment. 

5.2 Results 

5.2.1 Description of Interpeduncular Nucleus and Neuronal Morphology 

As discussed, the primary projection target of the MHb is the IPN (Figure 37a) – through 

the FR – and the vast majority of cholinergic input to the IPN comes from the MHb (693, 732, 

754). Utilizing 2PLSM of neurons filled with fluorescent dye we reconstructed 3D images of IPN 

neurons. We found IPN neurons to be morphologically diverse; some neurons had extensive 

dendritic arbors, while others had more simple dendrites but which were decorated with dendritic 

spines (Figure 37b). Utilizing transgenic mice expressing the reporter fluorophore tdTomato in 

ChAT(+) neurons, we imaged IPN neurons and found that ChAT(+) axons densely surround IPN 

neurons (Figure 37c). We detected abutment of ChAT(+) axons with IPN neuron soma and 

dendrite. Our imaging data is consistent with previous studies which demonstrated that ChAT(+) 

MHb neurons send a massive projection to the IPN and that these same cholinergic axons make 

asymmetric synapses with IPN neurons (693, 912). Indeed, the presence of cholinergic axon fibers 

in the IPN was so vast that IPN neurons appeared to be swimming in cholinergic fibers – with the 

only voids being occupied by IPN cells. 
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5.2.2 IPN neurons display prolonged current decay and adaptation to nicotine exposure.  

The exceptional expression of nAChRs in neurons of the MHb is closely followed by 

notable nAChR expression in IPN neurons (702, 782, 784). The IPN can be more finely divided 

into the subnuclei IPR (rostral), IPDM (dorsomedial), IPDL (dorsolateral), IPC (caudal), IPI 

(intermediate), and IPL (lateral) (324). Similar to the MHb, neurons within each subnuclei of the 

IPN appear to contain a unique profile of nAChRs. Specifically, based on fluorescently tagged 

nAChR expression profiles and immunoprecipitation: α3, α4, α5, α6, β2, and β4 nAChRs appear 

Figure 37. MHb-ChAT(+) axons abut IPN neurons. 

(a) Diagram of a sagittal and coronal view of ChAT-Cre::Ai14 mouse brain showing medial 
habenula (MHb), fasciculus retroflexus (FR), and interpeduncular nucleus (IPN). Inset: Schematic 
of imaging experiment in c, where an Alexa Fluor 488 filled IPN neuron is imaged via 2PLSM 
adjacent to ChAT+ cholinergic fibers from the MHb.  (b) Representative 2PLSM images 
displaying the variable morphology of IPN neurons. IPN neurons having complex (left image) 
and sparse (middle image) dendritic arbors are shown. Some neurons (middle image, boxed area 
exploded view in right image) have clear dendritic spines. (c) Alexa Fluor 488 filled IPN neuron 
surrounded by ChAT+ fibers in IPN of ChAT-Cre::Ai14 mice (scale: 12 μm). The soma (1) and 
a dendrite (2), surrounded by ChAT+ nAChR-expressing fibers are shown in xy, xz, and yz planes 
(at right). xy scale: 5 μm; xz and yz scale: 12 μm. Similar for 2 total independent experiments. 
Data contributed by Arvin MC. 
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to reside in the IPR; α2, α3, α4, β3, and β4 nAChRs in the IPDM; α2, α3, β2, β3, and β4 nAChRs 

in the IPDL; α2, α3, α4, α5, β2, β3, and β4 nAChRs in the IPC; α2, α3, α4, β2, β3, and β4 nAChRs 

in the IPI; and α2, α3, β2, and β4 nAChRs in the IPL (5, 324, 655, 702, 906). However, whether 

these nAChRs are located on presynaptic terminals or post-synaptically on IPN neurons is not 

clear, since these techniques don’t differentiate between the two locations – except possibly by 

visual pattern. Based on the visual pattern of GFP-tagged nAChRs it seems that β3 nAChR 

subunits reside primarily presynaptically and α5 along with α6 appear to reside primarily 

postsynaptically; whereas α3, α4, β2, and β4 appear to be located both pre- and postsynaptically 

(324). Early, unpublished, in situ hybridization data from our lab seem to agree with this 

distribution (5). This in situ hybridization data clearly suggests that α5 nAChRs appear to be 

expressed most highly in the IPR and IPI, consistent with other reports which identified two 

subtypes of α5 expressing IPN neurons, Amigo1 and Epyc, in the IPR and IPI, respectively (5, 

834). Based on our unpublished in situ hybridization data, and those of previous reports, α2 and 

β2 nAChR subunits appear to be expressed postsynaptically in many, if not all, subnuclei of the 

IPN – most especially in the IPR and IPI and most highly in the IPI (773). β4 appears to be 

postsynaptically expressed in most subnuclei as well – highest in the IPR and lowest in the IPI 

(5). Ultimately, complexity of nAChR expression in the MHb-IPN is staggering and the 

functional role that nAChRs play in the circuit isn’t fully elucidated. Thus, we first sought to 

determine how IPN neurons responded to spatially delimited 1P laser PA-Nic uncaging, in order 

to determine if we could use PA-Nic as a tool to study nAChR function and expression in IPN 

neurons with the same high spatial and temporal control as MHb neurons. GABAergic neurons 

of the IPN are the predominant subtype and are the primary projecting neurons which are 

implicated in mediating aversive effects of nicotine (5, 657, 913). We targetted these neurons 

to start our recordings (Figure 38a). Surprisingly, we found that laser flash photolysis of PA-

Nic, perisomatic to IPN-GAD2(+) neurons (Figure 38b), elicited a distinct, low-amplitude 

current which was often smoldering, with prolonged current decay kinetics, compared to PA-

Nic uncaging-evoked currents from MHb neurons (Figure 38c) and VTA neurons (2, 3). 

Interestingly, the relationship of the peak inward current to the net charge of PA-Nic uncaging-

evoked currents from IPN neurons was monotonic (Figure 38d). The subnuclei of the IPN are 

not as clearly defined as those of the MHb and, while GABAergic neurons are the predominant 

type within the IPN, recent studies have identified a wide diversity of neurons in the IPN (5, 
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746, 754, 834, 906, 907, 914-916). While we made some correlations between functional 

features of IPN neurons with subnuclei location, neuronal morphology, or cell-type; future 

studies further interrogating these relationships are necessary (5). The results of the majority of 

the remaining experiments were not taken from a specific IPN subnucleus, morphological type, or 

specific cell-type (ie. GAD2(+)) (with the exception of Figure 44). 

 

 

Figure 38. IPN neurons display prolonged nicotine-evoked current responses. 

(a) Targeted recordings of PA-Nic photolysis responses in IPN GABA neurons were enabled by 
GAD2-Cre::Ai14 mice, which express tdTomato in GAD2(+) neurons. An IPN-containing 
coronal section from a GAD2-Cre::Ai14 mouse was stained with anti-DsRed antibodies (scale: 
120 μm; similar for 2 total independent experiments). (c) PA-Nic photolysis elicits slow inward 
responses in IPN GABA neurons. A representative peri-somatic PA-Nic laser flash photolysis 
(405 nm, 50 ms, 2 mW) response is shown (black trace; scale: 4 pA, 4 s) compared to an averaged 
proximal dendrite response in MHb neurons (n=7; red trace; scale: 30 pA, 4 s) using identical 
stimulation parameters. The MHb response decay was fitted to a double exponential and 
extrapolated to match the duration of the IPN response (grey line). Inset: the same IPN and MHb 
responses are shown on the same scale (30 pA, 4 s). (d) Relationship between peak current and 
area under curve (AUC) is monotonic for IPN nicotine uncaging responses. A quadratic 
polynomial function (black line) was fitted (R2=0.59; grey lines=95% confidence intervals) to the 
peak current vs. AUC data plot (# of neurons/mice: n=12/8). Data contributed by Arvin MC. 
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In light of the unusual currents elicited from PA-Nic uncaging, we sought to confirmed 

that PA-Nic photolysis currents of IPN neurons elicited from 405 nm laser photostimulation 

were soley-mediated by nAChRs. To do this we took a pharmacological approach to eliminate 

nAChR activation by uncaging PA-Nic before, and then after, superfusion application of a 

cocktail of nAChR antagonists (SR16584 and DHβE). We found that whole-cell currents of IPN 

neurons, evoked by perisomatic 1P laser photolysis uncaging of PA-Nic, were eliminated after 

superfusion application of nAChR antagonists (Figure 39). This result confirmed that PA-Nic 

uncaging-evoked responses were soley-dependent upon nAChR activation. 

 

 

 

We then looked to determine if prolonged current decay times were a result of 

photodamage and whether this effect was specific to nicotine or a general feature of nAChR 

activation. To do this we made electrophysiological recordings from IPN neurons and pressure 

ejection applied ACh or nicotine (Figure 40a). We found that pressure ejection of ACh and nicotine, 

using concentrations of similar efficacy and equivalent pressure ejection times (2, 161), resulted 

in dramatically different activation and decay kinetics in IPN neurons (Figure 40b). Nicotine 

application was associated with slower rise time (Figure 40c) and slower decay time (Figure 40d) 

compared to ACh. These control experiments demonstrate that nicotine’s actions at IPN neurons 

are markedly prolonged compared to those of ACh and that this effect is not a result of any 

Figure 39. PA-Nic photolysis responses in IPN neurons are mediated by nAChRs. 

(a) Representative IPN PA-Nic laser flash photolysis responses (405 nm, 50 ms, 2 mW) before 
and after application of nAChR antagonist cocktail (20 μM SR16584, 10 μM DHβE). Scale: 4 
pA, 4 s. (b) Before-after scatter plot of PA-Nic photolysis response pharmacological blockade. 
Two-sided paired t-test (# of neurons/mice: n=4/3). Data contributed by Arvin MC. 
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untoward phototoxicity. The large difference in current kinetics may be a result of difference in 

metabolism of the respective agonist – nicotine is not metabolized as ACh is by AChE. Indeed, 

AChE has been shown to be highly expressed in the IPN and is extremely efficient at metabolizing 

ACh (917-919). However, considering that a similar metabolism dynamic is present in the MHb 

and VTA, and yet currents in these nuclei display rapid on-off current kinetics to acute ACh and 

nicotine application, this data suggested that there was an unidentified, underlying feature 

responsible for prolonged inward currents of IPN neurons – possibly activation of presynaptic 

nAChRs evoking synaptic action. 

 

 

Figure 40. Prolonged inward current response of IPN neurons is specific to nicotine. 

(a) Nicotine (100 µM) or ACh (300 µM) was applied to naïve IPN neurons in slices via pressure 
ejection application. Repeated application at 2 min or 10 min inter-stimulus intervals was employed. 
(b) Representative ACh- and nicotine-evoked inward currents in IPN neurons are plotted on the 
same time scale. (c) Summary rise time data comparing ACh (# of neurons/mice: n=12/4) and 
nicotine (# of neurons/mice: n=12/4) pressure ejection application. ((t(22)=2.492, p=0.0207); p
value: unpaired two-sided t-test; ACh data is re-plotted at right on a different scale). (d) Summary 
decay time data comparing ACh (# of neurons/mice: n=12/4) and nicotine (# of neurons/mice: 
n=12/4) pressure ejection application. Data show individual cell responses and mean ± 
s.e.m. ((t(21)=6.641, p=0.0000014205); p value: unpaired two-sided t-test). Data contributed by 
Yan Y. 
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Unexpectedly, repeated (2 min interval) perisomatic PA-Nic photolysis resulted in 

attenuation of the evoked inward current amplitudes (5). To determine whether the attenuation of 

inward current amplitude was due to photodamage (from repeated laser flashes) or nAChR 

desensitization, we conducted control experiments using pressure ejection application of ACh or 

nicotine to IPN neurons. Inward current amplitudes did not attenuate with repeated ACh (300 µM) 

pressure ejection (Figure 41a and 41b). However, nicotine (100 µM) pressure ejection to IPN 

neurons at 2- and 10-min inter-event intervals was associated with inward current amplitude 

attenuation (Figure 41c and 41d); 10-min interval data not shown), ruling out photodamage or 

desensitization as the cause of the attenuation and again demonstrating the specificity of this effect 

to nicotine. This data illustrates that acute nicotine application evokes a distinct response from IPN 

neurons. We speculated that attenuation of nicotine-evoked currents could be a result of depletion 

of presynaptic vesicles or a result of extended depolarization of presynaptic MHb terminals, 

resulting in inactivation of voltage-sensitive Ca2+ channels (920, 921). Indeed, voltage-sensitive 

Ca2+ channels located at presynaptic terminals are known to be sensitive to inactivation (350, 922, 

923). Alternatively, prolonged activation of IPN neuron nAChRs could enhance Ca2+-dependent 

secondary signaling mechanisms that promote attenuation of nAChR-mediated currents (268, 924, 

925). Indeed, nicotine has been shown to enhance Fos immunoreactivity in the IPN, possibly 

through enhanced Ca2+ flux mediated by the nAChR (705, 926-928). 
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5.2.3 Chronic nicotine enhances PA-Nic uncaging responses of IPN nAChRs. 

Previous studies have demonstrated cNIC-evoked enhancement of nAChR expression in 

the IPN (657, 834), although not all studies agree (229). Therefore, we sought to clarify and extend 

our understanding of this by determining if upregulation of nAChRs on IPN neurons was 

observable following cNIC treatment. Given nicotine-mediated enhancement of preterminal 

nAChR function in MHb axons (Figure 36), we utilized a cocktail of pharmacological blockers, as 

described in the methods section (2.2.3), to isolate nAChR-mediated currents. We employed PA-

Figure 41. Attenuation of inward current responses in IPN neurons is specific to nicotine. 

(a) Representative ACh-evoked currents (2 min inter-stimulus interval; time points shown [min]: 
0, 6, 12). (b) Summary time series data for acetylcholine pressure ejection (2 min inter-stimulus 
interval). Data show individual cell responses (grey) and mean ± s.e.m. (# of neurons/mice:
n=12/4). (c) Representative nicotine-evoked currents (2 min inter-stimulus interval; time points 
shown [min]: 0, 6, 12; note the difference in time scale between acetylcholine and nicotine). (d)
Summary time series data for nicotine pressure ejection (2 min inter-stimulus interval). Data show 
individual cell responses (grey) and mean ± s.e.m. (# of neurons/mice: n=10/4). Data contributed 
by Yan Y. 
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Nic laser flash photolysis in IPN neurons at perisomatic locations during patch clamp recordings 

and 2PLSM. We found that cNIC treatment substantially increased the inward current amplitude 

following PA-Nic uncaging (Figure 42a and 42b). When comparing the relative attenuation of PA-

Nic uncaging evoked responses in control and cNIC treated groups (Figure 42d-e; Ordinary two-

way ANOVA, testing treatment effect) we found that cNIC treatment increased the magnitude of 

attenuation (p value: <0.0001). This data shows that cNIC treatment enhanced PA-Nic uncaging-

evoked responses and that the mechanism of cNIC-enhancement of PA-Nic evoked responses 

influenced attenuation of PA-Nic uncaging-evoked responses, possibly via enhanced presynaptic 

nAChR expression. This data suggests that the effect of cNIC treatment on the MHb-IPN circuit 

is multifaceted, both presynaptic and postsynaptic, and that it likely influences ACh/Nic 

modulation of glutamatergic and GABAergic signaling in the IPN. 

 



126 
 

 

 

We then asked if cNIC treatment-evoked enhancement of nAChR-mediated responses 

were specific to any particular subcellular locale of IPN neurons. To do this, we took a similar 

approach to map nAChR expression as we did in the MHb, only on IPN neurons of mice treated 

with control drinking water or drinking water containing nicotine, see methods section (2.2.3). 

After four weeks of drinking water treatment, acute ex vivo brain slices containing the IPN were 

taken and spatially delimited 1P laser PA-Nic uncaging was performed during 2PLSM and 

voltage-clamp electrophysiology. Using this methodology, we found that, in control treated 

mice, peak current did not decay with distance from the soma (Figure 43a) – in contrast to MHb 

Figure 42. Chronic nicotine enhances PA-Nic uncaging-evoked responses of IPN neurons. 

(a) Representative PA-Nic (100 µM superfusion) uncaging (50 ms, 2 mW, perisomatic stimulus) 
responses in IPN neurons of a control- and cNIC-treated mouse. Inset shows exploded view of the 
initial uncaging event. (b) Summary data for all initial/first nicotine uncaging responses in IPN 
neurons of control- (# of neurons/mice: n=11/3) and cNIC-treated (# of neurons/mice: n=11/4) 
mice. ((t(20)=4.638, p=0.0002); p value: unpaired two-sided t-test; Data show individual cell 
responses (grey) and mean ± s.e.m). (c) Summary time-series data for repeated (2 min inter-
stimulus interval) nicotine uncaging responses in IPN neurons of control- and cNIC-treated mice. 
Data at 0 min are the same data as in (b), re-plotted for clarity. Data show mean ± s.e.m. (d-e) 
Summary data from (b) for control-treated (d; blue) and cNIC-treated (e; red) slices are re-plotted 
on a normalized scale. Data show individual cell responses (grey) and mean ± s.e.m. Data 
contributed by Arvin MC. 
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neuron responses (Figure 28).  Interestingly, distinct from the effect that cNIC had on MHb 

neurons, IPN neurons displayed an enhanced response to PA-Nic uncaging only at proximal 

dendritic locales (Figure 43b). Unfortunately, these results detailing the subcellular localization 

of nAChRs on IPN neurons are certainly confounded by the fact that IPN neuron responses to 

PA-Nic uncaging attenuated upon subsequent exposures. Additionally, these results could be 

confounded by the possibility that activation of presynaptic MHb nAChRs could be followed 

by subsequent synaptic action. To mitigate the issue of attenuation, we performed 3 uncaging 

responses in 2-min inter-event intervals before mapping uncaging responses. This was because, 

in our recordings we found that attenuation of perisomatic PA-Nic uncaging-evoked responses 

became relatively stable following the third uncaging event (Figure 42d). On top of this, we 

attempted to isolate the effects of nAChR activation by utilizing a cocktail of inhibitors, see 

method section (2.2.3). This data may suggest that nAChRs on IPN neurons may be upregulated 

only at proximal dendritic locales – possibly due to localization of a specific subtype of nAChR. 

However, if enhancement of PA-Nic uncaging-evoked responses was mediated by upregulation 

of presynaptic nAChRs, it may allude to the relative location of the highest synaptic density of 

MHb terminals on IPN neurons – suggesting MHb axons may synapse most highly at proximal 

dendritic locales. Ultimately, it is difficult to interpret this data in light of these confounding 

factors but this experiment suggests that there may be a shift in the nAChR subtype expressed 

in IPN neurons following cNIC treatment and/or that MHb synaptic density differs at proximal 

versus distal locales of IPN neurons (657, 834). These could be important unappreciated 

features of the MHb-IPN circuit as the organization and location of synaptic input on other 

spiny neurons in the brain plays an important role in integration of subthreshold potentials (898, 

929-931). In the future, spatially limited activation of photoswitchable nAChRs expressed on 

IPN neurons or optogenetic activation of cholinergic presynaptic terminals abutted to IPN 

neurons, in the presence of AChE inhibitors, could help identify these features of the MHb-IPN 

circuit (889, 890). 
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GABAergic neurons in the IPR are the major efferent, raphe projecting, neurons in the IPN 

but are a major interneuron type as well (657, 726, 834, 913). The cholinergic projection from the 

MHb is also glutamatergic and likely expresses presynaptic nAChRs (5, 334, 727, 789, 932). 

Previous studies have demonstrated that ACh release can influence GABA and glutamate signaling 

in the IPN (330, 789, 932-934) – suggesting that presynaptic residing nAChRs are capable of 

modulating both GABAergic and glutamatergic input to the IPN. Our previous results suggested 

that nicotine was capable of acutely effecting cellular excitability of IPR neurons (324), but 

relatively little about the effect of cNIC treatment on excitability of IPR neurons was known; 

therefore, we asked whether cNIC-evoked enhancement of nAChR-mediated responses of IPR 

neurons, via activation of pre- or post-synaptic nAChRs, had an impact on cellular excitability of 

IPR neurons. During 2PLSM imaging, current clamp recordings were made without ectopic 

current injection and with only atropine present – without glutamatergic, GABAergic, or voltage-

Figure 43. Mapping PA-Nic uncaging-evoked respones of control and cNIC-treated IPN 
neurons. 

(a-b) Scatter plots (mean ± s.e.m.) of PA-Nic (50 µM superfusion) uncaging amplitudes at the 
soma and at dendritic locales of the indicated distance from the soma (a) control-treated (cont; # 
of neurons/mice: n = 4/2) and (b) cNIC-treated (# of neurons/mice: n = 7/3) neurons. p values 
determined by one-way ANOVA; p value of control vs cNic at 20 µm location = 0.0307;  p values 
for comparisons of other locations were > 0.05. Data contributed by Arvin MC. 
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gated sodium channel inhibtors – permitting presynaptic and postsynaptic circuit components to 

fully influence the membrane potential of the recorded cell while we recorded depolarization of 

the postsynaptic membrane following perisomatic 1P laser PA-Nic uncaging. In this experiment, 

we differentiated between IPR neurons which were spontaneously firing action potentials and 

those that were not, which was the case for the majority of IPR neurons (control treated group: 12 

non-spontaneously firing neurons of 18 total neurons; cNIC treated group: 9 non-spontaneously 

firing neurons of 14 total neurons) we encountered; this was consistent with previous reports (907). 

A representative example of such a non-spontaneously firing IPR neuron is shown, including a 

typical perisomatic uncaging location (Figure 44a). Using a very brief (1 ms) flash duration for 

PA-Nic uncaging, we noted much stronger depolarization in non-spontaneously firing IPR neurons 

from cNIC-treated animals compared to control animals (Figure 44c). Even with such a brief pulse 

duration, PA-Nic uncaging-evoked depolarization was prolonged in cNIC-treated 

nonspontaneously firing IPR neurons, lasting several seconds (Figure 44d). Interestingly, PA-Nic 

uncaging-evoked depolarization elicited action potential firing in 3 of 9 non-spontaneously firing 

IPR neurons treated with cNIC, whereas 0 of 12 non-spontaneously firing IPR neurons in the 

control group demonstrated an action potential as a result of PA-Nic uncaging (data not shown). 

These results were not influenced by a differential input resistance between the two treatment 

groups, as input resistance did not differ between control and cNIC-treated neurons (Figure 44e). 

Likewise, these results were not influenced by a differential resting membrane potential between 

the two treatment groups, as this parameter was not different between the two groups either (Figure 

44f). Interestingly, IPR neurons which spontaneously fired action potentials exhibited significant 

PA-Nic uncaging-evoked depolarization in the control treated group and cNic treatment did not 

influence the amplitude of depolarization evoked by PA-Nic uncaging in these neurons (data not 

shown). In a similar way, PA-Nic uncaging-evoked depolarization was efficient at inducing action 

potential firing in both the control and cNIC treated groups of spontaneously firing IPR neurons 

(data not shown). It was also interesting to find that this limited PA-Nic uncaging protocol did not 

evoke attenuation of IPN neuron depolarization evoked by PA-Nic uncaging (data not shown) – 

suggesting that attenuation of IPN neuron PA-Nic uncaging-evoked currents is an effect that is 

sensitive to nicotine exposure concentration or duration. Together, these results indicate that cNIC 

treatment shifts the excitability of IPR neuron subpopulations, favoring excitability of previously 

less connected or sensitive IPR subpopulations. We had previously identified two populations of 
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IPR neurons which responded uniquely to acute nicotine exposure and other researchers have 

isolated two groups of GABAergic neurons, projecting and non-projecting, in the IPR (324, 834). 

Future studies should identify how the physiological features and shift in excitability of IPR neuron 

subpopulations, identified in this experiment, overlay with the functional subgroups of GABAergic 

IPR neurons previously reported. 
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Given nAChR function in MHb axons (Figure 30 and 36), we considered whether nicotine 

application could activate presynaptic nAChRs and evoke ACh release – thus enhancing current 

responses from postsynaptic IPN neurons and providing a possible explanation for prolonged 

Figure 44. Chronic nicotine treatment selectively enhances IPR neuron sensitivity to nicotine. 

(a) Representative IPR neuron and perisomatic photolysis spot location. (b) An averaged (# of 
neurons/mice: control: n=12/4; cNIC: n=9/6) current clamp recording trace is shown in IPR 
neurons from control- and cNIC-treated mice. PA-Nic (100 µM) was superfused and photolysis 
(1 ms flash, 405 nm, 2 mW) was executed at a perisomatic location. Data from time periods (i), 
(ii), and (iii) are shown in (d), (e), and (f), respectively. (c) Summary plot showing the mean 
membrane potential change during time period (ii) [from 0.0 to +0.5 s after flash onset; see (b)] 
for control- and cNIC-treated neurons ((t(19)=3.164, p=0.0051); p value: unpaired two-sided t-
test; Data show individual cell responses (grey) and mean ± s.e.m.). (d) Summary plot showing 
the mean membrane potential change during time period (iii) [from +1.0 to +5.0 s after flash onset; 
see (b)] for control- and cNIC-treated neurons ((t(19)=3.424, p=0.0028); p value: unpaired two-
sided t-test; Data show individual cell responses (grey) and mean ± s.e.m.). (e) Summary plot 
showing input resistance for control- and cNIC-treated IPR neurons ((t(17)=0.6727, p=0.5102); p
value: unpaired two-sided t-test; Data show individual cell responses (grey) and mean ± s.e.m.). 
(f) Summary plot of mean resting membrane potential during time period (i) [from −5 to −0.5 s 
before flash onset; see (b)] is shown for control- and cNIC-treated neurons ((t(19)=1.086, 
p=0.2911); p value: unpaired two-sided t-test; Data show individual cell responses (grey) and 
mean ± s.e.m.). Data contributed by Arvin MC and Drenan RM. 
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current responses and adaptation to nicotine exposure through presynaptic vesicle release and 

depletion, respectively. Indeed, previous studies illustrated that nicotinic agonists can elicite ACh 

release in the IPN (702, 788, 935), the cholinergic component of the MHb-IPN synapse slowly 

activated post-synaptic IPN neurons (890), and cholinergic components of the MHb-IPN circuit 

are known to influence the synaptic potential of the MHb-IPN synapse (727). Hence, we 

speculated that activation of presynaptic nAChRs on MHb axon terminals could elicit release of 

ACh containing vesicles, independent of voltage-gated sodium channel activation, and that 

inhibition of AChE would thus enhance postsynaptic responses to PA-Nic uncaging. To block 

AChE and increase local ACh levels, nicotine-naïve brain slices were continuously (≥ 30 min) 

superfused with donepezil (1 µM) during recordings, as well as with inhibitors of muscarinic, 

glutamatergic, GABAergic receptors and voltage-gated sodium channels. In the presence of 

donepezil, PA-Nic photolysis evoked much larger inward current amplitudes compared to 

untreated IPN neurons (Figure 45a and 45b). Surprisingly, donepezil did not appear to alter current 

decay kinetics of nicotine-evoked responses (data not shown). These results suggest that AChE in 

the IPN plays a major role in occluding the effect of presynaptic release of ACh from cholinergic 

fibers from the MHb and is consistent with previous reports (727, 890). 
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Following this, we compared the relative attenuation of consecutive PA-Nic uncaging trials 

when IPN neurons were exposed to ACEI treatment + inhibitor cocktail (same data illustrated in 

Figure 45e); control ACSF containing only inhibitor cocktail (muscarinic, glutamatergic, 

GABAergic receptor, and voltage-gated sodium channel inhibitors, same data illustrated in Figure 

45d); or vesicle block (VesBlock) treatment (50 µM hemicolinium-3 and 2 µM vesamicol) + 

inhibitor cocktail. We did this to test if blockade of cholinergic transmission was sufficient to limit 

attenuation of consecutive PA-Nic uncaging-evoked responses of IPN neurons. When comparing 

the relative attenuation of PA-Nic uncaging evoked responses in ACEI, control, and VesBlock 

groups (Figure 46; two-way ANOVA, Tukey multiple comparison correction, testing treatment 

Figure 45. Inhibition of AChE enhances PA-Nic uncaging-evoked response of IPN neurons. 

(a) Representative PA-Nic (100 µM superfusion)  uncaging (50 ms, 2 mW, perisomatic stimulus) 
responses in IPN neurons from naïve mice are shown for slices acutely treated with control ACSF 
or donepezil (1 µM; superfusion). Inset shows exploded view of the initial uncaging event. (b)
Summary data for all initial/first nicotine uncaging responses in control- (# of neurons/mice:
n=8/3) and donepezil-treated (# of neurons/mice: n=12/5) IPN neurons ((t(18)=2.246, p=0.0375);
p value: unpaired two-sided t-test; Data show individual cell responses (grey) and mean ± 
s.e.m.). (c) Summary time-series data for repeated (2 min inter-stimulus interval) nicotine 
uncaging responses in control- and donepezil-treated IPN neurons. Data at 0 min are the same data 
as in (b), re-plotted for clarity. Data show mean ± s.e.m. (d-e) Summary data from (b) for control-
treated (d; blue) and donepezil-treated (e; green) slices are re-plotted on a normalized scale. Data 
show individual cell responses (grey) and mean ± s.e.m. Data contributed by Arvin MC. 
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effect) we found that ACEI treatment was not different from the control treatment group (p value: 

0.2982), whereas the VesBlock group displayed less attenuation compared to the control group (p 

value: 0.0015) and the ACEI group (p value: <0.0001). This data points to presynaptic vesicle 

depletion being a component in attenuation of PA-Nic uncaging-evoked responses of IPN neurons. 

 

 

 

Last, we asked whether the effect of cNIC treatment and donepezil were additive on 

nAChR current amplitudes. We measured uncaging-evoked currents in IPN neurons from control 

and donepezil-treated slices derived from cNIC-treated mice. We found that donepezil did not 

further enhance nAChR currents (5) – suggesting that the effect of cNIC to enhance PA-Nic 

uncaging-evoked responses in IPN neurons was likely largely mediated by enhance presynaptic 

expression of nAChRs evoking ACh release than enhanced expression of nAChRs on IPN neurons 

at postsynaptic locales. 

Figure 46. Blockade of cholinergic synaptic transmission limits attenuation of PA-Nic uncaging-
evoked responses of IPN neurons. 

Relative PA-Nic uncaging-evoked peak current response of ACEI treated (green; # of 
neurons/mice: n=12/5), control treated (yellow; # of neurons/mice: n=8/3), and VesBlock treated 
(red; # of neurons/mice: n=8/3) IPN neurons normalized to intial response amplitude (mean ± 
s.e.m.). Data contributed by Arvin MC. 
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5.2.4 Chronic nicotine enhances glutamatergic transmission in IPN through nAChRs 

The enhancement of nAChR function in the proximal axons of MHb neurons following 

cNIC treatment (Figure 36) suggested that nAChRs may also be upregulated in the most distal 

presynaptic terminal compartments of these cells. We tested this by recording excitatory 

postsynaptic currents (EPSCs) in IPN neurons, which are known to be modulated by presynaptic 

nAChRs on MHb fibers (334, 702, 727). Using PTX (100 µM) to suppress fast GABAergic 

transmission, we examined spontaneous excitatory postsynaptic currents (sEPSC) before/after 

application of 0.03 µM, 0.06 µM, or 0.12 µM nicotine. When doing this, we found that there was 

no significant difference in baseline sEPSC inter-event interval (IEI) (Figure 47a; control, 

median=1206 ms, n=16; cNIC median=794 ms, n=22; U=115, p=0.0734) or amplitude (Figure 

47b; control, median=−11.1 pA, n=16; cNIC median=−10.8 pA, n=22; U=164.5, p=0.7424) in 

control vs. cNIC animals. Representative traces after 0.06 µM nicotine superfusion for the control 

and cNIC groups are shown (Figure 47c). Mean sEPSC frequency IEI reduction (increased sEPSC 

frequency) occurred with 0.03 µM and 0.06 µM nicotine in IPN neurons from cNIC-treated 

animals (Figure 47d, red symbols; 0.03 µM, W=−28, p=0.0156; 0.06 µM, W=−26, p=0.0312), but 

IEI reduction was not observed, in a statistical sense, in IPN neurons from control animals at these 

concentrations (Figure 47d, blue symbols; 0.03 µM, W=3, p=0.8438; 0.06 µM, W=−9, p=0.3125). 

A higher nicotine concentration (0.12 µM) was associated with a trend toward IEI reduction in 

both treatment groups (Figure 47d; control 0.12 µM, W=−15, p=0.0625; cNIC 0.12 µM, W=−26, 

p=0.0781). Nicotine bath application did not alter sEPSC amplitude in control (0.03 µM, W=7, 

p=0.5625; 0.06 µM, W=1, p>0.9999; 0.12 µM, W=−1, p>0.9999) or cNIC (0.03 µM, W=16, 

p=0.2188, 0.06 µM, W=−10, p=0.4688; 0.12 µM, W=16, p=0.3125) groups (Figure 47e). These 

results were consistent with upregulation of presynaptic nAChRs in cholinergic/glutamatergic 

MHb axons. This was corroborated by results showing that superfusion applied nicotine (0.12 µM) 

also reduced the electrically-evoked EPSC paired pulse ratio (PPR) – suggesting a presynaptic 

origin to nicotine’s influence on glutamatergic signalling (5). Together with our data on proximal 

axon nAChR upregulation (Figure 36), these results indicate that chronic exposure to nicotine 

enhances nAChR functional activity in MHb axons and presynaptic terminals. 
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Figure 47. Chronic nicotine enhances nicotine-stimulated glutamate release in IPN.  

(a) Summary baseline (no nicotine superfusion) sEPSC inter-event interval data for all IPN 
recordings from control- and cNIC-treated mice. Data show individual cell responses and mean ± 
s.e.m.; p value: Mann-Whitney test. Cells/mice used were also used to derive data in panels (b), 
(d), and (e).  (b) Summary baseline (no nicotine superfusion) sEPSC amplitude data for all IPN 
recordings from control- and cNIC-treated mice. Data show individual cell responses (grey) and 
mean ± s.e.m.; p value: Mann-Whitney test. (c) Representative IPN neuron voltage clamp 
recordings from mice treated with control or chronic nicotine. Recordings show sEPSCs during 
superfusion of the slice with 0.06 µM nicotine. Insets show exploded view of example sEPSCs. (d)
Summary plots of sEPSC inter-event interval for IPN neurons from control- (0.03 µM, n=6 cells; 
0.06 µM, n=5 cells; 0.12 µM, n=5 cells; n=7 mice) and cNIC-treated (0.03 µM, n=7 cells; 0.06 
µM, n=7 cells; 0.12 µM, n=8 cells; n=9 mice) mice before and after superfusion of the slice with 
the indicated nicotine concentration. Data show individual cell responses (grey) and mean ± 
s.e.m. (blue: control mice; red: cNIC mice); p values (Wilcoxon matched-pairs signed rank tests) 
are shown for each group. (e) Summary plots of sEPSC amplitude for IPN neurons from control-
and cNIC-treated mice before and after superfusion of the slice with the indicated nicotine 
concentration. p values (Wilcoxon matched-pairs signed rank tests) are shown for each group (blue: 
control mice; red: cNIC mice). Data contributed by Jin XT and Drenan RM. 
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5.3 Discussion 

Here we demonstrated that IPN neurons display unique response patterns to nicotine 

application and that cNIC sensitizes the MHb-IPN circuit at multiple locations, likely via the 

combined action of pre- and post-synaptically localized nAChRs. Results from multiple 

laboratories suggests that neuronal/nAChR activity in the MHb and/or the IPN is sensitized by 

exposure to cNIC, since blocking such activity is sufficient to induce withdrawal like behaviors. 

This effect is durable, having been shown for blockade of 1) MHb/IPN nAChRs (658), 2) 

habenular neurokinin signaling (936), and 3) pacemaker firing in MHb neurons (937). We did not 

examine withdrawal in our MHB or IPN studies, but our present results and the results of our 

previous studies are consistent with the sensitization hypothesis of cNIC on the MHb-IPN circuit 

(2, 5, 324, 900). To the extent these mouse studies model the human response to nicotine in tobacco 

products, this state of enhanced nicotine responsiveness reflects the condition of smokers in early 

cessation of nicotine use. Therefore, the first exposure to nicotine after cessation is expected to 

potently activate the MHb-IPN circuit, with the smoker subsequently titrating their nicotine intake 

to optimally modulate the MHB-IPN circuit, as well as reward pathways, to maximize benefits 

and reduce aversive effects. Nicotine-mediated activation of cNIC sensitized IPR neuron 

subpopulations is expected to potently modulate serotonin and glutamatergic neurons of the dorsal 

raphe as well as glutamatergic and cholinergic neurons of the lateral dorsal tegmental nucleus 

(LDTg) (834, 906, 938). The IPN to LDTg circuit, which impinges on the VTA, was recently 

shown to play an important role in nicotine aversion (913). 

We previously found that cNIC treatment altered the baseline electrophysiological properties 

of MHb neurons – enhancing MHb neuron firing rate (Figure 31) and widening action potential 

spikes (Figure 32). This could enhance ACh release from MHb axons in the IPN (702, 890), 

shifting cholinergic tone in the IPN and priming presynaptic terminals via heightened nAChR 

activity. IPN neuron responses to nicotine exposure were prolonged (Figure 38 and 40) and 

attenuation of nicotine-evoked responses suggested release of presynaptic ACh (Figure 41). Indeed, 

nicotinic agonists stimulate ACh release in the mouse IPN (702, 788, 935). Chronic nicotine 

treatment enhanced the sensitivity of IPN neurons to subsequent nicotine exposure in a manner 

consistent with facilitation of ACh release (Figure 42). Chronic nicotine treatment likely enhances 

cholinergic signalling in the MHb-IPN pathway via facilitation of ACh signaling since donepezil 

treatment enhanced responses of IPN neurons to nicotine exposure but did not further enhance 
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responses from cNIC treated mice (Figure 45). Attenuation of nicotine-evoked responses from IPN 

neurons suggests that extended nicotine exposure may exhaust the cholinergic sensitization of the 

MHB-IPN pathway, resulting in relatively normalized signaling during prolonged exposure. 

However, cNIC may act non-uniformly on the MHb-IPN system, potentially shifting the balance 

of activity from one group of cells/circuits to another. Indeed, our results detailing the activity 

induced by PA-Nic uncaging on different groups of IPR neurons indicate as much (Figure 44).  

Axonal nAChR upregulation likely extends to dual cholinergic/glutamatergic (727, 890) pre-

terminal axonal compartments and presynaptic terminals in the IPN, since chronic nicotine 

treatment enabled lower, smoking-relevant, nicotine concentrations to be effective at enhancing 

glutamatergic transmission in the IPN (Figure 47). Indeed, paired-pulse experiments showed that 

acute nicotine reduces PPR by increasing the amplitude of the first pulse relative to the second (5), 

suggesting that nAChR activation may enhance Ca2+ entry into presynaptic terminals to facilitate 

glutamate release. This is consistent with a circuit pattern where chronic nicotine lowers the 

threshold for nicotine-mediated excitation (221).   

IPN components, especially α5-containing nAChRs, are emerging as key mediators of 

nicotine dependence-associated behaviors. α5 subunits are nearly ten-fold more abundant in the 

IPN than in any other brain area (939), and α5 knockout (α5KO) mice do not exhibit nicotine 

withdrawal (658) or attenuated nicotine self-administration of aversive doses of nicotine (661). 

Rats expressing an α5 sequence variant associated with human nicotine dependence and lung 

cancer show more facile relapse to nicotine-seeking behavior as well as an inverse correlation 

between IPN neuronal activity and relapse behavior (939). These results support our data 

demonstrating sensitized neuronal- and nAChR activity in the IPN following exposure to nicotine, 

and point to α5-containing nAChRs as a possible therapeutic target for smoking cessation (940). 

Unfortunately, there has been no reliable way to pharmacologically dissect α5-containing nAChRs 

because this subunit is an “accessory” subunit that does not participate in forming the orthosteric 

ligand binding site (941). Targeting α5-containing nAChRs may therefore involve manipulation 

of other subunits in α5-containing pentamers, such as α2. Indeed, α2 subunits, which are implicated 

in human nicotine dependence (942), are required for precipitated withdrawal following cNIC 

treatment (658) and may negatively regulate nicotine intake (934). We found that α5 and α2 are 

strongly co-expressed in IPR neurons (5). Given that α2 mRNA expression is enhanced by cNIC 

in a subpopulation of IPN GABAergic neurons that are found in IPR (834), the nAChR functional 
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enhancement we identified in IPR neurons (Figure 44) could involve α2α5β4 nAChRs. Although 

our data suggests that attenuation of PA-Nic uncaging-evoked responses of IPN neurons has its 

roots in presynaptic mechanisms, blockade of cholinergic transmission didn’t fully occlude 

attenuation. Therefore, other mechanisms may also mediate attenuation of IPN neuron responses 

to nicotine exposure. Interestingly, expression of α5 nAChRs in the IPN may provide an 

alternative/additional mechanism of attenuation of responses seen in these studies, since inclusion 

of the α5 nAChR subunit into nAChRs has been shown to increase the sensitivity of nAChRs to 

residual inhibition or desensitization, which has a longterm (min) effect on receptor activation 

(943). 

Our recent results mapping the expression and functional activity of IPN nAChRs help 

resolve a possible discrepancy in the literature(5). One group reported that optical activation of 

α5+ IPN neurons was insufficient to induce withdrawal-like behaviors (907), whereas another 

reported that optical activation of GAD2(+) IPN neurons was sufficient to induce withdrawal (657). 

Our results (5), and those of other studies (834, 906, 907) show that, whereas α5+ neurons are 

found predominantly in IPR, GAD2 expression is only weak/modest in IPR and strongest in IPC. 

Therefore, our data indicate that these groups were likely examining different types of IPN neurons, 

highlighting the importance of considering various IPN subnuclei and neurochemical cell types 

when dissecting behavioral phenomena. Relatedly, Zhao-Shea and colleagues speculated that Sst+ 

IPR neurons and their resident nAChRs play a specialized role in triggering nicotine withdrawal 

(657). However, our demonstration that Sst+ IPR neurons have much lower levels of functional 

nAChRs compared to GAD2(+) cells (5) suggests that the latter cell type may play a more 

dominant role in the IPR response to nicotine. GAD2(−) cells also show substantial nAChR 

activity (5), suggesting the existence of an additional, unidentified neurochemical cell type that 

could be explored in future studies. Regardless, our results illustrate a key point: the IPN is a 

diverse and complex structure with numerous neurochemical cell types that have varying levels of 

nAChR functional activity. 
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 SUBCELLULAR LOCALIZATION AND ACTIVATION 
OF NICOTINIC ACETYLCHOLINE RECEPTORS IN OTHER 

NEURONAL POPULATIONS 

Portions of this chapter (pgs 140-150) are reprinted from publications 2 and 3. Publication 2 was 
written by Drenan RM, Arvin MC, Banala S, and Lavis LD with input from all other authors. 
Publication 3 was written by Drenan RM and reviewed and edited by Yan Y, Peng C, Arvin MC, 
Jin XT, Wang Y, and Wokosin DL. The contributions of individual authors to data collection are 
specifically addressed in each figure. 

6.1 Introduction 

In this chapter we briefly investigate the challenges presented with using PA-Nic as a tool 

for studying nAChRs in cells which express nAChRs at modest levels. As discussed, the MHb and 

IPN both highly express nAChRs (702, 767, 768, 782, 784). However, nAChRs play important 

roles in other brain areas with more moderate expression than the MHb and IPN. For example, 

nAChRs play an important role in modulating excitability of DAergic and non-DA neurons in the 

VTA (184, 343, 590, 944, 945). Nicotinic receptors in the VTA are integral in nicotine addiction 

and may play a role in nicotine’s ability to protect against PD (302, 421, 613, 946-949). DAergic 

neurons, GABAergic neurons, and glutamatergic terminals within the VTA are known to express 

nAChRs (332, 608, 612, 613, 950). Nicotine works on these receptors to stimulate DA neurons 

(944), activate GABAergic interneurons (343), and facilitate glutamate release (184, 590). Recent 

work has begun to better appreciate the role of non-DAergic neurons in the neurocircuitry of the 

VTA and indicates that cholinergic fibers from the PPTg or laterodorsal tegmental nucleus (LDTg) 

innervate GABAergic and glutamatergic neurons in the most medial aspect of the VTA (mVTA) 

(951-954). Glutamatergic signaling in, and from, the VTA is integral to the effects of nicotine on 

brain reward systems (955-959), but the receptors and microcircuitry mediating this effect within 

the VTA are nearly entirely unknown. What is known is that, VTA glutamatergic neurons make 

intrinsic contacts with DAergic and non-DAergic neurons in the VTA (959-961), positioning 

cholinergic modulation of VTA glutamatergic neurons to influence activity of VTA circuitry. Our 

laboratory has an extended interest in the circuitry of the VTA (1, 3, 618, 627, 962, 963). Therefore, 

we followed this evidence and asked if nAChRs expressed postsynaptically on glutamatergic, 

VGLUT2(+), neurons in the mVTA were activated by cholinergic input from the PPTg or LDTg 
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and if this was essential for modulation of activity of mVTA glutamatergic neurons (3). Utilizing 

2PLSM and fluorescence microscopy we first identified if cholinergic fibers made physical 

contacts with mVTA VGLUT2(+) neurons. We then tested the ability of PA-Nic to interrogate the 

moderate subcellular expression pattern of nAChRs on mVTA VGLUT2(+) neurons. 

In the second part of this chapter we address the challenges presented with using PA-Nic for 

studying nAChRs with rapid kinetics of activation, deactivation, and desensitization. It is 

important to consider that the photochemical reaction speed of uncaging, and subsequent action, 

of a photoactivatable molecule must be faster than the process that is being studied in order to fully 

interrogate that process’s kinetic features. As such, the reaction speed of uncaging is an essential, 

and possibly limiting, feature of photoactivatable caged molecules, if kinetic studies are to be made. 

Theoretically, photoactivation of molecules with rapid reaction speeds of uncaging to biologically 

useful photostimulation parameters should lend distinct advantages to kinetic studies since latent 

quiescent molecules lie at their full concentration physically adjacent to receptors to be activated, 

overcoming the physical limitations of fluid application (964). Experiments necessary to calculate 

the reaction speed of uncaging of photoactivatable molecules are challenging and require 

expensive equipment. As such, these calculations have only been performed for relatively few 

photoactivatable molecules (808, 812, 813, 820, 965, 966). This calculation has not been made for 

the PA-Nic molecule. However, based on photoactivation reaction speeds of other coumarin-caged 

molecules (794, 808, 967-969), we expect that PA-Nic should display a rapid speed of uncaging. 

Thus, we sought to first biologically validate the utility of PA-Nic photolysis to engage nAChRs 

with even the most rapid activation, deactivation, and desensitization kinetics.  The homomeric 

α7 nAChR is the nAChR with the fastest kinetics of activation, deactivation, and desensitization 

(159, 870, 943, 970-977). In fact, this has been a major factor limiting the interrogation of the 

kinetics of α7 nAChRs, since the rate of fluid exchange for application techniques is physically 

limited and is theorized to be slower than the kinetics of activation (128, 976, 977). The 

interneurons of the SR of the HPC are known to contain moderate levels of α7 nAChRs at 

perisomatic/postsynaptic locales (792, 978, 979). We thus targeted these neurons to test if PA-

Nic uncaging was capable of evoking rapid α7 nAChR currents. We first imaged SR HPC 

interneurons with DIC, DODT, or 2PLSM and confirmed their location within the SR. We then 

confirmed that SR HPC interneurons taken from weanling mice expressed α7 nAChRs by 

making electrophysiological recordings paired with pressure ejection application of ACh 
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followed by pharmacological inhibition of α7 nAChRs. Following this confirmation, we 

uncaged locally applied PA-Nic, to evoke α7 nAChR-mediated currents, before and after 

pharmacological inhibition of α7 nAChRs. 

6.2 Results 

6.2.1 VGLUT2+ mVTA neurons express functional nAChRs at somatic and dendritic locales. 

The mVTA subnucleus is known to display α4, α6, β2, and β3 nAChR expression (324), 

which suggests that neurons within the mVTA may be sensitive to cholinergic innervation from 

the PPTg or LDTg. Indeed, previous literature has demonstrated cholinergic innervation of the 

mVTA (953). We first sought to confirm the presence of cholinergic fibers within the mVTA and 

determine their connective nature. To accomplish this, we began by imaging dye-filled mVTA 

neurons in slices from transgenic mice (ChAT-Cre::Ai14) – which express tdTomato in 

cholinergic soma, dendrites, and axons (Figure 48a). Compared to the IPN, there was a modest 

cholinergic innervation of the mVTA (Figure 48b). When closely analyzing 2PLSM 3D dual 

fluorophore (A488 and tdTomato) images, we observed cholinergic fibers with connectivity to 

mVTA neurons. We observed that these cholinergic fibers abutted somata (Figure 48c) and 

dendrites (Figure 48d) of mVTA neurons, indicating the possibility of a functional cholinergic 

synaptic connection between these fibers and mVTA neurons. Having micorscopic indication that 

cholinergic fibers innervate and likely synapse with neurons in the mVTA, we subsequently 

determined the functional connectivity of PPTg cholinergic neurons with mVTA neurons using 

pharmacological and optogenetic techniques (3). These results combined indicated that mVTA 

neurons receive cholinergic innervation from the PPTg and that nAChRs on mVTA neurons 

mediate this transmission. 
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 With microscopic and functional evidence that cholinergic projections from the PPTg abut 

with mVTA neurons, that glutamatergic neurons in the mVTA receive this cholinergic 

transmission, and that postsynaptic nAChRs on mVTA neurons mediate this transmission, we 

subsequently asked, at what subcellular locale were these nAChRs located. To test the localization 

of mVTA glutamatergic neuron nAChRs we performed electrophysiology recordings of mVTA 

mCherry expressing neurons of VGLUT2-Cre::AAV-DIO-hM4Gi-mCherry mice paired with 

spatially delimited 405 nm laser photolysis (50 ms, 2 mW, 1 μm spot diameter) of locally applied 

PA-Nic (2 mM) during 2PLSM (Figure 49a). In this experiment we did not utilize the DREADD 

component of these transgenic mice, only the florescent labelling of VLUT2(+) neurons. We found 

that PA-Nic uncaging evoked modest (~10 pA) peak inward current amplitude responses from 

VGLUT2(+) mVTA neurons at both somatic and dendritic locales (Figure 49b). These currents 

were rapid and resolved quickly. We confirmed that these currents were mediated by nAChR-

activation by pharmacologically blocking nAChR activation with a cocktail of nAChR inhibitors 

Figure 48. Cholinergic fiber abut mVTA neurons. 

(a) Diagram of mouse brain nuclei and experimental configuration for (b-d). (b) 2PLSM image of 
a dye-filled (A488) mVTA neuron and cholinergic fibers within the mVTA. Electrophysiology 
pipette masked by gray overlay. Insets are location of images in (c-d). Soma (c) and dendrites (d)
from the cell in (b) shown abut to cholinergic fibers. Representative of n = 4 cells from n = 3 mice. 
Data contributed by Arvin MC. 
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(Figure 49c and 49d). Note that dendrite PA-Nic uncaging-evoked currents were not statistically 

significantly inhibited by nAChR pharmacological inhibition, despite the clear trend and apparent 

inhibition. Despite this, the data indicates that VGLUT2(+) neurons in the mVTA functionally 

express nAChRs at subcellular locales where cholinergic fibers likely abut mVTA neurons (soma 

and dendrite). This data also effectively illustrates that, given thoughtful selection of 

photoactivation parameters and PA-Nic application technique, PA-Nic can be effectively utilized 

to interrogate the subcellular localization of nAChRs of neurons in many brain areas, even when 

modestly expressed. 
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6.2.2 The photochemical reaction rate of PA-Nic uncaging is sufficient to activate α7 nAChRs. 

Having confidence that PA-Nic could be utilized to study modestly expressed nAChRs, 

we set out to determine if the photochemical reaction rate of PA-Nic photolysis was sufficient 

Figure 49. Localization of nAChRs on mVTA VGLUT2(+) neurons. 

(a) Illustration of 2PLSM (scale: 12 μm; psuedocolored to relative intensity) paired with PA-Nic 
photolysis at locations adjacent to an mVTA glutamatergic neuron somata and dendrite paired with 
representative voltage-clamp traces before (scale: 10 pA, 500 ms) and after (scale: 10 pA,  200 
ms) block of PA-Nic uncaging-evoked currents by nAChR inhibition (10 μM DHβE, 100 nM 
MLA, 100 nM α-CTX MII). (b) Summary plot of PA-Nic uncaging evoked current amplitudes 
from somata (# of neurons/mice: n=10/7) and dendritic (# of neurons/mice: n=5/4) locales of  
mVTA VGLUT2(+) neurons (unpaired, two-sided, t-test p value = 0.2965). (c-d)  Summary plot 
of PA-Nic uncaging-evoked current amplitudes from soma (c; # of neurons/mice: n=5/4; paired, 
two-sided, t-test p value = 0.0292) and dendrite (d; # of neurons/mice: n=5/4; paired, two-sided, 
t-test p value = 0.0563) locations before and after nAChR inhibitor application (10 μM DHβE, 100 
nM MLA, 100 nM α-CTX MII). Data contributed by Arvin MC. 
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to allow study of nAChRs with rapid kinetics of activation, deactivation, and desensitization. 

We thus studied SR interneurons in the HPC (Figure 50a), which express moderate levels of 

postsynaptic α7 nAChRs (792). To do this, we made patch-clamp electrophysiology recordings 

of SR interneurons of the HPC while concurrently locally applying PA-Nic (2 mM). We found 

that SR interneurons were sparse, oblong, medium sized neurons and they resided ventrally to 

the SP cell layer of the CA1 HPC (Figure 50b), consistent with previous reports (792). 

 

 

  

Before proceeding with optopharmacology experiments we sought to confirm expression 

of α7 nAChRs on SR interneurons of the HPC. To do this we utilized pressure ejection of ACh 

(1 mM) and subsequent pharmacological inhibition of α7 nAChRs in HPC SR interneurons 

identified by subnuclear location. We found that pressure ejection application of ACh evoked 

MLA-sensitive nAChR currents with rapid kinetics, consistent with moderate expression of 

homomeric α7 nAChR expression (792). 

 

Figure 50. Location of HPC SR interneurons. 
(a) Mouse Brain Atlas location of SR interneurons (Plate 48; −2.06 mm from Bregma). The SR 
(area of red inset) is ventral to the CA1 SP cell layer.  (b) A Dodt contrast image of a typical (similar 
for 2 total independent experiments) SR interneuron (arrowhead) is shown in proximity to a PA-
Nic local perfusion pipette (at left) and ventral to the SP neurons. Scale: 24 μm. Data contributed 
by Arvin MC. 
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Having confirmed the presence of α7 nAChRs on SR interneurons in our experimental 

set-up, we moved to test the ability of epi-illumination photolysis of PA-Nic to activate these 

α7 nAChRs. We found that epi-illumination photolysis of PA-Nic (2 mM PA-Nic local 

perfusion) efficiently activated α7, as confirmed by sensitivity to MLA (Figure 52). Previous 

reports indicate that nAChRs of SR interneurons are primarily expressed at the soma and 

proximal dendrites (792). Although not as highly spatially restricted a focal laser 

photoactivation of PA-Nic, our field-stop aperature restricted epi-illumination uncaging of PA-

Nic limits the photoactivation area and agrees with the expression of nAChRs at somatic or 

proximal dendritic locales of SR interneurons. 

Figure 51. Stratum radiatum interneuron currents evoked by pressure ejection of ACh 

(a) Representative, MLA-sensitive, ACh-evoked current from an SR interneuron before (black) 
and after (red) inhibitor application. Scale: 12 pA, 1 s. (b) Before-after scatter plot of SR 
interneuron ACh (1 mM pressure ejection) responses and MLA blockade (two-sided paired t-test; 
# of neurons/mice: n=5/2). Data contributed by Peng C. 
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6.3 Discussion 

Our characterization of cholinergic innervation of the mVTA and nAChR expression on 

mVTA VGLUT2(+) neurons extends the findings of previous work in ChAT-Cre rats (953, 954) 

and furthers our understanding of nicotine’s action on the mesolimbic circuit (184, 343, 613, 

620). Consistent with the previous work in Chat-Cre rats, we identified what appeared to be a 

modest density of cholinergic innervation of the mVTA (Figure 48). Utilizing spatially 

delimited laser photolysis of PA-Nic, we engaged nAChRs of mVTA VGLUT2(+) neurons 

located at somatic and dendritic locales (Figure 49). Therefore, nAChR modulation in these 

neurons may influence their activity in a variety of ways. For example, modulation of nAChRs 

located at somatic locales may influence secondary signaling systems via altered calcium 

signalling or may influence action potential generation and waveform by altering membrane 

depolarization (5, 792, 980). Modulation of nAChRs at dendritic locales may influence 

integration of dendritic EPSPs (929). PA-Nic uncaging-evoked responses of mVTA 

Figure 52. Stratum radiatum interneuron currents evoked by PA-Nic epi-illumination photolysis 

(a) Representative, MLA-sensitive, PA-Nic epi-illumination photolysis response (250 ms, 0.12 
mW/mm2) of an SR interneuron before (black) and after (red) inhibitor application. Scale: 7 pA, 
1 s. (b) Before-after scatter plot of SR interneuron PA-Nic epi-illumination photolysis responses 
and MLA blockade (10 nM; two sided paired t-test; # of neurons/mice: n=11/7). Data contributed 
by Arvin MC and Peng C. 
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VGLUT2(+) neurons displayed rapid kinetics – which was unsurprising since β2 nAChRs, a 

nAChR with rapid kinetics, are the major nAChR of mVTA glutamatergic neurons (3). However, 

optogenetic excitation of cholinergic fibers innervating the mVTA only evoked minimal inward 

currents with slow kinetics of activation and only upon prolonged photostimulation (3). This 

suggests that fast, postsynaptic nAChR-mediated, synaptic cholinergic transmission to 

VGLUT2(+) neurons of the mVTA is unlikely and that volume transmission may be the main 

paradigm of cholinergic signaling in the mVTA (178, 351). The VTA is known to express 

reasonable levels of AChE which, through rapid degradation of ACh, likely limits the scope of 

cholinergic transmission (981). Therefore, the type and location of AChE that is functionally 

expressed by different cells of the VTA may determine how, or if, cholinergic volume 

transmission influences modulation of nAChRs of these cells and may differ at different 

subcellular domains of these cells. We found that activation of nAChRs of mVTA VGLUT2(+) 

neurons enhanced excitatory transmission of these neurons (3). Enhanced activity of mVTA 

glutamatergic neuron transmission may influence DA neuron activity – since VGLUT2(+) 

neurons make local connections with DAergic neurons in the VTA (3) – and is an important 

finding since this circuit influences reward processing (959, 961). 

Like the glutamatergic neurons of the mVTA, we found that HPC SR interneurons (Figure 

50) express modest levels of nAChRs, specifically α7 nAChRs (Figure 51 and 52). However, 

unlike the nAChRs of mVTA glutamatergic neurons, it is likely that these nAChRs mediate fast, 

wired, post-synaptic transmission – since SR interneurons of the HPC (i) receive cholinergic 

innervation from the medial septum-diagonal band, the basal forebrain (982, 983), and 

cholinergic interneurons of the HPC (984); (ii) have been shown to express α7 nAChRs at post-

synaptic locations (985-988); and (iii) both exogenously applied ACh (987, 989-991) as well as 

synaptic excitation (978, 979) has been shown to evoke rapid, α7 nAChR-mediated, responses 

from SR interneurons.  α7 nAChRs desensitize on a timescale of milliseconds – depending on 

the agonist, concentration, and administration technique (152). Unfortunately, even the most 

precise and fine-tuned solution exchange method generally fails to fully elicit α7 nAChR peak 

currents at that timescale (128, 976, 977). We demonstrated that PA-Nic uncaging evoked rapid, 

α7 nAChR-mediated, responses from these neurons (Figure 51), illustrating the potential for 

photoactivation of caged molecules to overcome the kinetics of α7 nAChR activation (964). 

Our initial studies should enable and encourage many future kinetic studies of nAChR 
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activation, deactivation, and desensitization by nicotine; since photoactivation of PA-Nic may 

overcome the physical limitations of solution exchange methods and allow for nicotine 

concentration to be precisely controlled. 

Together, these experiments indicate that PA-Nic is broadly useful for examining 

nAChRs expressed at a wide range of levels with varying kinetics and postsynaptic 

arrangements. The approach taken to activate mVTA VGLUT2(+) neuron nAChRs seems to be 

a useful starting point for development of protocols to use PA-Nic for spatially delimited 

interrogation of nAChRs in modestly expressing cells or subcellular locales. The epi-

illumination parameters used for our HPC SR recordings may be ideal for consistent activation 

of desensitization-prone nAChRs such as α7 or β2 receptors. The ability of PA-Nic uncaging 

to rapidly activate α7 nAChRs is consistent with previous reports which indicate that coumarin-

caged molecules displayed fast release rates (808) and, combined with our studies highlighting 

the photochemical control over PA-Nic photolysis (Figure 17), indicates that coumarin-based 

caged molecules could be exceptionally useful for kinetic studies of receptor activation, 

including possibly single receptor kinetic studies (792, 964). 
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 FUTURE DIRECTIONS AND SUMMARY OF 
CONCLUSIONS 

7.1 Future Directions 

7.1.1 Photochemical development of photoactivatable molecules 

The coumarin-based caging strategy used to synthesize PA-Nic is widely generalizable to 

tertiary amine molecules (2) – meaning countless, previously uncageable, molecules in the 

pharmacopeia could be caged with the approach. Thus, the implications and future directions of 

utilization of the caging technique are vast. Indeed, many such molecules have already been 

generated and characterized by us and our collaborators, including a selective α7 nAChR agonist, 

mAChR agonists, an opioid, and a selective serotonin reuptake inhibitor (2).  In Chapter 3 we 

evaluated one such caged tertiary amine molecule, namely PA-Nic, and demonstrated that 

preparations of PA-Nic, are devoid of free nicotine (Figure 3), stable in aqueous medium (Figure 

4), selectively uncaged by near-UV and IR irradiation (Figures 6-8), rapidly release nicotine upon 

photoactivation (Figures 10-12 and 17-20), and exhibit no untoward pharmacological properties 

(Figures 13-16). However, there remain multiple avenues by which we may improve upon our 

coumarin-caged molecules to produce derivatives displaying beneficial photophysicochemical 

properties for use in alternative experimental settings. For example, derivative molecules with 

improved photochemical quantum yields or red-shifted photolysis cross-sections could display 

enhanced useability in 2P photolysis and in vivo experimental paradigms.  

PA-Nic is optimally photoactivated by 404 nm light (Table 1). Near-UV light, such as this, 

is highly scattered by biological tissue and produces damaging effects on living systems at 

excessive duration or strength of exposure (856, 859-862). In light of this, we performed control 

experiments to detect – and subsequently avoided – photostimulation parameters that might 

produce light-evoked artifacts (Figures 23 and 24). Longer wavelengths of photoactivation allow 

for improved tissue penetration and produce less phototoxicity (795-799). Thus, red-shifting the 

optimal photolysis wavelength of coumarin-cage molecules could yield benefits for in vitro, ex 

vivo, and in vivo utilization by enhancing tissue penetration and reducing untoward phototoxic 

effects of photostimulation (887, 992). Additionally, tuning the uncaging wavelength of coumarin-

caged molecules could allow for their use in conjunction with a larger range of other 
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photoactivatable entities (993). Derivatives of coumarin-moeties with a fused quinolizine group, 

such as Coumarin 102, can yield efficient dyes with photostimulation spectra covering blue and 

green wavelengths and could be attractive base caging groups with plenty of real-estate with which 

to make photochemical modifications (994). Indeed, early studies from other members of our own 

lab, namely Xiao-Tao Jin and Yijin Yan, as well as our collaborators, namely Sambashiva Banala 

and Luke Lavis, demonstrate that the addition of a fused quinolizine group to the coumarin-moiety 

results in a red-shifted photoactivation cross-section (data not shown). It will be important to 

evaluate the pharmacological properties of coumarin-caged molecules with quinolozine group 

fused coumarin moieties, since many ammonium molecules with aromatic groups are known to 

exhibit non-competitive, voltage-dependent nAChR blockade (806, 995-999). It is also worth 

considering that red-shifting the photoactivation cross-section would move the spectra of 

photoactivation in to visible light ranges that normal labs operate with. Therefore, it will be 

important to establish the stability of red-shifted coumarin-caged molecules and to determine 

compatible environments in which they may be used.  

While the standing charge of the quaternary ammonium of PA-Nic allows for high aqueous 

solubility (Figure 1), it likely limits its useability in in vivo systems. This is because the electric 

charge precludes penetration of the blood brain barrier by the molecule (1000). Utilizing the same 

caging strategy to cage secondary amine molecules – instead of tertiary amine molecules, like 

nicotine – could produce photoactivatable coumarin-caged molecules which may have greater 

utility for in vivo experiments, since they would lack the standing charge of a quaternary 

ammonium and thus the blood brain barrier would be permeable to them (843). Nornicotine, which 

contains a pyrrolidine nitrogen central to its biological activity at the nAChR (869, 1001, 1002), 

is one such secondary amine molecule that could be a candidate for coumarin caging and could be 

used in in vivo settings to engage nAChRs. Nornicotine is a derivative of nicotine metabolism and 

has pharmacological activity distinct (less efficacy at activating α4β2 and α3β4 nAChRs) but 

similar to nicotine (870). Photoactivation of peripherally administered coumarin-caged 

compounds, via an optical probe which could be placed in distinct nuclei of the brain, during 

behavioral paradigms could be a significant improvement over cannula administration of drugs, as 

it may lend improved spatial and temporal control over drug application and could be paired with 

other optical techniques, such as calcium imaging or optogenetics, by multiplexing photoactivation 

wavelengths in the optical probe. Previous studies suggest that the resulting coumarin-caged 
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secondary amines would likely have lower efficiencies of uncaging (843). Thus, optimizing the 

photochemical quantum yield and uncaging efficacy of these molecules will be critical. 

Since red-shifting the photoactivation cross-section of coumarin-caged molecules can 

reduce the efficacy of uncaging (992) and coumarin-caged secondary amine molecules could 

exhibit reduced efficacy of uncaging compared to caged tertiary amine compounds (843), 

optimization of the photoactivation cross-section, by enhancing/altering the accessory chemical 

groups of the coumarin-cage will likely be an important component of development of any of these 

molecules. One strategy that might be taken to enhance the photoactivation cross-section would 

be to substitute the dialkylaminocarboxyl group of the coumarin-cage with an azetidine ring. 

Previous studies from the Lavis lab have demonstrated that this alteration limits the rate of 

nonradiative decay and may more than double the quantum yield of derivative molecules (829). 

Inclusion of the azetidine group also opens the possibility for halogenation (1003) or attachment 

of triplet-state quenchers (1004), which may further improve the photochemical quantum yield of 

coumarin-caged molecules. Regardless of the chemical modifications made to the photolabile 

group, we believe that it will be important to test the pharmacological properties of all derivative 

molecules. Changing the caging coumarin moiety may alter how it sterically obscures the 

pharmacologically important secondary or tertiary nitrogen of the caged molecule or may alter 

how the coumarin moiety interfaces with receptor binding sites (123, 869). 

7.1.2 Deepening our understanding of the MHb-IPN circuit 

In the studies presented in Chapter 4 and 5 we revealed a collection of baseline nicotinic 

neurobiological features and striking adaptations, following cNIC exposure, of the MHb-IPN 

circuitry. Acute nicotine application enhanced MHb neuron action potential firing (Figure 27) and 

calcium mobilization (Figures 29 and 30). We found that nAChRs were expressed at somatic and 

dendritic locales (Figure 28), as well as axonal locales of MHb neurons (Figure 30). This is 

interesting, since the theorized cholinergic input from the posterior septum to the MHb (720, 918, 

1005) remains functionally elusive (722, 1006). The majority of evidence for a cholinergic input 

to the MHb comes in the form of a reduction in ChAT expression following lesion of septal regions 

or the SM (720). However, most neurons in the MHb are cholinergic, ChAT(+) neurons themselves 

(714, 1007). Therefore, this effect may be a response of ChAT(+) MHb neurons to lesioning rather 

than a loss of presynaptic ChAT. Clear nAChR expression in the MHb dendrites paired with a lack 



154 
 

of evidence for cholinergic synaptic input to the MHb leaves us with the question, “what is/are the 

functional roles that nAChRs play at the MHb dendrite/soma and why are they expressed at such 

elevated levels?” At the moment this is an unanswered mystery, although they are clearly 

important to nicotine withdrawal (658). We believe that interrogating the role of synaptically-

released acetylcholine in normal and pathological MHb and IPN transmission will be essential to 

understanding the function of nAChRs in the MHb-IPN circuit. New acetylcholine-sensitive 

fluorescent indicators from Janelia researchers (Borden, et al.; in preparation) or others (1008) 

could be essential for future studies discerning the importance of cholinergic transmission in the 

MHb and IPN. To date, most examinations of MHb-IPN ACh release have relied on ChAT-ChR2 

bacterial artificial chromosome transgenic mice that, unfortunately, have abnormal cholinergic 

transmission (892, 893). Future studies should avoid using these ChAT-ChR2 bacterial artificial 

chromosome transgenic mice and should reassess previous findings made in this line. Following 

cNIC exposure MHb neurons display a state of hyperactivity (Figures 31 and 32) – enhanced 

pacemaker firing and depolarized membrane potential (900). Chronic nicotine exposure may 

mediate this via direct effects on nAChRs of MHb neurons or through secondary signaling 

cascades engaged by cNIC that result in altered regulation of voltage-gated sodium or calcium 

channels, HCN channels, or BK channels (937) Chronic nicotine exposure also enhances 

sensitivity of MHb neurons to subsequent acute nicotine exposure, via upregulation of nAChRs 

(Figure 33). MHb nAChR upregulation occurred at all subcellular locales (Figures 35 and 36) and 

appears to occur via increased receptor number on the cell surface and not via a change in receptor 

sensitivity (Figure 34). However, examinations of the mechanism of sensitization should continue. 

Perhaps pharmacological chaperoning or the nAChR trafficking protein NACHO/TMEM35a 

plays a role in upregulation following cNIC (205, 1009).  

We found that the response properties of IPN neurons to acute nicotine exposure were 

distinct from those of neurons in other brain areas (Figures 38, 49, and 52). Nicotine-evoked 

responses of IPN neurons display drastically different kinetics than ACh-evoked responses 

(Figures 40) and IPN neuron responses to nicotine exposure adapted to subsequent exposures, 

whereas ACh responses did not adapt (Figure 41). Future studies should attempt to identify the 

mechanism of IPN neuron adaptation to nicotine exposure and determine if the unique response of 

IPN neurons to nicotine has implications on the physiological effect of nicotine on IPN neurons. 

Our IPN morphology results clearly show a variety of novel cell types (Figure 37). The presence 



155 
 

of dendritic spines on some IPN neurons, and not on others, suggests these two types of IPN 

neurons receive different levels of glutamatergic input, since most glutamatergic synapses occur 

at dendritic spines (1010). Therefore, dual cholinergic/glutamatergic transmission may 

differentially target spiny neurons of the IPN over non-spiny neurons. We found that cNIC 

exposure sensitized IPN neurons to subsequent acute nicotine exposure (Figures 42 and 44) and 

that nAChRs were expressed at dendritic and somatic locales of IPN neurons (Figure 43). However, 

many of our experiments indicate the importance of preterminal or presynaptically localized 

nAChRs of MHb axons in sensitization of cholinergic/glutamatergic signaling following cNIC 

(Figures 45-47). Therefore, it will be difficult, but important, for future studies to separate the 

action of presynaptic MHb nAChRs from post-synaptic IPN nAChRs in the IPN nuclei. These 

studies could utilize anatomically and neurochemically defined viral methods to selectively 

express photosensitive nAChRs (1011) to reversibly “knock-out” nAChR function on MHb axons 

or IPN neurons. Our studies highlighted the challenge and the importance of accounting for 

neurochemical cell types and anatomical subnuclei (5). We believe that future studies should 

continue to strive to interrogate specific neurochemical cell types and anatomical subnuclei, so 

that future results can be effectively mapped onto our current knowledge of the MHb-IPN circuit. 

It will be important to connect these morphological and neurochemical cell-types with the 

functional roles of the IPN in health and disease. 

Nicotine-elicited a wide range of effects on the MHb-IPN and other circuits. As such, it is 

probably not possible to describe nicotine dependence or withdrawal with an individual unifying 

theory. Future functional studies of the MHb-IPN circuit should employ physiological measures 

in tandem with evaluation of behavioral features of animal models of nicotine withdrawal and 

relapse to nicotine use. Optical recordings (fiber photometry, microendoscopy, etc.) from distinct 

IPN cells during behavior could elucidate the functional role that these IPN subpopulations play 

in withdrawal. Unfortunately, accurate targeting of MHb or IPN neurochemical subtypes and 

anatomical subnuclei with viruses or cannulae may be challenging. Indeed, in our own studies we 

found that viral targeting of the MHb was difficult at times. This may have been due to the effect 

of the ventricle on infection of the nuclei or may have been a result of tissue tropism of MHb 

neurons to viral infection – other labs have expressed similar challenges. At the same time, 

simultaneously avoiding activation or destruction of the overlying VTA, will be a critical challenge 

for targeting the IPN. A frank examination of issues that arise while studying the MHb-IPN circuit 
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would be useful, since these issues may have stimied interest in the dorsal diencephalic conduction 

system in the past and may continue to do so, if not addressed.  

7.1.3 Further utilization of photoactivatable molecules 

Utilizing spatially delimited 1P laser photolysis of PA-Nic we were able to interrogate the 

subcellular organization of nAChRs at a wide range of expression levels on dendritic, somatic, and 

– in some cases – axonal locales on neurons from the MHb, IPN, and VTA (Figures 28, 35, 36, 43, 

and 49). We demonstrated that the technique is amenable to being paired with other fluorescence 

microscopy techniques (Figures 29 and 30). As such, there are many potential future uses of 

spatially delimited 1P laser photolysis. For example, this technique could be combined with 

selective pharmacology and/or nAChR gene editing to determine the localization of specific 

nAChR subtypes to different neuronal compartments. To better define the effects of nicotine at pre 

and post-synaptic locations, uncaging of PA-Nic could be paired with dual calcium or voltage-

sensitive fluorophores in presynaptic and postsynaptic terminals (1012-1014). Further, nAChR 

mapping techniques could be applied to other key neuron types that are known to express nAChRs, 

such as cortical pyramidal neurons (1015) or interneurons in cerebral cortex (1016), striatum 

(1017), and the HPC (2, 1018). Being that PA-Nic photolysis was capable of activating α7 nAChRs 

(Figure 52), 1P epi-illumination or laser flash photolysis could be utilized to study the kinetic 

features of nAChR activation, deactivation, and desensitization.   

While we demonstrated that PA-Nic was an exceptionally useful tool in every 

photoactivation paradigm we tested (epi-illumination, focal 1P laser photolysis, 2P laser 

photolysis), our 2PLSM and photoactivation systems lended themselves to 1P laser photolysis at 

the time of these studies. At that time, we lacked the equipment, knowledge, and expertise to fully 

utilize the 2P photolysis of PA-Nic to its greatest potential. Therefore, future studies should focus 

on utilization of 2P photolysis of coumarin-caged molecules; in order to attain optimal penetration, 

minimal toxicity, and maximal spatiotemporal resolution of photoactivation; to further study the 

areas of greatest nAChR expression identified by 1P photolysis. Data from collaborators suggests 

that 2P photolysis of PA-Nic engages nAChRs (Figure 19) and that ~800 nm range 

photostimulation is optimal for PA-Nic uncaging (Figure 8) (2). This data should be reaffirmed 

and refined to better understand the parameters which are optimal for 2P PA-Nic uncaging in 

biological experiments. Additionally, it will be important to characterize the lateral and axial 
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resolution of PA-Nic uncaging-evoked responses to 2P photostimulation (1019). Determining the 

optimal parameters for 2P photoactivation of PA-Nic on different neurons in the brain could be a 

major challenge. Indeed, few photoactivatable molecules have been demonstrated to be useful for 

2P photolysis studies (815). This is, at least in part, because of the requirement for high 

concentrations of drug to be administered to utilize 2P photoactivation. The necessity of high 

concentrations to be utilized for 2P photolysis is an unfortunate consequence of its beneficial 

photophysical characteristics (795, 799). In some cases, high concentrations needed for 2P 

photolysis have been associated with unwanted pharmacological consequences, namely antagonist 

activity (816, 852-858). We do have some reassurance that PA-Nic is free of these unwanted 

features, since a number of our studies successfully utilized 2 mM PA-Nic for 1P photoactivation 

and no antagonist activity was detected in these cases (Figure 29, 49, and 52). However, 

unpredictabilities may arise and the challenges associated with 2P photolysis of PA-Nic can’t be 

denied. Even still, the potential advances that may be made possible by expert utilization of 2P 

photolysis of PA-Nic, or its derivatives, are enticing to be sure. For example, although we detected 

differential densities of nAChR functional expression at different subcellular locales of some 

neurons in our studies (2), we were unable to detect true clustering of nAChRs at any specific 

locale. It may be possible that nAChRs of neurons are more highly localized to specific subcellular 

structures than the 1P photolysis paradigm is capable of detecting. Future experiments could utilize 

an approach similar to previous studies which have utilized 2P photolysis of nicotinic ligands to 

precisely map nAChR expression on cells (791). Such a highly detailed mapping of nAChR 

functional expression could be produced in the presence of selective pharmacological nAChR 

inhibitors to determine if subtypes of nAChRs are selectively expressed at different subcellular 

structures. An understanding of nAChR expression at a higher spatial resolution would further 

solidify our understanding of the role that these receptors fulfill in their neuronal circuits. Utilizing 

the highly spatially limited nature of 2P uncaging (1019) it may even be possible to finely define 

the relative density of nAChRs at dendritic spines versus dendritic shafts, providing insight into 

the transmission mode of nAChRs in neuronal circuits (817). 
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7.2 Summary of Conclusions 

Overall, our studies have yielded a widely generalizable chemical method by which to create 

and characterize photoactivatable molecules. Utilization of PA-Nic has already improved our 

understanding of the role that nAChRs play in the MHb-IPN circuit. We demonstrated that cNIC 

evokes sweeping sensitization of the MHb-IPN circuit – inducing changes at each point within the 

circuit. At the MHb neuron, cNIC enhances action potential firing and alters the action potential 

spike waveform. Nicotinic receptors located at somatic, dendritic, and axonal subcellular locales 

are upregulated in response to cNIC. In presynaptic terminals of MHb neurons in the IPN, nAChR 

mediated presynaptic modulation is enhanced after cNIC. We characterized important nAChR-

mediated phenomena displayed by IPN neurons, including drastically prolonged current responses 

and progressive adaptation to nicotine exposure. In IPN neurons, nAChRs are functionally 

expressed at somatic and dendritic locales and nicotine-evoked responses are enhanced following 

cNIC. These findings suggest that cNIC augments the sensitivity of IPN neurons to nicotine by 

presynaptic and postsynaptic mechanisms. We showed that PA-Nic is useful for studying more 

than just the MHb-IPN circuit by demonstrating the utility of PA-Nic photolysis to study modestly 

expressed nAChRs in nuclei such as the mVTA and HPC. In these studies, we found that 

cholinergic fibers abut neurons of the mVTA and that nAChRs are expressed at the soma and 

dendrites of glutamatergic neurons of the mVTA. Nicotinic receptor activation of mVTA 

glutamatergic neurons evoked rapid, nAChR-mediated, inward currents; whereas, optogenetic 

activation of cholinergic fibers in the mVTA evoked current responses with slow kinetics. This 

suggests that cholinergic transmission within the mVTA may be volume transmission in nature. 

We provided an initial demonstration that PA-Nic uncaging may be exceptionally useful for kinetic 

studies of nAChR activation, deactivation, and desensitization, by showing that PA-Nic photolysis 

was capable of rapidly activating modestly expressed α7 nAChRs of the HPC SR interneurons. 

As is the case with most research, our studies have generated more questions than answers. 

However, PA-Nic has proven to be an exceptionally useful tool and we intend to continue 

uncovering previously unappreciated facets of nicotinic neurobiology with it. Ultimately, we hope 

that we and other groups will be able to utilize PA-Nic to accomplish even more enlightening and 

increasingly clinical studies which will advance our scientific and medical knowledge of nicotinic 

receptor neurobiology. Given the challenges that pharmaceutical organizations have faced with 
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targeting nicotinic receptors for the treatment of diseases, we hope that this new tool, and the 

knowledge its use will help produce, will enable development of novel and effective therapeutics. 
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