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   Foreword   

 Few molecules in the nervous system have been studied as intensively by so many 
scientists as the family of nicotinic acetylcholine receptors (nAChRs). From the fi rst 
description of the “receptive substance” by Langley in 1905 to ongoing develop-
ment of medications for smoking cessation, pain, cognitive dysfunction, and other 
neurological or psychiatric illnesses, studies of nAChRs have served as models for 
exploration of receptors in the nervous system for more than 100 years. 

 nAChRs were the fi rst receptors to be reconstituted into a lipid bilayer, the fi rst 
channels to be recorded in a patch clamp preparation, and the fi rst neurotransmitter 
receptors to be cloned. The presence of nAChRs at the neuromuscular junction and 
the high conservation of these receptors from  Caenorhabditis elegans  to Torpedo 
electricus up to  Homo sapiens  has made them a model for biophysical and structure- 
function studies. The ubiquity of the nAChRs in the brain, peripheral nervous sys-
tem, and non-neuronal tissues has allowed studies to be performed on complex 
functions in areas as diverse as homeostasis, motor control, mood, reward, and 
cognition. The community of nicotinians (scientists studying nAChRs) includes 
structural biologists, biophysicists, biochemists, cell biologists, physiologists, 
anatomists, pharmacologists, behavioral scientists, radiologists, clinicians, and 
more. The nicotinians provide an excellent example of how data obtained at one 
level of complexity can provide insights into many other levels of biological inquiry. 
The study of nAChRs provides the ultimate potential for translation of very basic 
science to studies of therapeutic relevance for human patients. 

 A unique bioassay for the function of nAChRs in a complex system comes from 
the addiction to tobacco smoking in humans that was imported from the Americas 
to Europe by Sir Walter Raleigh in the late sixteenth century. Many clues to the 
behavioral consequences of nAChR function and dysfunction come from human 
subjects who report the effects of the nicotine in tobacco on their subjective experi-
ence. An understanding of the role of nAChRs in nicotine reinforcement and with-
drawal, as well as clues about the genetic basis for susceptibility to addiction, has 
come from studies of these receptors in human smokers. A fundamental understanding 
of the biophysical properties of nAChRs has been an important tool in medication 
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development for smoking cessation, and this, in turn, has led the way to develop-
ment of potential therapeutics to treat other indications as diverse as myasthenia 
gravis to schizophrenia. 

 The multiple levels at which studies of nAChR structure, localization, and func-
tion have enhanced our understanding of fundamental biological systems are cov-
ered in this volume. A historical perspective from Dr. Robin A.J. Lester sets the 
stage for understanding how pioneering studies of these receptors have paved the 
way for studies of neurotransmitter receptors of many classes. Several chapters 
provide an understanding of the nAChR family at the molecular level. Dr. Steen 
Pedersen discusses structure-function relationships in nAChR gating, Dr. Paul 
Gardner describes the determinants of transcriptional regulation of the receptor 
family, and Dr. Michael Marks and Dr. Sharon Grady review the presynaptic func-
tion of nAChRs in neurotransmitter release from synaptosomes. Another set of 
chapters provides a framework for understanding how the electrophysiological 
properties of these receptors can alter the function of different brain circuits. Dr. 
John Dani reviews the homomeric α7 nAChR subtype and the effects of nAChR 
signaling during development are covered by Dr. Darwin Berg. Chapters on the 
distribution and function of nAChRs by Dr. Jerry Yakel, the presynaptic regulation 
of network activity by nAChRs from Dr. Lorna Role, and the slow nicotinic 
responses seen in several brain areas covered by Dr. Rory McQuiston complete the 
reviews at the electrophysiological level. 

 At the systems level, reviews of the effects of nAChRs in the autonomic ganglia 
by Dr. Peter Sargent and the spinal cord by Dr. Philippe Ascher show how nAChRs 
play essential roles in the physiology of critical neurobiological systems that carry 
out essential homeostatic functions. At the behavioral level, a review of the role of 
nAChRs in learning and memory by Dr. Tom Gould provides a larger context in 
which to understand how the modulation of neuronal excitability and brain net-
works by this receptor family can alter complex responses to the environment. 

 Numerous levels of nAChR function are critical to understanding smoking 
behavior, including the role of nAChRs in reward and withdrawal reviewed by Dr. 
Andrew Tapper and Dr. Mariella De Debiasi, respectively; the genetics of human 
nAChR variants affecting tobacco addiction discussed by Dr. Jerry Stitzel, Dr. Laura 
Bierut, and Dr. Inez Ibanez-Tallon; and the interactions with other neurotransmitter 
systems, such as the serotonin system, outlined by Dr. Giuseppe Di Giovanni. It is 
fi tting that the volume closes with a number of reviews outlining how dysfunction 
of various nAChRs can contribute to human illness, such as the neurodegeneration 
in Alzheimer’s and Parkinson’s disease covered by Dr. Kelly Dineley and the cogni-
tive dysfunction in schizophrenia summarized by Dr. Sherry Leonard, and how 
nAChRs may be therapeutic targets for treatment of human disorders from pain, 
discussed by Dr. M. Imad Damaj, and other CNS disorders, reviewed by Dr. Stephen 
Arneric and Dr. Mani Sher. 

 This is a rich volume that ties together the historical context for studies of 
nAChRs to current-day problems in systems neurobiology and human disease 
that can be approached only because of the fundamental molecular studies that 
have provided information on the structure, function, and anatomy of the nAChR 
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family. This book provides optimism about how far the nicotinic fi eld has 
advanced, and provides guideposts for where we need continued focus to move 
this knowledge forward to solve fundamental neurobiological problems that are 
critical to human health.  

    Marina      Picciotto    
marina.picciotto@yale.edu  

  http://psychiatry.yale.edu/people/marina_picciotto-1.profi le                

Foreword

http://psychiatry.yale.edu/people/marina_picciotto-1.profile
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  Pref ace   

 Not so long ago, there was nothing known about receptors, neurotransmitters, and 
synapses. This was all to change, beginning around the middle of the nineteenth 
century, with the investigations of Claude Bernard into the mechanisms underlying 
drug-induced muscle paralysis, which together with a desire to understand auto-
nomic transmission has led to fundamental insights into synaptic function (refl ected 
by Nobel Prizes awarded in Physiology and Medicine), much of it derived from the 
cholinergic-nicotinic system. About a hundred years ago, several scientists, in par-
ticular the anatomists, Santiago Ramon Y Cajal and Camillo Golgi (1906), together 
with the physiologists, Charles Sherrington and Edgar Adrian (1932), convinced 
the scientifi c community that the basic building blocks of the nervous system were 
individual neurons that communicated with each other via synapses. Soon after, 
Henry Dale and Otto Loewi (1936) provided clarity in the “soups and sparks” 
communication conundrum by identifying acetylcholine as one of the fi rst synap-
tic neurotransmitters. Next, Julius Axelrod, Ulf von Euler, and Bernard Katz 
(1970) demonstrated that neurotransmitters were stored in vesicles in the presyn-
aptic terminal, and that chemical transmission was initiated by the infl ux of cal-
cium ions. While these pioneering studies spurred the fi eld forwards, the 
postsynaptic nicotinic acetylcholine receptor remained elusive, and it was not until 
the last quarter of the twentieth century, when Erwin Neher and Bert Sakmann 
(1991) had suffi ciently refi ned existing techniques, were researchers able to 
observe the activation of single- nicotinic receptors by the neurotransmitter acetyl-
choline. By the end of the twentieth century, it had been fi rmly established that 
reliable neuromuscular synaptic transmission occurred as a result of the random 
combination of presynaptically released acetylcholine molecules with postsynap-
tic nicotinic acetylcholine receptors. We now know more about this receptor than 
any other and are starting to see how the binding of transmitter/drug initiates the 
structural twists and turns that open, close, and desensitize the channel. A compre-
hensive understanding of how nicotinic receptors function, at the molecular level, 
seems at last to be just over the horizon. 
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 I view nicotinic receptors as one of the heroes of a multi-plot adventure story. By 
demystifying the spiritual usage of the drug nicotine, we have defi ned synaptic 
transmission, from its beginnings at the neuromuscular junction to its seemingly 
more cryptic deployment in the central nervous system. In doing so we have made 
major inroads into understanding how cholinergic-nicotinic circuitry contributes to 
fundamental aspects of sensation and movement, in addition to more complex brain 
states and behaviors including motivation and reward, learning and memory, and 
our nebulous conception of consciousness. Along the way we have had to dig deeper 
into the genetic basis that controls the expression and distribution of this family of 
receptors, their regulatory importance during development, and their interactions 
with other neurotransmitter systems, in particular dopamine and serotonin. In turn 
we have gained valuable insights into mechanisms of neurologic and psychiatric 
disease, and as a consequence, potential drug intervention strategies are emerging. 
Moreover, the discrete localization of receptor subtypes throughout the nervous sys-
tem makes them particularly attractive drug targets if we want to restrict and tweak 
their activity within specifi c brain regions. 

 While nicotinic receptors are the locks under discussion in this book, nicotine 
remains one of the major keys used to access brain function. As such, addiction to 
nicotine must be a central theme, not only due to its societal impact, affecting more 
than 20% of the world’s population, but also because it ties together genes, proteins, 
synapses, circuitry, and behavior, and continues to provide much motivation to 
understand nicotinic receptors and the brain. Recently by delving into the fl ip side 
of reward, and gaining an understanding of the mechanisms of aversion and with-
drawal, we have unmasked additional regions of the brain that contribute to the 
devastation produced, not only by nicotine, but possibly by all drugs of abuse. 
Nicotine is a somewhat unique drug, a double-edged sword, neither an upper nor a 
downer, in some ways a mood stabilizer, which not only helps to explain why it is 
so addictive through self-medication, but also provides an explanation for the 
involvement of nicotinic receptors in so many psychological states, and as a conse-
quence so many psychiatric disorders. Nicotine addiction, through gene linkage 
studies that correlate smoking behavior with specifi c DNA mutations, has more 
recently reopened the debate into nature versus nurture, and thus presents us with 
opportunities for tackling this disease on multiple levels. 

 It is true that good science is inspired and moved forward by rigorous and honest 
competition, but effi cient progress requires the unselfi sh sharing of ideas and col-
laborative research. The nicotinic receptor “family” has provided me a relative late 
arrival to the fi eld, a nurturing environment, in which to develop my own ideas 
about the role of these receptors in the brain. I feel honored to have been asked to 
assemble this collection of chapters, which I hope as a compilation refl ects the 
breadth of the fi eld, not only as it stands now, but also its growth towards the future. 
It is obviously an impossible task to invite everyone to contribute to this volume, 
although one thing is clear: none of these chapters would have been possible without 
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substantial research from all who work on nicotinic receptors. My personal bias will 
be apparent in the selection of topics, which I have organized around a synaptic 
theme, but which I hope successfully brings together genes, molecules, and cir-
cuitry in order to explain behavior and disease. 

 I have tried to include all parts of the nicotinic receptor story in the book.  

  Birmingham, AL, USA     Robin     A.    J.     Lester      

Preface
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Chapter 1
On the Discovery of the Nicotinic 
Acetylcholine Receptor Channel

Richard Martindale and Robin A.J. Lester

Abstract The discovery and characterization of the nicotinic acetylcholine  receptor 

(nAChR) is in essence the story of receptor pharmacology in general; arguably one 

of the greatest journeys in neuroscience, spanning more than 150 years. From its 

beginnings as the site of action of the poison, curare, and the psychotropic drug, 

nicotine, to its high-resolution structure, it has touched every subfield of biology. It 

has shaped how transmitter–receptor interactions are analyzed quantitatively, along 

the way introducing the scientific community to many novel receptor concepts and 

kinetic mechanisms, in addition to methods, techniques, and/or their refinement, 

particularly for understanding single channel behavior. Important to note, is that our 

knowledge of fast synaptic transmission would not be the same without analysis of 

nAChRs at the neuromuscular junction. Although determination of nAChR function 

has benefited from parallel discoveries on other proteins, it can be reasonably argued 

that all ligand-gated ion channels have their roots somewhere in this receptor. We 

highlight some of the chronological steps in the discovery and characterization of 

the receptor, together with some of the key players.

Keywords

1  Before the Receptor: A Tale of Two Alkaloids

The discovery of the nicotinic acetylcholine receptor (nAChR) is pure  pharmacology; 

human body and mind. At the outset, it was, and continues to be, the story of two 

poisons from the Americas, an agonist, nicotine, and its antagonist curare, and how 

their mystery became unraveled.
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Nicotine

spiritual, social, medicinal, and recreational purposes, clearly indicated an interac-

-

bartered for the valuable crop and introduced it to more civilized territories for profit 

where it would be cultivated on nonnative soil [1]. While it was widely heralded as 

a praiseworthy plant, salubrious and medicinal in nature, there were others who 

tobacco use along with its addictive potential [ ]:

…many in this kingdom have had such a continual use of taking this unsavory smoke, as 

now they are not able to forbear the same no more than an old drunkard can abide to be long 

sober without falling into an incurable weakness and evil constitution… a custom loath-

some to the eye, hateful to the nose, harmful to the brain, dangerous to the lungs, and in the 

black stinking fume thereof nearest resembling the horrible stygian smoke of the pit that is 

bottomless.

 

[ , 4], in addition to the curiosity that would surround any botanical novelty from 

many centuries of attempts using ever advancing chemical technologies resulted 

only in partial isolation of nicotine, the credit of discovery would instead come to 

5].

Curare
apparent, another poisonous alkaloid had become the subject of intense scientific 

scrutiny. Curare, a poison derived from the plant chondrodendron tomentosum, was 

commonly used by native Indians for hunting, by applying the plant poison to the 

tips of their arrows to paralyze and kill wild game [ 7] describes how 

see below) centuries later, it is clear that the Indians knew something about the 

2  Determination of the Site of Action of Curare (1840–1900)

Although the nicotinic acetylcholine receptor (nAChR) eventually became named 

nicotine-like compounds [8]), as often is the case in pharmacology, it was the physi-

ological investigation of the antagonist, curare, that allowed scientists to hone in on 

(Fig. 1.1), possibly because of his high profile and other significant contributions to 

science, was given much credit for this discovery, but others were involved.
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a curare-tipped arrow by inserting it into the subcutaneous tissue of a rabbit’s thigh, 

observing that, although the rabbit was paralyzed within minutes and eventually 

], who showed that, in addition, as long as respiration is main-

tained, muscle paralysis does not lead to death. In his attempts to pinpoint where on 

were unaffected (see below), but perhaps the observation that most seemed to hold 

him to the view that curare poisoned the motor nerve rather than the muscle it 

(see [10]).

order to restrict the spread of curare. When stimuli were applied to the anterior 

curarized area, no movement occurred as the muscles were paralyzed; however, 

in response to sensory stimuli applied in the (poisoned) anterior half, clearly indi-

cating that sensory function remained intact despite the presence of curare.

in the curare bath, and the nerve was electrically stimulated while lying outside of 

the curare bath, the muscle did not contract; however, when the muscle was situated 

outside of the bath and the nerve within the curare bath was electrically stimulated, 

Fig. 1.1
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deduced that curare acted upon the nerve at the point in which it terminated in the 

muscle [10, 11].

-

eration of the opinions of other physiologists, publicly articulated, but not without 

vacillation, the idea that curare was acting at some junctional zone between the 

upon which curare acted, but spoke in terms of disrupted communication between 

nerve and muscle [11].

3  The Receptor Entity (1905)

[ ], but for the concept of chemical transmission to gel, an additional structure was 

the effector tissue. To attain this goal, evidence drawn from many preparations 

including, autonomic ganglia (especially the postganglionic sympathetic system), 

in addition to the nerve-striated muscle system, was required.

world to the word receptor, using the term “receptive substance” for drug action 

[ ], and his influence has been documented in detail elsewhere [10, 14]. Initially 

-

15], showed that this could not 

be the case. Thus, they observed that, while application of nicotine blocked the 

effects of sympathetic stimulation “below” (i.e., after preganglionic stimulation) the 

fibers) was without effect, and correctly concluded that the paralysis occurred at the 

-

glionic fibers were severed and allowed to fully degenerate, eliminating all possibil-

ity that the alkaloid was interfering with electrical activity in the presynaptic nerves. 

Moreover, rather than being a pure paralytic (an effect that is now attributable to 

also described [ ]:

The application of warm 1 p.c. nicotine to a sympathetic ganglion in the cat produces 

effects like those produced by brief stimulation of its pre-ganglionic fibres.

17], and with 

regards to the sympathetic nerves, may have introduced the neurotransmitter con-

R. Martindale and R.A.J. Lester



5

It would be many decades later before the local application of acetylcholine 

(ACh) could be shown to precisely mimic the effects of a single quantum of trans-

mitter released from the presynaptic motor neuron (see [18 -

sions that ACh was the transmitter at the NMJ [ ], early ideas on chemical 

(see [10]). These studies, along with scholarly discussions between the two col-

-

]:

of the muscle, but is developed from the muscle in consequence of its union with a sympa-

thetic fibre. This substance is formed at the junction of the nerve and muscle, and establishes 

Fischer’s “lock and key” hypothesis in the late 1800s, as he imaged the interaction 

chain theory of cells, endowing them immunological specificity when binding to 

circulating products (see [

[ -

term “chemoreceptors” (see [10, ]).

important and necessary observations regarding drug antagonism. Interestingly, in 

his earlier work, he had proposed the idea of interaction between certain muscarinic 

compounds, although a location on the nerve or tissue was not specified at that time 

[ -

pounds. When added in combination with one another, it became evident that the 

muscular contraction induced by nicotine was antagonized by the administration of 

shared mechanism of action for the two poisonous alkaloids, as he wrote [ ]:

two poisons… the mutual antagonism can only mean that the two poisons act on the same 

protoplasmic substance or substances.

-

concluded [ ]:

since both nicotine and curare prevent nervous impulses from affecting the contractile sub-

stance, but do not prevent the muscle from contracting on direct stimulation, I conclude that 

the poisons do not act directly on the contractile substance, but on other substances in the 

muscle which may be called receptive substances.
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[ ], can be considered especially influential, and contained several important 

-

10]), he generalized his observations to all 

synapses [ ]:

substance [effector organ], which is concerned with the chief function of the cell as contrac-

tion and secretion, and receptive substances [receptors] which are acted upon by chemical 

bodies and in certain cases by nervous stimuli. The receptive substance affects or is capable 

of affecting the metabolism of the chief substance.

4  Quantitative Analysis of Receptor Function (1900–1950)

Agonism: With little idea of the physical nature of the “receptive substance,” 

comprehensive account of the interactions (rates and equilibrium concentrations) 

between drugs and the nAChR (for a thorough historical review see Colquhoun 

[

] carefully measured the onset and offset 

time courses of the muscle response to varying concentrations of nicotine, showing 

-

nated diffusion of nicotine, based on the weak temperature dependence of the rates 

(but see [ ] for a discussion), and settled on the chemical interaction between nico-

tine, N, and some component of the muscle, A, represented by the reversible bimo-

lecular reaction:

 A N NA+  

That being the case he demonstrated that, the ‘height of the [muscle] contrac-

tion’, y, was directly proportional, at any given time, to the amount of NA, itself 

-

ation, will depend on [N -

tion (amended for simplicity):

 
y

N

k kN
=

+¢  

where, k and k′ are the velocity (rate) constants governing muscle contraction and 

that to this day continues to plague determination of both rate and affinity constants 

R. Martindale and R.A.J. Lester



7

for agonists (see below and Colquhoun, [ , –

first equation to fit dose–response curves [ ].

Further consideration of disparate findings regarding the size and number of 0  

sites on haemoglobin “aggregates” led to the general equation (again amended) for 

the combination of multiple molecules to a “receptor” [

] for discussion):

 
y

Kx

Kx

n

n
=

+1  

n, often  written as n  was at that time interpreted 

just a constant (as was the “affinity constant,” K, for that matter), although 

it has received considerable attention since with respect to the number of molecules 

needed for receptor activation (see below). Alfred Clark [ ] has been credited with 

-

therm; see [ K value of 40 μM for ACh, very close to that derived 

concluded that, because n varied around one, it was probably unity (but see below). 

Clark did, however, show the use of the concentration–response method for compar-

ing agonist potency across different tissues, and thus, albeit indirectly, implicating 

different types of receptor [ ]. Antagonists were later used to provide the first defin-

itive separation of ganglionic (neuronal) and muscle nAChRs (see [ ]).

Antagonism ], formal 

descriptions of competitive drug interactions were not complete until many years 

later. As Colquhoun [ ] discusses, unlike agonists (see the binding-gating problem 

below), it is relatively straightforward to estimate the dissociation constant (Kd; 

binding affinity) of pure competitive antagonists from the equipotent responses of 

]), although it was not 

until later that the method was used to estimate the affinity of tubocurarine at the 

neuromuscular junction [ ].

5  More Complete Receptor Mechanisms (1950–)

Affinity and efficacy
a great deal to the work performed on the muscle type nicotinic acetylcholine recep-

tor, and, in particular, to the development of specific and testable receptor mecha-

nisms [ ]. As discussed above, analysis of agonists is complicated primarily because 

] states concisely 

the nature of the problem in his paper “A modification of receptor theory”:

Clark, however, went a step further than this and, by taking y as the response, used equation 

of drug. Thus there was in Clark's treatment the implicit assumption that the percentage of 

receptors occupied is equal to the percentage response of the tissue.
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] then hypothesizes that the activity [potency] of agonists:

“is the product of their affinity and their efficacy”, with efficacy defined as a “drugs varying 

capacity to initiate a response.”

After consideration of the actions of partial agonists/antagonists, in particular 

] restate this argument in terms of 

a mechanism that defines separate “binding” and “gating” steps (i.e., in the case of 

partial ligands, whereas, at high enough drug concentrations, all the receptors are 

bound, SR, only some make it to the active state, SR*):

 S R SR SR+
binding gating

*  

Although still not always appreciated, the affinity of an agonist, measured from 

either physiological or radiolabeled ligand studies, is a combination of both of these 

steps, and does not reflect the affinity as it would for an antagonist (which has zero 

efficacy). This “binding-gating” problem was solved with the introduction of single 

channel recording, when the two steps in the mechanism could be fully resolved 

(see [ , 

states of the nAChR.

Desensitization -

tion between ACh and the nAChR required consideration of the long-lasting slowly 

]. Receptor desen-

sitization is the reason that nicotine was seen to produce neuromuscular and gangli-

onic block described earlier (e.g., [15]. Again wanting to propose a specific “kinetic” 

but in order to satisfy such schemes [ , 

refractory to agonist (desensitized):

 S A SA SB+
fast slow

*  

…the onset of desensitization must always be faster than the recovery.

desensitized conformation (SB). They go on to note that:

desensitization was found to develop at a rate about equal to, or lower than, that of the 

subsequent recovery.

] to conclude that there must be another path 

out of the desensitized state, and led to a model in which the desensitized conforma-

equilibrium with the resting state (see [ ]). Thus, the first ‘cyclical’ model for the 

nAChR emerged:
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Activation requires multiple molecules of agonist: In their desensitization paper, 

] also comment on the nonlinear (or sigmoidal) start to the 

dose–response relationship for ACh at the neuromuscular junction. After eliminat-

that the:

become attached to the receptor molecule.

It was subsequently demonstrated that agonist (log-log) concentration–response 

molecules of agonist were required for channel activation [ – ]. These data are in 

agreement with biochemical observations on the number of agonist binding sites 

(see below).

Allosteric models ] 

discusses the value of n
influenced by not only the number of binding sites/agonist molecules but also their 

potential binding interdependency along with agonist efficacy. Thus, there would 

appear to be cooperativity in the binding and activation of receptors. This brings us 

back to hemoglobin and to the allosteric model of conformational changes in pro-

teins. Colquhoun [ ] sums up the pioneering contribution of Wyman:

supposed that the two different conformations of hemoglobin (already known then) had 

-

The pseudosymmetrical multi-subunit/agonist nAChR was recognized as a pos-

sible candidate for the allosteric mode of operation [ ]. With little knowledge of 

] first applied the allosteric model to 

Jackson [40] showed that receptors could open spontaneously, although rarely, in 

the absence of agonist (i.e., like hemoglobin, both the open and closed states pre-

stabilize (more of) the higher affinity open conformation (for a comprehensive 

treatment of this idea see [41]).

6  Single nAChR Transitions and Synaptic  
Transmission (1970–)

define individual nAChR properties but also answered fundamental questions about 

the nature of synaptic transmission. The [rapid nature of the] time course of the end- 
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many years before, and was known to be influenced by the passive properties of the 

membrane [ ]. Importantly, because curare and prostigmine (esterase inhibitor) 

altered the amplitude of, in this case, the unitary miniature end-plate potential 

combination of 1000s molecules of ACh with numerous nAChRs on the muscle 

([ ]; see also [18 -

matic hydrolysis and diffusion [44], combined with nAChRs to produce a fast- 

was to remove the contamination due to the membrane resistance and capacitance, 

by isolating the conductance change solely due to synaptically activated nAChRs. 

near to the quantal event, the recorded synaptic “current” was observed to be much 

45] 

applied the newly developed voltage-clamp technique to obtain the first intracellular 

to ACh, and then relate these properties to the synaptic currents [ ].

As Colquhoun [

] used the technique of noise-analysis to estimate 

the properties of single nAChR channels. The single channel ‘lifetime’ was on the 

were verified when the first single channel measurements were made using the new 

patch-clamp technique [47

the Atlantic, the relationship between the behavior of the resolved single channel 

events and the synaptic response became much clearer. It was reported that the 

decay of the end-plate currents and single nAChR channel “lifetimes” (from noise 

analysis) had the same voltage- and time-dependency, thereby linking the two 

mechanistically [48 ] where able also to sepa-

rate the action of ACh at nAChRs from its effects on esterase:

‘gating action’, [single channel using noise-analysis] while it greatly prolongs the quantal 

[synaptic response] conductance change.

They concluded that:

After inhibition of ACh hydrolysis, the removal of the transmitter from the synapse is gen-

erally too slow to be accounted for by free diffusion. It is suggested that diffusion is delayed 

by binding to post-synaptic receptors. This is consistent with the finding that receptor 

blockage by curare or α
action.

Thus, because of the dimensions of the synaptic cleft, esterase activity was 

required to prevent the rebinding of ACh to nAChRs, which otherwise would have 

led to prolongation of the synaptic event. After the refinement of single channel 

recording [50

terms of the probabilistic nature of the unbinding, opening and closing transitions of 
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single nAChRs (for review see [ ]). The conclusion that, under normal conditions, 

the end plate channels opened once only, (because channel opening was initially 

thought to be slow [51]), and after closing, the transmitter dissociated, was not 

] con-

clude with a sentence that adequately sums up the optimization of neuromuscular 

transmission:

-

ecules will bind rapidly because the transmitter concentration is high in the synaptic cleft, 

most channels will open very soon after binding (large opening rate constant, β) and ACh 

will dissociate rapidly after a few openings have occurred in quick succession.

7  The Receptor Protein (1970–)

More than half a century passed before the “receptive substance” [ ] was realized 

skeptical of the whole idea of receptors as a target for competitive drug interactions 

(see [ 54] remarks:

underlying receptor–drug interactions as the ‘shot effect’ due to the transient open-

ing of ‘ionic gates’ [50, 55

possible to identify the esterase and the nAChR as separate entities. In particular, 

54] remembers:

α
interact with acetylcholinesterase but almost irreversibly blocked the neuromuscular junc-

tion of higher vertebrates at the postsynaptic level.

This allowed for the unequivocal tagging of receptors and showed that the bind-

ing site competition between α α
]. The receptor was puri-

fied from Torpedo and separated into 4 subunits, with the α subunit, identified as 

containing, at least part of, the ligand binding site [57]. The amino acid sequences 

of the subunits are homologous, with the α subunit occurring twice in the α βγδ 

pentameric structure [58].
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8  Receptor Cloning and Structure (1980–)

The cloning of the first subunit [

nAChRs and solidified the importance of both muscle and neuronal receptors. The 

subtypes of these receptors are discussed elsewhere in this volume. With knowl-

edge of the gene and amino acid sequences structural analysis was begun in earnest. 

subunit contributes four transmembrane domains with the N and C terminals both 

assigning functions, e.g., the pore, the gate, and the binding sites, to specific parts 

of the receptor, with the ultimate challenge being able to see the whole process of 

channel activation from a structural point of view (see ). Using a chimeric 

approach involving substitution of parts of the δ subunit and noting the effects on 

single channel conductance, Imoto et al. [ ] argued that the second transmem-

-

tolabeling nAChRs with the channel blocker, chlorpromazine, producing a pattern 

consistent with an α ]. Rings of negatively charged amino 

acids likely contribute to the selectivity and permeability of the channel [ , , 

-

found effects on the channel conductance, and is implicated in the selectivity filter 

[ ]. The nature of the gate, controlling the closed to open transition, has remained 

α
putative gate for the channel [ ]. Consistent with this notion, mutation of these 

amino acids to the less bulky serine residues appears to destabilize the closed state 

of the channel, such that the nAChR is much more readily opened by agonist [ , 

]. Conversely, using a cysteine mutation approach to probe the closed and open 

states of the pore, Akabas et al. [ ] suggest a location for the gate that is more 

functional domains, crystallization of the ACh binding protein [70], has allowed 

conformational changes at the ligand binding site to be resolved [71]. The chemical 

nature of the side chain interaction between ACh and its binding site has also been 

identified [

has become possible to provide speculative answers to questions such as [ ]:

More recent crystal structures of prokaryotic pentameric receptor channels have 

allowed further insight into channel gating [74]:

insight into the opening mechanism can be provided by analysing their rearrangements,
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[74]. Currently, the picture of nAChR channel (or the cys-loop pentameric family) 

75, ]):

subunits and the movements observed during and after ligand binding, gating and desensi-

tization are still unknown. Nevertheless, a general hypothesis has emerged that indicates 

agonist binding induces closure of the C-loop [in the binding site], which is conveyed to the 

-

duction pathway involves many regions of the channel.

Moreover, antagonists, such as α
[77], preventing gating of the channel.

Ultimately, one hopes that it will be possible to comprehensively map the func-

tional transitions onto the nAChR structure, and fully realize the molecular nature 

of the binding-gating steps (see [78]). As the single channel analysis of nAChR 

] indicate the structural changes 

should be consistent with the allosteric model:

…the conformational change proceeds in a wave-like manner with the low-to-high affinity 

change at the transmitter binding sites proceeding the complete opening of the pore.

been recognized in the process of nAChR desensitization [80]. The reader is referred to 

Chap.  for further discussions of the structural-functional operation of the receptor.

9  Summary

In the span of 150 years, the nicotinic acetylcholine receptor has gone from being 

the nebulous site of action of the poison curare to arguably the most thoroughly 

now almost completely visualize it at the atomic level, and have identified many 

other family members, we are only beginning to unravel its physiological role in the 

brain, its contribution to disease, and its usefulness as a therapeutic target.
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    Chapter 2   
 Molecular Structure, Gating, and Regulation 

             Steen     E.     Pedersen     

    Abstract     Gating of ion channels is the opening response of the channel to a 
 stimulus and its subsequent desensitization or inactivation. For nicotinic acetylcho-
line receptors, the stimulus is the binding of the neurotransmitter acetylcholine to 
an extracellular domain followed by a sequence of conformational changes result-
ing in rapid channel opening. In most channels a persistent stimulus invokes a sec-
ond gating event driving the channel into an inactive, desensitized state that may or 
may not contribute to the net response. A full understanding of gating requires a 
correlation of structural changes with the kinetics of channel opening and desensi-
tization; an understanding of how these changes result in rapid, large changes in ion 
fl ux through the channel; and how they are terminated. In this article the current 
structural changes and the current understanding of nicotinic receptor channel 
kinetics are reviewed and correlated. The analysis necessarily draws on inferences 
from the larger family of ligand-gated ion channels and related proteins. The focus 
will be predominantly on the opening event but will also include consideration of 
desensitization.  

  Keywords     Nicotinic acetylcholine receptor   •   Gating   •   Ligand binding   • 
  Conformational regulation   •   Linear free energy analysis   •   Allosteric ligand  
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   AChBP    Acetylcholine Binding Protein   
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  LFER    Linear free energy relationship   
  LGIC    Pentameric ligand-gated ion channel   
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  MWC    Monod-Wyman-Changeux cooperativity model   
  nAChR    Nicotinic acetylcholine receptor   
  TID    3-(trifl uoromethyl)-3-(m-iodophenyl)diazirine   
  TM    Transmembrane domain   

1           Introduction 

    The family of pentameric ligand-gated ion channels constitutes a class of fast 
 synaptic neurotransmitter receptors (Fig.  2.1 ). This family includes the nicotinic 
receptors, the GABA A  receptors, the glycine receptors, and the 5-hydroxy-
tryptamine receptors. The focus in this review will be on understanding gating of 
nicotinic acetylcholine receptors (nAChR), which are themselves divided into two 
classes: muscle-type and neuronal nAChR. The muscle-type receptors comprise 4 
distinct subunits arranged pentamerically (α 2 βγδ for the embryonic form; α 2 βεδ for 
the adult form). The neuronal forms comprise various mixtures subunit subtypes 
designated α2 through α10 and β2 to β4. The distribution and putative function of 
these receptors has been reviewed extensively [ 1 ] and will be addressed in detail 
elsewhere in this volume. Notably, subunits can mix as heteropentamers, e.g., α4 2 β2 3 , 
or for some subunits, homo-pentamers, notably α7 5 . However, structural and mecha-
nistic information is derived from across the family; the receptors are all structurally 
similar, and, in broad strokes, likely undergo quite similar mechanisms of gating.

αα

β
δ

γ

α

Agonist sites

TM
Domain

Ligand
Binding
Domain

Cytoplasmic
Domain

  Fig. 2.1    Structure of the Torpedo nAChR. The  left  fi gure shows the  Torpedo  nAChR in cross- 
section. The  right  fi gure shows the receptor from the extracellular side [ 20 ]. The  arrows  indicate 
the location of the ligand-binding sites at the α–γ and α−δ subunit interfaces       
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   The pentameric ligand-gated ion channels, as with most channels, have at least 
two gating actions: opening and desensitization. Both gating steps are ultimately 
initiated by the binding of neurotransmitter or ligand to binding sites. The binding 
fi rst triggers rapid opening followed by desensitization; desensitization is entry into 
a nonconducting state that exists in the persistent presence of neurotransmitter. In 
practice, to analyze binding and single channel data, these are often described as 
chemical reaction steps in kinetic and thermodynamic schemes (see Fig.  2.2  for a 
simple example). Under ideal conditions, the opening step, or activation, can be 
isolated to a single elementary reaction, amenable to detailed kinetic and thermody-
namic analysis. In contrast, desensitization, which is the equivalent of inactivation 
in voltage gated channels, appears to be a complex, multistep process, less amena-
ble to a simple description; less is understood about this process.

   High-resolution structural information on ligand-gated ion channels and some 
of their bacterial congeners has been forthcoming at an increasing rate and has shed 
a great deal of light on the possible mechanisms for opening and desensitization. 
These data are reviewed in the fi rst section; for a more detailed review of structure-
based analysis of the conformational changes, also see the excellent exposition by 
daCosta and Baenziger [ 2 ]. Nonetheless, a clear and comprehensive picture of gat-
ing at the level of the channel is still lacking. The second section considers the 
functional and indirect structural data that informs gating in the context of the high-
resolution structural data.  

2     Atomic-Resolution Structural Analysis of Gating 

2.1     The Structural Basis of Gating at the Ligand-Binding Sites 

 As seen in Fig.  2.1 , the family of pentameric ligand-gated ion channels constitutes 
pseudo-symmetric proteins with homologous or identical subunits surrounding a 
central pore that provides the ion conducting pathway. The ligand-binding event 
that triggers gating occurs in the extracellular (ligand-binding) domain. Structural 
studies on the homologous Acetylcholine Binding Protein (AChBP; [ 3 – 5 ]) and 
more recently on an α7 chimera [ 6 ] have provided a clear description of the struc-
tural changes that accompany binding within the ligand-binding domain. 

 As shown in Fig.  2.3  binding of agonists induces a pronounced change in the 
loop C region, an area of the protein that had already been identifi ed as critical for 
ligand binding and characteristic of the α-subunits in the nicotinic receptor family. 
The idea that gating is triggered by a general inward movement of loop C was 

R A2R A2O A2D

  Fig. 2.2    A minimal model of nAChR activation.  R  represents the resting, or closed, conformation 
of the nAChR.  O  refers to the open, active conformation, and  D  the desensitized state.  A  refers to 
agonist or acetylcholine binding, occurring in two independent steps       
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 confi rmed when antagonist binding was observed to interfere with loop closure [ 5 ]. 
This is consistent with the generally larger size of antagonists (e.g. conotoxin and 
 d -tubocurarine) whereby a simple model of steric hindrance of loop closure  prevents 
the normal loop C closure [ 5 ].

   The details of further structural changes remain somewhat ambiguous. There are 
only modest changes in the overall β-sheet structure twist of the AChBPs between 
the two conformations (Fig.  2.3 ). The advantage of these high-resolution structures 

Apo Agonist
epibatidine

Loop C

a

b

c

  Fig. 2.3    Acetylcholine Binding Protein structures defi ne agonist binding motions. Panel  a ,  left , 
top views (extracellular side) of AChBP shown in its unliganded, apo form (pdb 2BYN) and bound 
to the agonist epibatidine (pdb 2BYP; [ 5 ]. Panel  a ,  right , side view of the AChBP with epibatidine 
bound. Panel  b ,  left , Superposition of individual subunit structures in the bound and unbound 
states:  red —unbound;  blue , bound. Panel  b ,  right , detail of bound epibatidine surrounded by the 
aromatic residues known to stabilize cation binding. Panel  c , Gating-changes in the nAChR 
Ligand-Binding Domain of the  Torpedo  nAChR by comparison of closed and open structures.  Left  
side shows the open conformation in gray and the closed conformation colored for the α- and 
γ-subunits only. Panel  c ,  right , shows details of the structural changes ascribed to opening       
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as models for gating changes is mitigated by the absence of the conformational 
restrictions imposed by the presence of the transmembrane, channel domain and 
therefore, the relevant changes that communicate binding to the transmembrane 
domain may not be observed in AChBPs. 

 Data from full channels include recent electron microscopic structural investiga-
tions on the  Torpedo  nAChR. Changes in the extra-cellular domain seen by com-
parison of the electron-microscopic structures from Unwin’s lab in the closed and 
open states also show only subtle changes (See Fig.  2.3c ). The loops C are extended, 
similar to the unbound structure of the AChBP and the loop C changes upon open-
ing are small relative to those seen in the AChBPs, but may give some indication of 
the general direction of those changes [ 7 ]. X-ray crystal data from the bacterial 
homologues ELIC [ 8 ] and GLIC [ 9 ], as well as several structures of the nematode 
Glu-Cl channel, which is also in the LGIC family [ 10 ] all show the loops C in a 
conformation similar to the agonist-bound AChBP structures. The structural data on 
loops C in the Glu-Cl channel is likely constrained by interaction with the cocrystal-
lized FAB fragments [ 10 ]; whether gating in the bacterial channels involves changes 
in the extracellular domain is not known.  

2.2     Binding Site Inequality 

 The two binding sites are nonequivalent. This is apparent from the structural orga-
nization of the heteropentamer in the muscle-type nAChRs (Fig.  2.1 ) in that ele-
ments from both the α-subunits contribute to binding, as well as elements of the 
adjoining subunits, the γ- and δ-subunits for the embryonic form of the muscle 
receptor. The site differences were fi rst determined through  d -tubocurarine binding 
and subsequent photoaffi nity labeling studies with this compound identifi ed the α-γ 
site and having higher affi nity for  d -tubocurarine and, through subsequent studies, 
lower affi nity for agonist (acetylcholine and Dansyl-C6-Choline) in the resting state 
[ 11 – 13 ]. A number of chimeric and photoaffi nity labeling studies identifi ed  residues 
responsible for the distinct agonist affi nities in the γ-, δ-, and ε-subunits [ 14 ,  15 ], as 
well as for the antagonists d-tubocurarine, α-conotoxin, and α-bungarotoxin 
[ 16 – 19 ]. The affi nity differences between the sites contribute substantially to shap-
ing the dose-response curves in the embryonic α 2 βγδ nAChRs; whereas in the adult 
α 2 βεδ form, the affi nities are more or less equal. The studies identifying the sources 
of site-selectivity have been critical in identifying the key elements of the binding 
sites before atomic resolution structures became available. For obvious reasons, 
these differences do not apply to the homo-pentameric nAChRs, such as the α7 
nAChR. The consequences of site-selectivity will be discussed further under the 
functional aspects of gating. 

 A key question, not fully answered by the model studies on AChBP, is how the 
observed structural changes communicate the information to the transmembrane 
domain to affect opening of the pore. This question has been the topic of intense 
investigation through site-directed mutagenesis (see below).  
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2.3     The Structural Basis of Gating at the Channel 

 Substantial data have emerged showing a variety of LGICs with distinct structures 
in the channel region. High-resolution data from prokaryotic channels has shown 
clear, distinct structures from the two channels, ELIC [ 8 ] and GLIC [ 9 ]. These have 
been interpreted as refl ecting closed and open states, respectively and the changes 
in the transmembrane region appear consistent with this interpretation (see Fig.  2.4 ). 
The nematode Glu-Cl channel also appears to be in an open conformation. However, 
two conformations, resting and open, determined on the same channel, the  Torpedo  
nAChR, show only subtle differences and it is unclear whether those modest struc-
tural changes are suffi cient to account for gating. But they may indicate the general 
shape and direction of the gating motion [ 7 ].

  Fig. 2.4    Structures of the TM domain in open and closed conformations. Panel  a , the left hand 
side shows the pentameric structure of the TM domain from the extracellular side. The right hand 
side shows the membrane cross section showing only two of the subunits, for clarity. Shown are: 
the ELIC channel (nominally closed, pdb 2VL0); the GLIC channel (pdb 3EHZ); the Glu-Cl chan-
nel, picrotoxin bound (nominally open, pdb 3RI5);  Torpedo  nAChR closed (pdb 4AQ5);  Torpedo  
nAChR open (pdb 4AQ9). Panel  b , side and top views of a single TM domain ELIC ( red ) and 
GLIC ( blue ) channels aligned. M1 was omitted in the side view for clarity       
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   An initial EM structure of the  Torpedo  nAChR [ 20 ] showed a relatively acces-
sible transmembrane (TM) domain that narrowed to a 6 Å diameter pore that was 
nonetheless apparently a closed structure (Fig.  2.1 ). The TM domain consists of 
four transmembrane α-helices from each subunit, named as M1 through M4. The 
M2-helices constitute the pore lining, and the M4-helix is the most exposed to the 
lipid milieu. This assessment was based on the apparent outward Loop C binding 
site confi guration, indicating a conformation unbound by ligand and the general 
hydrophobicity of the pore (see Fig.  2.4 ). However the high-resolution structure 
of the prokaryotic channel ELIC revealed a few years later, showed a dramati-
cally distinct TM-domain structure with much more closely apposed, straight and 
nearly parallel M2 α-helices [ 8 ]. This appeared more consistent with a generally 
closed structure where the close apposition of hydrophobic residues near the 
extracellular end of the channel clearly precludes ion permeation. Shortly there-
after, an acid- activated prokaryotic channel (GLIC) was crystallized, in low pH 
and the resultant structure indicated an apparent open-channel conformation [ 9 , 
 21 ,  22 ]. The pore- lining M2 α-helices are splayed apart at the extracellular end 
and have suffi cient space for ion permeation near the cytoplasmic end. The M2–
M3 helices of ELIC and GLIC overlay nicely after an inward rotation of the 
helices from the splayed GLIC helices to those of ELIC. This suggests a simple 
outward and twist motion of the TM-helix bundle helices as a trigger for opening 
(see Fig.  2.4b ). 

 This putative, open state was fairly consistent with the structures of the nematode 
Glu-Cl channel, that was crystallized in the presence of the endogenous agonist, 
glutamate, as well as in the presence of an open-channel blocker, picrotoxin, and in 
the presence of an allosteric activator [ 10 ]. These structures together argue for the 
Glu-Cl TM-domain being captured in an open state. Recent, higher-resolution 
structures of the GLIC channel reveal the presence of a hydrated sodium ion in what 
appears to be part of the selectivity fi lter of the channel. Further computer simula-
tions on the ion pathway argue strongly for an open-channel confi guration [ 23 ]. To 
further test whether the GLIC conformation refl ected an open state, rather than an 
alternative closed state, cysteine crosslinks were engineered into GLIC. The cross-
linked form demonstrated the capacity of GLIC to adopt a closed-like conforma-
tion, similar in structure to that of ELIC, as determined by crystallography [ 24 ], and 
shown to be nonconducting. 

 The apparent contradiction between these structures and the quite subtle changes 
found for the  Torpedo  nAChR are not readily reconciled. The  Torpedo  structure 
shows quite modest changes upon agonist exposure, both at the agonist sites and the 
level of the TM domain [ 7 ]. The TM domain in the putative closed state is closer to 
the open confi guration as defi ned by the GLIC and Glu-Cl structures. However, the 
ligand-binding domain appears to be in an unliganded conformation. Given the 
close coupling between binding and opening and desensitization, it is unclear 
whether the gating movement in the  Torpedo  nAChR is fundamentally subtler or 
whether the inability to determine the absolute conformation in crystal structures 
simply confounds interpretation.  
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2.4     Structural Basis of Coupling Ligand Binding 
to Channel Gating 

 The ligand-binding and transmembrane domains are distinct structures, the former 
being predominantly β-sheet and the latter largely α-helical. The interface is where 
communication between the ligand-binding event and the channel must take place. 
The primary features of the interface thought to mediate this are loops intertwining 
from the ligand-binding domain and the TM domain. The Cys-loop (β6–β7 loop), 
which contains the disulfi de bond conserved among the eukaryotic LGIC subunits, 
and the β1–β2 loop (See Fig.  2.5 ) surround the M2–M3 linker on the TM domain 
(the loop linking the M2 and M3 TM α-helices). Mutational analysis early on iden-
tifi ed the M2–M3 linker as a critical aspect of communication between the extracel-
lular domain and the TM domain [ 25 ,  26 ]. In addition, there is a direct connection 
between the β9–β10 sheet (which includes the Loop C structure that binds agonist), 
and the fi rst transmembrane domain, that seems likely to exist for communication 
between ligand-binding and the TM-domain. The motions triggered by ligand bind-
ing likely communicate these changes to the TM domain through movements in 
these linkers. There is substantial mutational evidence (see below) for communica-
tion between these loops, but the conclusions from the structures is less enlighten-
ing about motions that could effect the large changes seen among the putative closed 
and open channel structures.

   Comparison of putative open (GLIC and Glu-Cl) or closed (ELIC) structures do 
not show obvious changes in this region that lead to a clear hypothesis of communica-
tion. The M2–M3 linker is longer for these channels than in the  Torpedo  nAChR. The 
recent comparative structures of the  Torpedo  nAChR channel show very small 
changes in the motion of the linkers, as well as only small motions in the rest of the 
protein, upon agonist binding. The smaller linker in the nAChR primarily engages the 
Cys-loop (β6–β7 loop) and the β1–β2 loop, which surround the highly conserved 
proline residue whereas in the prokaryotic channels and in Glu-Cl the M2–M3 linker 
has one helix coil unwound and interacts with the adjacent subunit as well (Fig.  2.5 ). 

 In summary, it seems apparent and logical that tension generated by ligand bind-
ing likely affects the β9–β10 loop, which connects directly to the TM domain at M1, 

  Fig. 2.5    Structures of the Domain interface and the coupling region. The M2–M3 linker is shown 
with the conserved proline in van der Waals dimensions. The β10 sheet is shown in yellow, the 
Cys-loop in tan, and the β1–β2 loop in orange. The pdb accession codes for the structures are 
nAChR closed (nAChR- C ), 4AQ5; nAChR open (nAChR- O ), 4AQ9; Glu-Cl, 3RI5; GLIC, 3EHZ; 
ELIC, 2VL0       
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and likely involves motions of the Cys-loop (β6–β7 loop) and the β1–β2 loop acting 
on the M2–M3 linker. While it is clear from the structural analysis and from muta-
tional analysis that these regions are critical for communication between the extra-
cellular domain and the transmembrane domain, nonetheless, a clear description of 
how ligand binding alters the conformation in this region and communicates the 
movement to the channel, is still lacking. This is partly because the prokaryotic 
channels do not evince the same extracellular ligand binding as the eukaryotic 
 channels, possibly due to crystal constraints, and to the modest structural changes 
seen in the careful comparisons of the closed and activated  Torpedo  nAChR [ 7 ].  

2.5     Desensitization 

 An added layer of complexity in our understanding of the structural basis of gating 
is introduced when we consider desensitization for LGICs [ 27 ]. The  Torpedo  
nAChR is well-known to desensitize readily under the infl uence of a number of 
local anesthetics, detergents, and other agents, as well as in the prolonged presence 
of conventional agonists such as acetylcholine [ 28 – 32 ]. However, ambiguities in the 
functional state of channels where we have high-resolution structures make it 
unclear whether any of those structures fully defi ne a distinct functional state. Is it 
possible that the ELIC structure or the nAChR structure represents a desensitized 
state rather than a simple closed confi guration? This appears unlikely considering 
several general observations. Photo-affi nity labeling studies have identifi ed residues 
that change their exposure, or reactivity, or both when changing from closed to open 
to desensitized; channel blockers that preferentially bind the resting state, such as 
tetracaine [ 33 ] and 3-(trifl uoromethyl)-3-(m-iodophenyl)diazirine (TID) are typi-
cally smaller, while the desensitized channel can accommodate substantially larger 
ligands such as meproadifen mustard, ethidium, and crystal violet. Large channel 
blockers display slow kinetics of binding and egress from the desensitized channel, 
indicating restricted access in the desensitized state [ 32 ,  34 ]. Yet, structural features 
consistent with restriction of ligand access to the channel pore have not been 
observed in any of the crystal structures, so it is possible that none of the known 
structures are representative of the desensitized state.  

2.6     Summary of Structural Data 

 High-resolution structural data have provided a wealth of information on the basic 
structure of the channel. It provides a clear picture of changes in the ligand-binding 
domain, and also about possible changes that may constitute gating within the TM 
domain. The actual location of such conceptual features as the gate, the element that 
restricts fl ow in the closed state, and the selectivity fi lter, are less clear, given the 
distinctions between the nAChR structures and the bacterial LGICs. Other types of 
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indirect structural information, such as accessibility studies and photo-affi nity 
labeling, along with functional analysis further informs the structure and location of 
these features as discussed below.   

3     Functional Analysis of Gating 

 Gating of nAChRs has been analyzed extensively using electrophysiology, ion fl ux 
assays, ligand-binding assays, and single channel recordings. These have been com-
bined with such techniques as photoaffi nity labeling and cysteine accessibility 
assays to probe the structures and structural changes at various sites on the receptor. 
These techniques have their distinct advantages and taken collectively present a 
reasonably cohesive, though incomplete, picture of gating in nicotinic receptors. 
The combination of single amino acid substitution, single channel gating measure-
ments, and thermodynamically-based analysis is proving a powerful technique that 
provides substantial functional information on the role of individual amino acids in 
gating. It also provides insight into the order of events during the gating transition. 

 nAChR activation typically requires high micromolar concentrations of acetylcho-
line, which are substantially higher than the low nanomolar concentrations deter-
mined to bind fully at equilibrium [ 28 ,  35 ,  36 ]. nAChRs were closed at conditions of 
equilibrium binding, thereby describing the nonconducting desensitized state as hav-
ing high affi nity for acetylcholine [ 27 ]. These observations essentially set the stage 
for the current model of nAChR-activation and desensitization (see Fig.  2.2 ). Although 
a number of details embellish this model, as discussed below, this model captures the 
main, essential features of nAChR activation as we currently understand it. 

 One goal of functional studies is to determine the number of stable and interme-
diate states of the nAChRs so as to arrive at a complete energetic and structural 
description. The atomic-resolution structural information lags behind due to the 
inherent diffi culty of crystallization. Therefore, functional studies are critical to 
understanding the basic route that activation and desensitization can occur and 
thereby inform basic structural constraints. The current questions include whether 
there are intermediate states between ligand binding and channel opening and 
between opening and full desensitization. 

3.1     Energetics and Linear Free Energy Analysis of Gating 

 The energetics of gating can be examined through the effect of mutational changes 
on the overall gating equilibrium between the closed and open states (Figs.  2.2  
and  2.6 ). This informs the amino acids that are critical in the gating motion or can 
affect it allosterically. A refi nement of this analysis that provides a distinct element 
of information is Linear Free Energy Analysis (LFER; or Φ-value analysis). This 
requires an assumption that the closed-to-open state transition can be described as 
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an elementary chemical transition and examines the gating transition state at any 
amino acid where a mutation perturbs gating. Based on perturbation of the closed-
to- open equilibrium, the principles of the analysis are derived from basic thermody-
namics and reaction kinetics. Grosman et al .  [ 37 ] described its application to the 
nAChR: the technique requires single channel analysis of opening and closing rates 
(β and α, respectively). These also determine the overall equilibrium between the 
two states (see Fig.  2.6 ). Upon perturbation of the equilibrium through mutation or 
using various agonists, a log plot of β  versus  the equilibrium constant provides a 
slope, a Φ-value. The higher the slope for the forward rate constant the greater the 
transition state resembles the open state. This interpretation refl ects the lack of 
change in the rate constant from open to closed, suggesting little perturbation 
between the open state and the transition state (Fig.  2.6b ). For plots of the closing 
constant, α, the reverse argument holds true, high slopes refl ect low Φ values and 
refl ect a transition state that more closely approximates the closed state. By carrying 
out Φ-value analysis on the binding site and on other amino acids thought to be 
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  Fig. 2.6    Linear Free Energy Analysis.  Top , the gating transition is confi ned to being described as 
a simple elementary reaction between  R  and  O  states with rate constants β (forward) and α (back-
ward). The ratio β/α describes the equilibrium constant,  K  eq . A plot of log β versus log  K  eq  from 
mutations or other perturbations at a discrete site is described by the slope Φ, which is a descriptor 
of how close the transition state ( R-O *) is to the open state structure, ranging from zero to one. 
 Bottom , a schematic of the transition state diagram for  wt  and mutant ( m ) nAChR between the open 
and closed states. The diagrams for the two nAChRs are arbitrarily aligned at the resting state 
energy, showing changes in the equilibrium constant free energies (ΔΔ G  eq ). The  arrows  at the left 
correspond to the activation energies associated with the forward rate constants β and are propor-
tional to log β       
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involved in gating, Auerbach and colleagues mapped the transition state patterns of 
the gating movement throughout the mouse muscle nAChR [ 38 ].

   The results of this analysis reveals a pattern where the binding site more closely 
resembles the open state and parts of the channel more closely resemble the closed 
state during the transition state [ 39 ] (see Fig.  2.7  for a limited sample of residues 
tested). This appears to make sense as ligand-binding drives channel opening 
through an induced-fi t mechanism [ 40 ] that is energetically driven by cation–pi 
interactions between acetylcholine and the aromatic side chains of the binding site 
[ 41 – 43 ]. The binding provides the ultimate strain that drives opening, so it is 
expected that this should more closely resemble the fi nal, high-affi nity open state. 
Likewise, it is not unexpected that the channel and the physical gate would more 

  Fig. 2.7    A structural illustration of Φ-value analysis. The structure illustrates a few amino acids 
from the various zones of high, intermediate and low Φ-values. The residues are colored according 
to Φ-value ranges with the data taken from Grosman and Auerbach [ 37 ]:  Red  indicates a range of 
0.9–1;  yellow , 0.7–0.9;  orange , 0.4–0.7;  blue , 0–0.4. Subsequent work has fl eshed out these results 
to show there are four distinct regions of similar Φ-values. These are not restricted to distinct 
domains but have some structural overlap. In general, amino acids closer to the binding site have 
higher Φ-values and those at the gating region and channel, lower Φ-values. Higher values indicate 
that the transition state structure is more like the open state; lower values more like the closed state. 
The four regions may indicate parts of the structure that move coordinately during the transition 
from closed to open       
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closely approximate the closed state. The full data set paints more detail on this 
simple picture of strain communicated from the binding site to the gate.

   The Φ-values refl ect the overall change of the transition state relative to the 
 starting and end states. Thus, amino acids with similar Φ-values like move in a 
tightly- coupled manner. That is, by identifying the regions where the Φ-values 
changes, there will be greater fl exibility in transmission of the strain from the binding 
site to the gates. This can give insight into the motions of the nAChR as it undergoes 
channel opening. Using this approach Auerbach’s group [ 38 ] identifi ed several areas 
that move in relative synchrony. These begin with a cluster in the ligand-binding site 
where Φ-values are close to one. Lower values occur in the other parts of the ligand- 
binding domain, including the region where linkage to the transmembrane domain 
occurs, and in the transmembrane domain. By identifying four distinct regions with 
similar Φ-values, the data argue for regions moving in blocks during the transition.  

3.2     Where Is the Actual Gate? 

 Gating was initially proposed to lie near the conserved 9′-Leu that appeared 
 congruent with a bend in the M2 helix [ 44 ,  45 ]. Consistent with this hypothesis is 
the profound effect of mutagenesis of this residue on the gating equilibrium [ 20 ,  44 , 
 46 ,  47 ]. The structural studies on the nAChR are generally consistent with 
Substituted Cysteine Accessibility Measurements (SCAM) from Karlin’s group, 
which showed the closed and open states to have a number of residues in M2 acces-
sible in both states, but with residues deeper in the channel, near the intracellular 
end of M2, being accessible only in the open state [ 48 ]. This identifi ed the cytoplas-
mic region of M2 as the effective gating structure. Modeling indicates that even with 
a relatively large-diameter pore in the closed state, change in hydrophobicity can 
affect conductivity dramatically. Thus, gating can be described as a local change in 
hydrophobicity due to modest changes in pore size and side-chain exposure. This 
can affect the ability a partly hydrated ion to permeate the pore [ 49 ]. This hydropho-
bicity change is likely accomplished either by twisting the M2 helices such as to 
change the exposure from hydrophobic to hydrophilic residues, or, as has been 
argued by Cymes et al. based on proton modifi cation, a modest increase in the diam-
eter at this region [ 50 ]. However, the model of gating evinced by the differences 
between ELIC and GLIC structures shows more dramatic changes, and gating may 
refl ect larger overall changes in structure (see Fig.  2.4 ).  

3.3     The Flip Side of Activation 

 Colquhoun’s group initially proposed the existence of an intermediate state of acti-
vation based on experiments on the glycine receptor [ 51 ,  52 ]. This scheme is illus-
trated in Fig.  2.8  (for nAChRs) and shows a proposed state required to account for 
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data from single channel measurements of short closing times, which are not 
accounted for by simpler models, but that also occur in the same time domain as 
open-channel block. It was further argued that this mechanism applies also to the 
nAChR on the basis of experiments using the partial agonists choline and  tetramethyl 
ammonium [ 52 ,  53 ] on human muscle nAChR. The addition of this intermediate 
affi nity, fl ip state (see Fig.  2.8 ), closed conformation may explain these observa-
tions, although it has been argued that it is unnecessary to account for agonist gating 
in the mouse muscle-type nicotinic receptor [ 43 ,  54 ] and that a typical MWC model 
accounts adequately for activation (Fig.  2.8b ). Nevertheless, the addition of a new 
state to the repertoire of intermediate and quasi-stable states may require further 
structural characterization for a complete understanding of the movements of the 
LGICs as they activate.

3.4        Desensitization as a Gating Phenomenon 

 Desensitization is characterized by high agonist affi nity and by a nonconducting 
channel and occurs spontaneously upon prolonged exposure to agonist or tetanic 
stimulation of a muscle endplate [ 27 ]. In the muscle-type nAChR, desensitization 
occurs relatively slowly, typically taking greater than 50 ms [ 28 ,  29 ,  35 ,  55 ]. This 
makes it unlikely to have a physiological role during typical moderate endplate 
stimulation but may be important during tetany or under pathological conditions. 
Some neuronal nAChRs desensitize substantially faster, particularly the α7 homo- 
pentameric subtype. In those cases it is likely that desensitization plays a role in 
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  Fig. 2.8    Models for nAChR activation. Panel  a , the model includes a pre-open, global fl ip state, 
with intermediate affi nities for agonist. This state is hypothesized to be an intermediate transient 
state from which opening occurs. There is no direct transition from the initial, low-affi nity binding 
state,  R , to the open state,  O . Based on the description by Lape et al.[ 53 ], the  F  (fl ip) state is 
include in models to adequately account for brief closing events in the presence of partial agonists. 
Panel  b , a classic MWC-type model for opening [ 43 ,  77 ]       
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terminating the response to acetylcholine [ 56 ,  57 ]. Desensitization is less-well 
understood relative to our understanding of opening, despite its initial thorough 
characterization on the  Torpedo  nAChR [ 28 ,  29 ]. This partly refl ects the diffi culty 
of characterizing a nonconducting state that exits from the open state (Figs.  2.1  
and  2.8b ). Surprisingly, as it is the mostly stable bound state, it is yet unclear if 
any of the structures discussed above refl ect a desensitized state rather than a 
closed state. 

 As noted by Katz and Thesleff [ 27 ], the desensitized state is the thermodynami-
cally most stable state and should refl ect the highest agonist-affi nity. However, ther-
modynamic cycle analysis and measurements of ligand binding and open 
probabilities show that the open state also has high affi nities for acetylcholine [ 58 ] 
that do not appear to differ appreciably from measured affi nities of acetylcholine for 
the desensitized state [ 59 ]. 

 This is a critical observation because it indicates that there is likely little, if any 
change in the ligand-binding affi nity, and perhaps, little to no change in structure 
of the ligand-binding domain (acetylcholine cannot induce a structural change to a 
conformation with similar or lower affi nity). Thus, structural changes in the pro-
gression from the open to desensitized state may be confi ned to the transmembrane 
domain. How can the desensitized state be more stable and have the same agonist 
affi nity as the open state? This can be true if the unliganded desensitized state is 
also more stable than the open state. And this is generally true—the unliganded 
open state is quite rare (10 −6  or so). But the unliganded resting-desensitized equi-
librium is more modest (0.05 in Torpedo; a bit lower in mouse muscle). That 
implies a strong, residual unliganded open to desensitized equilibrium (~10 4 ; see 
also Fig.  2.9 ), which will be similar for the open to desensitized transition. This 
conclusion has important implications for any drug-discovery efforts that hope to 
differentiate between activation and desensitization of the nAChR, as might be use-
ful for treatment of nicotine addiction. Drugs targeted to the agonist sites that acti-
vate may inevitably lead to desensitization and reinforce any addiction mediated by 
desensitization. Therefore allosteric activators may be better choices for such 
future therapeutics.
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  Fig. 2.9    MWC Model for desensitization. The schematic shows several possible routes for desen-
sitization. The predominant route is undoubtedly through doubly-liganded binding to opening to 
the desensitized state. Some nAChRs, such at the  Torpedo  muscle type, have a substantial popula-
tion in the preexisting desensitized state (in  gray ), which bind agonist with intrinsically high affi n-
ity. Desensitization from the open state like proceeds through one or more intermediate, structurally 
distinct states ( I )       
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   Desensitization involves rendering the channel nonconductive. In principle, it is 
possible that the channel reverts to the resting, or closed, state, while the 
 ligand- binding domain remains in a high-affi nity conformation, effectively uncou-
pling binding from channel gating. However, a substantial body of evidence indi-
cates that the channel occupies a structurally distinct state when desensitized. This 
evidence comes from photoaffi nity labeling studies, from cysteine accessibility 
studies, and from kinetic studies of ligand binding by channel blockers. 

 Photoaffi nity labeling of the nAChR, using compounds such as Chlorpromazine 
and [ 125 I]TID, show clear changes in labeling patterns in the various states, 
including closed, open, and desensitized [ 60 – 65 ]. A large number of ligand-bind-
ing studies on various channel blockers, including local anesthetics and deter-
gents, show substantial changes in affi nity upon desensitization [ 31 ,  66 ,  67 ]. This 
clearly demonstrates a change in affi nity for channel blockers between the closed 
state and the desensitized state. Conversely, binding of these ligands also cause 
changes in the affi nity of agonists: desensitizing ligands, such as ethidium, 
 effectively increase the equilibrium affi nity of agonists; channel blockers such as 
tetracaine, which preferentially bind the closed state, lower the effective acetyl-
choline affi nity [ 30 ,  33 ]. 

 Binding kinetics may provide further insight into the structure of the desensitized 
state. In one example, the binding affi nity of the fl uorescent channel blocker ethid-
ium is increased by agonists, and decreased by α-bungarotoxin, which stabilizes the 
closed state [ 67 ,  68 ]. It binds rapidly to the open channel upon brief exposure to 
agonist, dramatically increasing the effective association rate [ 69 ]. However, once 
desensitized the dissociation rate for ethidium is slowed dramatically [ 67 ,  70 ]. This 
indicates that egress of the ligand from the channel is structurally impeded. The 
ethidium site has also been identifi ed through photo-affi nity labeling and binds at 
the mid- level (near 12′) of the M2-alpha helix [ 12 ,  71 ]. Notably, the current struc-
tures of the nAChR appear relatively open at the level of the binding site. So the 
kinetic data argues for a novel, as yet uncharacterized conformation with the chan-
nel impeded above the level of the ethidium site. Data from photoaffi nity labeling 
with chlorpromazine in well-defi ned functional states further demonstrate structural 
changes in this region between the closed and desensitized states [ 63 ].  

3.5     The Intermediate State of Desensitization 

 Desensitization has been characterized typically as “fast” and “slow” or alterna-
tively “intermediate” and “full”, refl ecting the distinction between functional 
desensitization and the somewhat slower acquisition of slowly-reversible, high 
affi nity agonist binding [ 28 ,  35 ]. Initial electrophysiological characterization of 
desensitization shows it taking place with multiple time constants [ 55 ,  72 ]. 
A detailed electrophysiological study of the kinetic constants of desensitization on 
the mouse muscle receptor showed up to fi ve distinct time constants associated with 
desensitization [ 73 ]. 
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 Time-resolved photoaffi nity labeling by a small hydrophobic 3-(trifl uoromethyl)-
3-(m-iodophenyl)diazirine (TID) further elucidated distinct structural changes at 
the level of the middle of M2 upon fast desensitization and near the cytoplasmic 
end upon slow desensitization (see Fig.  2.9 ). These indicated changes associated 
with fast and slow desensitization that were distinct within the channel domain 
and clearly distinct from the labeling patterns of the resting (closed) channel [ 74 , 
 75 ]. Unlike intermediate closed states, the existence of intermediate desensitized 
states is clear. Early data based on the binding of fl uorescent analogs of acetylcho-
line showed several exponential phases of binding [ 76 ]. Though these seemed to 
 correlate with intermediate affi nities of acetylcholine binding prior to full long-term 
desensitization the changes do not actually necessitate a change in agonist affi nity, 
but likely refl ect changes in the transmembrane domain alone. Both of these assays 
establish intermediate states before acquiring the slowly reversible high affi nity for 
acetylcholine that is the hallmark of the fully desensitized state. A Monod-Wyman- 
Changeux (MWC) [ 77 ]-type model for these states is shown in Fig.  2.9 .  

3.6     The Role of Multiple Binding Sites 

 The heteropentameric structure of the embryonic muscle-type receptor (α 2 βγδ) 
results in highly distinct affi nities for agonist at the two sites, which subsequently 
affects the dose-response curve of these proteins. The affi nities for the agonists 
 differ ~ 100 fold in the resting state, but only ~ threefold in the desensitized state 
[ 13 ]. For the  Torpedo  nAChR, the α-δ site has higher affi nity for agonist in both 
states. In the resting state the α–δ site affi nity is about 1 μM, as compared with ~ 
100 μM for the α–γ site [ 13 ]. Since channel opening is dominated by biliganded 
opening events the dose response curve follows binding to the α–γ site, to a fi rst 
approximation, as the α–δ site will be occupied at much lower concentrations. 
Because the affi nities of the sites are closer in the desensitized state, the α–γ site 
undergoes a larger change in affi nity upon conformational changes to the open and 
desensitized states. Therefore, most of the energy driving the conformational change 
is provided through the α–γ site [ 13 ,  78 ]. For the mouse muscle adult form of the 
nAChR, α 2 βεδ, the two affi nities are nearly equal and the two sites contribute to the 
 dose- response curve and the energetics more equally. 

 An interesting question arises for the homomeric receptors, such as α7, as to how 
many of the potentially fi ve equivalent sites are required for activation. Work by 
Rayes et al. [ 79 ], in α7-5HT 3A  chimeric receptors suggests that two nonconsecutive 
sites are suffi cient for effective activation (i.e. sites with an intervening subunit). 
Three sites are most effi cacious, and this provides the rationale for the effi cacy of 
allosteric activators such as benzodiazepines in GABA A  receptors  via  binding to a 
third, nonconsensus site, that does not normally bind agonist [ 80 ]. Interestingly, this 
work found the same locus to be most effi cacious and this site is equivalent to the 
δ–β interface on the muscle-type receptor (Fig.  2.1 ). It also suggests which interface 
may be a good target for allosteric therapeutic ligands.  
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4     Summary, Conclusions, and Unresolved Issues 

 The prevailing questions for understanding gating of the nAChRs are now focused 
on a detailed correlation between structure and function. Atomic resolution struc-
tures have provided a clear picture of gating at the level of the ligand-binding sites. 
This information is being brought to bear in drug development, particularly for 
treatment of disorders of the central nervous system [ 1 ]. In contrast, there are major 
outstanding questions as to whether the bacterial protein structures or those from 
the  Torpedo  nAChR better represent the gating transition that need to be resolved. 

 Although not unique to these channels nor to channels in general, it should be 
noted that proper ligand-gated channel function is highly dependent on the detailed 
kinetics of the mechanism. As one example, one instance of congenital myasthenia 
gravis turned out to be a mutation that had a modest two-fold effect on the channel 
gating effi ciency [ 81 ]. In many proteins and enzyme such an effect on would have 
little to no impact on its functionality. In this respect, ion channels present an excel-
lent model system for understanding conformational regulation and kinetic control 
of proteins at a detailed level. Functional studies, through the use of single-channel 
current measurements, presents great opportunities for detailed kinetic studies. 
Combined with single amino acid substitution they constitute a rich methodology 
for probing the roles of individual residues in function. Ultimately, the detailed 
structural knowledge must be correlated closely with these kinetic models to pro-
vide an overall understanding of these functions. 

 In summary, understanding and correlating the structure and function of ligand- 
gated ion channels presents a unique opportunity to probe deeply our understanding 
of the kinetic control of proteins in general. In addition, such detailed knowledge 
will provide additional information for the development of specifi c therapeutics tar-
geting ligand-gated ion channels. The worth of allosteric ligands [ 1 ] has been proven 
in the GABA receptors, and therefore the nicotinic receptors provide a rich new area 
for similar types of intervention to help treat a number of disorders, the most promi-
nent of which may be cigarette addiction.      

  Acknowledgements   All molecular modeling fi gures were created using VMD [ 82 ].  

      References 

      1.    Taly A, Corringer PJ, Guedin D, Lestage P, Changeux JP. Nicotinic receptors: allosteric transi-
tions and therapeutic targets in the nervous system. Nat Rev Drug Discov. 2009;8(9):733–50.  

    2.    Dacosta CJ, Baenziger JE. Gating of pentameric ligand-gated ion channels: structural insights 
and ambiguities. Structure. 2013;21(8):1271–83.  

    3.    Smit AB, Syed NI, Schaap D, van Minnen J, Klumperman J, Kits KS, Lodder H, van der 
Schors RC, van Elk R, Sorgedrager B, Brejc K, Sixma TK, Geraerts WP. A glia-derived 
acetylcholine- binding protein that modulates synaptic transmission. Nature. 2001;411(6835):
261–8.  

S.E. Pedersen



35

   4.    Brejc K, van Dijk WJ, Klaassen RV, Schuurmans M, van Der Oost J, Smit AB, Sixma 
TK. Crystal structure of an ACh-binding protein reveals the ligand-binding domain of nico-
tinic receptors. Nature. 2001;411(6835):269–76.  

       5.    Hansen SB, Sulzenbacher G, Huxford T, Marchot P, Taylor P, Bourne Y. Structures of Aplysia 
AChBP complexes with nicotinic agonists and antagonists reveal distinctive binding interfaces 
and conformations. EMBO J. 2005;24(20):3635–46.  

    6.    Li SX, Huang S, Bren N, Noridomi K, Dellisanti CD, Sine SM, Chen L. Ligand-binding 
domain of an alpha7-nicotinic receptor chimera and its complex with agonist. Nat Neurosci. 
2011;14(10):1253–9.  

       7.    Unwin N, Fujiyoshi Y. Gating movement of acetylcholine receptor caught by plunge-freezing. 
J Mol Biol. 2012;422(5):617–34.  

      8.    Hilf RJ, Dutzler R. X-ray structure of a prokaryotic pentameric ligand-gated ion channel. 
Nature. 2008;452(7185):375–9.  

      9.    Hilf RJ, Dutzler R. Structure of a potentially open state of a proton-activated pentameric 
ligand-gated ion channel. Nature. 2009;457(7225):115–8.  

      10.    Hibbs RE, Gouaux E. Principles of activation and permeation in an anion-selective Cys-loop 
receptor. Nature. 2011;474(7349):54–60.  

    11.    Neubig RR, Cohen JB. Equilibrium binding of [3H]tubocurarine and [3H]acetylcholine by 
Torpedo postsynaptic membranes: stoichiometry and ligand interactions. Biochemistry. 1979;
18(24):5464–75.  

    12.    Pedersen SE. Site-selective photoaffi nity labeling of the Torpedo californica nicotinic acetyl-
choline receptor by azide derivatives of ethidium bromide. Mol Pharmacol. 1995;47(1):1–9.  

       13.    Andreeva IE, Nirthanan S, Cohen JB, Pedersen SE. Site specifi city of agonist-induced opening 
and desensitization of the torpedo californica nicotinic acetylcholine receptor. Biochemistry. 
2006;45(1):195–204.  

    14.    Prince RJ, Sine SM. Molecular dissection of subunit interfaces in the acetylcholine receptor. 
Identifi cation of residues that determine agonist selectivity. J Biol Chem. 1996;271(42):25770–7.  

    15.    Pennington RA, Gao F, Sine SM, Prince RJ. Structural basis for epibatidine selectivity at 
desensitized nicotinic receptors. Mol Pharmacol. 2005;67(1):123–31.  

    16.    Chiara DC, Xie Y, Cohen JB. Structure of the agonist-binding sites of the Torpedo nicotinic 
acetylcholine receptor: affi nity-labeling and mutational analyses identify gamma Tyr-111/
delta Arg-113 as antagonist affi nity determinants. Biochemistry. 1999;38(20):6689–98.  

   17.    Chiara DC, Cohen JB. Identifi cation of amino acids contributing to high and Low affi nity 
D-tubocurarine sites in the torpedo nicotinic acetylcholine receptor. J Biol Chem. 
1997;272(52):32940–50.  

   18.    Sine SM, Kreienkamp HJ, Bren N, Maeda R, Taylor P. Molecular dissection of subunit inter-
faces in the acetylcholine receptor: identifi cation of determinants of alpha-conotoxin M1 
selectivity. Neuron. 1995;15(1):205–11.  

    19.    Bren N, Sine SM. Identifi cation of residues in the adult nicotinic acetylcholine receptor that 
confer selectivity for curariform antagonists. J Biol Chem. 1997;272(49):30793–8.  

      20.    Unwin N. Refi ned structure of the nicotinic acetylcholine receptor at 4A resolution. J Mol 
Biol. 2005;346(4):967–89.  

    21.    Bocquet N, Prado de Carvalho L, Cartaud J, Neyton J, Le Poupon C, Taly A, Grutter T, 
Changeux JP, Corringer PJ. A Prokaryotic proton-gated ion channel from the nicotinic acetyl-
choline receptor family. Nature. 2007;445(7123):116–9.  

    22.    Bocquet N, Nury H, Baaden M, Le Poupon C, Changeux JP, Delarue M, Corringer PJ. X-ray 
structure of a pentameric ligand-gated ion channel in an apparently open conformation. Nature. 
2009;457(7225):111–4.  

    23.    Sauguet L, Poitevin F, Murail S, Van Renterghem C, Moraga-Cid G, Malherbe L, Thompson 
AW, Koehl P, Corringer PJ, Baaden M, Delarue M. Structural basis for ion permeation mecha-
nism in pentameric ligand-gated ion channels. EMBO J. 2013;32(5):728–41.  

    24.    Prevost MS, Sauguet L, Nury H, Van Renterghem C, Huon C, Poitevin F, Baaden M, Delarue 
M, Corringer PJ. A locally closed conformation of a bacterial pentameric proton-gated ion 
channel. Nat Struct Mol Biol. 2012;19(6):642–9.  

2 Molecular Structure, Gating, and Regulation



36

    25.    Grosman C, Salamone FN, Sine SM, Auerbach A. The extracellular linker of muscle acetyl-
choline receptor channels is a gating control element. J Gen Physiol. 2000;116(3):327–40.  

    26.    Kash TL, Jenkins A, Kelley JC, Trudell JR, Harrison NL. Coupling of agonist binding to chan-
nel gating in the GABA(A) receptor. Nature. 2003;421(6920):272–5.  

       27.    Katz B, Thesleff S. A study of the ‘Desensitization’ produced by acetylcholine at the motor 
endplate. J Physiol. 1957;138:63–80.  

        28.    Neubig RR, Boyd ND, Cohen JB. Conformations of Torpedo acetylcholine receptor associated 
with ion transport and desensitization. Biochemistry. 1982;21(14):3460–7.  

     29.    Boyd ND, Cohen JB. Desensitization of membrane-bound Torpedo acetylcholine receptor by 
amine noncompetitive antagonists and aliphatic alcohols: studies of [3H]acetylcholine binding 
and 22Na+ ion fl uxes. Biochemistry. 1984;23(18):4023–33.  

    30.    Cohen JB, Correll LA, Dreyer EB, Kuisk IR, Medynski DC, Strnad NP. Interactions of local 
anesthetics with torpedo nicotinic acetylcholine receptors. In: Roth SH, Miller KW, editors. 
Molecular and cellular mechanisms of anesthetics. New York: Plenum Publishing Corporation; 
1986. p. 111–24.  

    31.    Oswald RE. Binding of phencyclidine to the detergent solubilized acetylcholine receptor from 
Torpedo marmorata. Life Sci. 1983;32(10):1143–9.  

     32.    Oswald RE, Heidmann T, Changeux JP. Multiple affi nity states for noncompetitive blockers 
revealed by [3H]phencyclidine binding to acetylcholine receptor rich membrane fragments 
from Torpedo marmorata. Biochemistry. 1983;22(13):3128–36.  

     33.    Middleton RE, Strnad NP, Cohen JB. Photoaffi nity labeling the torpedo nicotinic acetylcholine 
receptor with [(3)H]tetracaine, a nondesensitizing noncompetitive antagonist. Mol Pharmacol. 
1999;56(2):290–9.  

    34.    Herz JM, Atherton SJ. Steric factors limit access to the noncompetitive inhibitor site of the 
nicotinic acetylcholine receptor. Fluorescence studies. Biophys J. 1992;62(1):74–6.  

      35.    Boyd ND, Cohen JB. Kinetics of binding of [3H]acetylcholine to Torpedo postsynaptic mem-
branes: association and dissociation rate constants by rapid mixing and ultrafi ltration. 
Biochemistry. 1980;19(23):5353–8.  

    36.    Boyd ND, Cohen JB. Kinetics of binding of [3H]acetylcholine and [3H]carbamoylcholine to 
Torpedo postsynaptic membranes: slow conformational transitions of the cholinergic receptor. 
Biochemistry. 1980;19(23):5344–53.  

     37.    Grosman C, Zhou M, Auerbach A. Mapping the conformational wave of acetylcholine recep-
tor channel gating. Nature. 2000;403(6771):773–6.  

     38.    Auerbach A. The gating isomerization of neuromuscular acetylcholine receptors. J Physiol. 
2010;588(Pt 4):573–86.  

    39.    Cymes GD, Grosman C, Auerbach A. Structure of the transition state of gating in the 
 acetylcholine receptor channel pore: a phi-value analysis. Biochemistry. 2002;41(17):5548–55.  

    40.    Koshland Jr DE, Nemethy G, Filmer D. Comparison of experimental binding data and theo-
retical models in proteins containing subunits. Biochemistry. 1966;5(1):365–85.  

    41.    Xiu X, Puskar NL, Shanata JA, Lester HA, Dougherty A. Nicotine binding to brain receptors 
requires a strong cation-pi interaction. Nature. 2009;458(7237):534–7.  

   42.    Beene DL, Brandt GS, Zhong W, Zacharias NM, Lester HA, Dougherty DA. Cation-π interac-
tions in ligand recognition by serotonergic (5-HT 3A ) and nicotinic acetylcholine receptors: the 
anomalous binding properties of nicotine. Biochemistry. 2002;41(32):10262–9.  

      43.    Auerbach A. The energy and work of a ligand-gated ion channel. J Mol Biol. 2013;
425(9):1461–75.  

     44.    Labarca C, Nowak MW, Zhang H, Tang L, Deshpande P, Lester HA. Channel gating governed 
symmetrically by conserved leucine residues in the M2 domain of nicotinic receptors. Nature. 
1995;376(6540):514–6.  

    45.    Unwin N. Acetylcholine receptor channel imaged in the open state. Nature. 1995;
373(6509):37–43.  

    46.    Unwin N. Nicotinic acetylcholine receptor at 9 A resolution. J Mol Biol. 1993;229(4):1101–24.  
    47.    Miyazawa A, Fujiyoshi Y, Unwin N. Structure and gating mechanism of the acetylcholine 

receptor pore. Nature. 2003;423(6943):949–55.  

S.E. Pedersen



37

    48.    Pascual JM, Karlin A. State-dependent accessibility and electrostatic potential in the channel 
of the acetylcholine receptor. Inferences from rates of reaction of thiosulfonates with substi-
tuted cysteines in the M2 segment of the alpha subunit. J Gen Physiol. 1998;111(6):717–39.  

    49.    Beckstein O, Sansom MS. A hydrophobic gate in an ion channel: the closed state of the 
 nicotinic acetylcholine receptor. Phys Biol. 2006;3(2):147–59.  

    50.    Cymes GD, Ni Y, Grosman C. Probing Ion-channel pores One proton at a time. Nature. 
2005;438(7070):975–80.  

    51.    Burzomato V, Beato M, Groot-Kormelink PJ, Colquhoun D, Sivilotti LG. Single-channel 
behavior of heteromeric alpha1beta glycine receptors: an attempt to detect a conformational 
change before the channel opens. J Neurosci. 2004;24(48):10924–40.  

     52.    Lape R, Colquhoun D, Sivilotti LG. On the nature of partial agonism in the nicotinic receptor 
superfamily. Nature. 2008;454(7205):722–7.  

     53.    Lape R, Krashia P, Colquhoun D, Sivilotti LG. Agonist and blocking actions of choline and 
tetramethylammonium on human muscle acetylcholine receptors. J Physiol. 2009;587
(Pt 21):5045–72.  

    54.    Purohit P, Auerbach A. Loop C and the mechanism of acetylcholine receptor-channel gating. 
J Gen Physiol. 2013;141(4):467–78.  

     55.    Steinbach JH, Sine SM. Function of nicotinic acetylcholine receptors. Soc Gen Physiol Ser. 
1987;41:19–42.  

    56.    Papke RL. Enhanced inhibition of a mutant neuronal nicotinic acetylcholine receptor by ago-
nists: protection of function by (E)-N-methyl-4-(3- pyridinyl)-3-butene-1-amine (TC-2403). 
J Pharmacol Exp Ther. 2002;301(2):765–73.  

    57.    Papke RL, Thinschmidt JS. The correction of alpha7 nicotinic acetylcholine receptor 
concentration- response relationships in Xenopus oocytes. Neurosci Lett. 1998;256(3):163–6.  

    58.    Jackson MB. Perfection of a synaptic receptor: kinetics and energetics of the acetylcholine 
receptor. Proc Natl Acad Sci U S A. 1989;86(7):2199–203.  

    59.    Song XZ, Andreeva IE, Pedersen SE. Site-selective agonist binding to the nicotinic acetylcho-
line receptor from Torpedo californica. Biochemistry. 2003;42(14):4197–207.  

    60.    White BH, Cohen JB. Agonist-induced changes in the structure of the acetylcholine receptor 
M2 regions revealed by photoincorporation of an uncharged nicotinic noncompetitive antago-
nist. J Biol Chem. 1992;267(22):15770–83.  

   61.    White BH, Howard S, Cohen SG, Cohen JB. The hydrophobic photoreagent 3-(trifl uoromethyl)-
3-m-([125I] iodophenyl) diazirine is a novel noncompetitive antagonist of the nicotinic 
 acetylcholine receptor. J Biol Chem. 1991;266(32):21595–607.  

   62.    White BH, Cohen JB. Photolabeling of membrane-bound Torpedo nicotinic acetylcholine 
receptor with the hydrophobic probe 3-trifl uoromethyl-3-(m-[125I]iodophenyl)diazirine. 
Biochemistry. 1988;27(24):8741–51.  

    63.    Chiara DC, Hamouda AK, Ziebell MR, Mejia LA, Garcia 3rd G, Cohen JB. [(3)H]chlorproma-
zine photolabeling of the torpedo nicotinic acetylcholine receptor identifi es two state- 
dependent binding sites in the ion channel. Biochemistry. 2009;48(42):10066–77.  

   64.    Heidmann T, Changeux JP. Time-resolved photolabeling by the noncompetitive blocker chlor-
promazine of the acetylcholine receptor in its transiently open and closed ion channel confor-
mations. Proc Natl Acad Sci U S A. 1984;81(6):1897–901.  

    65.    Oswald R, Changeux JP. Ultraviolet light-induced labeling by noncompetitive blockers of the 
acetylcholine receptor from Torpedo marmorata. Proc Natl Acad Sci U S A. 1981;78(6):3925–9.  

    66.    Heidmann T, Oswald RE, Changeux JP. Multiple sites of action for noncompetitive blockers 
on acetylcholine receptor rich membrane fragments from torpedo marmorata. Biochemistry. 
1983;22(13):3112–27.  

      67.    Herz JM, Kolb SJ, Erlinger T, Schmid E. Channel permeant cations compete selectively with 
noncompetitive inhibitors of the nicotinic acetylcholine receptor. J Biol Chem. 1991;
266(25):16691–8.  

    68.    Herz JM, Johnson DA, Taylor P. Interaction of noncompetitive inhibitors with the acetylcho-
line receptor. The site specifi city and spectroscopic properties of ethidium binding. J Biol 
Chem. 1987;262(15):7238–47.  

2 Molecular Structure, Gating, and Regulation



38

    69.    Rankin SE, Addona GH, Kloczewiak MA, Bugge B, Miller KW. The cholesterol dependence 
of activation and fast desensitization of the nicotinic acetylcholine receptor. Biophys 
J. 1997;73(5):2446–55.  

    70.    Lurtz MM, Hareland ML, Pedersen SE. Quinacrine and ethidium bromide bind the same locus 
on the nicotinic acetylcholine receptor from Torpedo californica. Biochemistry. 1997;36(8):
2068–75.  

    71.    Pratt MB, Pedersen SE, Cohen JB. Identifi cation of the sites of incorporation of [3H]ethidium 
diazide within the Torpedo nicotinic acetylcholine receptor ion channel. Biochemistry. 
2000;39(37):11452–62.  

    72.    Sine SM, Steinbach JH. Activation of acetylcholine receptors on clonal mammalian BC3H-1 
cells by high concentrations of agonist. J Physiol. 1987;385:325–59.  

    73.    Elenes S, Auerbach A. Desensitization of diliganded mouse muscle nicotinic acetylcholine 
receptor channels. J Physiol. 2002;541(Pt 2):367–83.  

    74.    Yamodo IH, Chiara DC, Cohen JB, Miller KW. Conformational changes in the nicotinic ace-
tylcholine receptor during gating and desensitization. Biochemistry. 2010;49(1):156–65.  

    75.    Arevalo E, Chiara DC, Forman SA, Cohen JB, Miller KW. Gating-enhanced accessibility of 
hydrophobic sites within the transmembrane region of the nicotinic acetylcholine receptor’s 
{delta}-subunit. A time-resolved photolabeling study. J Biol Chem. 2005;280(14):13631–40.  

    76.    Heidmann T, Bernhardt J, Neumann E, Changeux JP. Rapid kinetics of agonist binding and 
permeability response analyzed in parallel on acetylcholine receptor rich membranes from 
Torpedo marmorata. Biochemistry. 1983;22(23):5452–9.  

     77.    Monod J, Wyman J, Changeux J-P. On the nature of allosteric transitions: a plausible model. 
J Mol Biol. 1965;12(1):88–118.  

    78.    Purohit P, Bruhova I, Auerbach A. Sources of energy for gating by neurotransmitters in acetyl-
choline receptor channels. Proc Natl Acad Sci U S A. 2012;109(24):9384–9.  

    79.    Rayes D, De Rosa MJ, Sine SM, Bouzat C. Number and locations of agonist binding sites 
required to activate homomeric Cys-loop receptors. J Neurosci. 2009;29(18):6022–32.  

    80.    Campo-Soria C, Chang Y, Weiss DS. Mechanism of action of benzodiazepines on GABAA 
receptors. Br J Pharmacol. 2006;148(7):984–90.  

    81.    Shen XM, Ohno K, Tsujino A, Brengman JM, Gingold M, Sine SM, Engel AG. Mutation caus-
ing severe myasthenia reveals functional asymmetry of AChR signature cystine loops in ago-
nist binding and gating. J Clin Invest. 2003;111(4):497–505.  

    82.    Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J Mol Graph. 
1996;14(1):33–8,27–8.    

S.E. Pedersen



39© Springer Science+Business Media New York 2014 
R.A.J. Lester (ed.), Nicotinic Receptors, The Receptors 26,
DOI 10.1007/978-1-4939-1167-7_3

    Chapter 3   
 Molecular Underpinnings of Neuronal 
Nicotinic Acetylcholine Receptor Expression 

             Michael     D.     Scofi eld      and     Paul     D.     Gardner     

    Abstract     Neuronal nicotinic acetylcholine receptors (nAChRs) are critical 
 signaling molecules in a broad variety of fundamental biological processes. In order 
for cholinergic signaling to function normally, the receptors must be expressed in 
the appropriate cells at the appropriate times. Expression of the receptors is regu-
lated at many levels from transcription of the receptor subunit genes to posttransla-
tional modifi cations of individual subunits. Regulating nAChR expression is further 
complicated because of the large number of genes encoding nAChR subunits, most 
of which, but not all, are located on distinct chromosomes. Here, we describe 
molecular events that underlie expression of nAChR subunit genes. We begin with 
a survey of the transcriptional mechanisms involved in nAChR subunit gene expres-
sion including a review of CHRNA5/A3/B4 cluster expression. An update on two 
emerging fi elds of investigation, microRNA and epigenetic regulation of nAChR 
expression, is provided followed by an overview of mechanisms involved in the 
nicotine-mediated upregulation of nAChR expression. Regulation of nAChR sub-
unit expression is of fundamental importance as it underlies subunit availability, 
which impacts individual receptor subtype composition and thus, the biophysical 
properties of the nAChRs.  

  Keywords     Nicotinic receptors   •   Transcription   •   miRNA   •   Receptor upregulation  

1         Introduction 

    As described throughout this tome, nicotinic acetylcholine receptors (nAChRs) are 
key components in a wide variety of signal transduction cascades that are critical for 
normal behaviors ranging from muscle contraction to cognitive enhancement [ 1 ,  2 ]. 
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In order to fulfi ll their roles in this vast array of biological functions, nAChRs must 
be expressed in the right places at the right times. If their temporal and/or spatial 
expression is compromised, cholinergic signaling will be disrupted leading to a 
plethora of health consequences [ 1 ,  3 – 9 ]. In this chapter, we focus upon the molecu-
lar events underlying expression of the genes encoding neuronal nAChR subunits 
with an emphasis on their expression in neuronal populations. The reader is directed 
to other references for reviews of regulatory mechanisms involved in nonneuronal 
nAChR expression [ 1 ,  2 ]. 

 Neuronal nAChRs are evolutionarily conserved pentameric cation-selective 
channels assembled from a family of subunits, α2–α10 and β2–β4, as homomeric 
(α subunits only) or heteromeric complexes (α and β subunits) [ 1 ,  10 ]. Structurally, 
each subunit contains an approximately 200-residue extracellular amino-terminus, 
four membrane-spanning domains (referred to as M1–M4), an intracellular loop 
(100–200 residues depending on the subunit) and a relatively short extracellular 
carboxyl-terminus [ 11 ]. The ACh-binding domain is located on the amino-terminus 
with the interface between adjacent subunits forming the agonist-binding site [ 12 ]. 
The conducting pore of the ion channel is formed from each of the fi ve M2 
membrane- spanning domains with regions of the M1–M2 intercellular loop contrib-
uting to cation permeability and agonist-binding affi nities [ 11 ,  13 ]. A critical point 
is that the unique biophysical and pharmacological properties of each nAChR sub-
type are determined by its subunit composition. Given the large number of subunits 
present in the nAChR family, there is the potential for a vast array of functionally 
distinct nAChR subtypes. The functional diversity exhibited by the neuronal nAChR 
family is due in large part to the temporally- and spatially regulated expression of 
the genes encoding the various subunits leading to the assembly of discrete subunits 
into mature nAChR subtypes. 

 Regulation of nAChR expression occurs at several levels beginning with gene 
transcription followed by a number of posttranscriptional processes including 
microRNA regulation, epigenetic mechanisms, posttranslational modifi cations, 
receptor assembly, and subsequent insertion in the plasma membrane. Here we 
focus upon transcriptional, epigenetic, and miRNA regulation of nAChR expres-
sion. For an excellent review of posttranslational control of nAChR expression, the 
reader is referred to Albuquerque et al. [ 1 ]. We fi nish with a current review of 
advances in our understanding of the molecular mechanisms underlying the phe-
nomenon of nicotine-mediated nAChR upregulation.  

2     Transcriptional Regulation of nAChR Subunit Genes 

 Regulation of nAChR subunit gene expression at the transcriptional level is required 
for the fi delity of cholinergic signaling and as a consequence, the complex physio-
logical processes such signaling underlies. The cell type-specifi c enrichment or sup-
pression of nAChR subunit gene expression is orchestrated through the interaction 
of noncoding regions of DNA with positive and/or negative transcriptional 
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regulatory factors. The transcription factors recognize specifi c sequences 
 (recognition elements) of DNA and bind to these regions thereby regulating tran-
scription of nAChR subunit mRNA by impacting the effi ciency of the RNA poly-
merase II complex either in a positive or negative manner. Importantly, the action of 
the transcription factors can by temporally and spatially restricted. Through this 
mechanism, regulatory information present in both proximal and distal regions of 
DNA, relative to the protein-coding sequences, directs expression of the required 
nAChR subunits that are assembled into mature receptor subtypes located in the 
specifi c brain regions and cell types that participate in cholinergic system function. 
Disruption of these mechanisms has been shown to contribute to addiction [ 14 ,  15 ], 
epilepsy [ 9 ,  16 ], schizophrenia [ 17 ] and risk of lung cancer [ 18 ]. 

2.1     CHRNA2 

 The nAChR α2 subunit gene (denoted  C holinergic  R eceptor for  N icotine  A lpha 2 or 
CHRNA2) displays a very restricted pattern of expression and is observed primarily 
in the retina and interpeduncular region in rodents, although α2 mRNA has been 
detected in other brain regions albeit at substantially lower levels [ 19 – 24 ]. Given its 
relatively low levels of expression it is likely subject to a large amount of transcrip-
tional inhibition, however, limited information regarding the transcriptional regula-
tion of CHRNA2 expression has been elucidated. It has been shown that transcription 
from the α2 promoter is activated by the transcription factor Brn-3b but not by other 
members of the family, namely Brn-3a or Brn-3c [ 25 ]. While it is possible that 
small RNAs may regulate CHRNA2 expression, such regulation is typically post-
transcriptional (see below).  

2.2     CHRNA3 

 In the nervous system, the α3 subunit is expressed at high levels in the periphery 
with a more restricted expression pattern centrally [ 26 – 30 ]. In the PNS, CHRNA3 
expression is observed in trigeminal sensory neurons, the dorsal root ganglia, 
superior cervical ganglia, adrenal medulla, as well as in the spenopalatine and otic 
ganglia [ 28 ,  29 ,  31 ,  32 ]. In the CNS, the α3 subunit is expressed in the brainstem, 
cerebellum, spinal cord, substantia nigra, medial habenula, pineal gland, hippocam-
pus, cortex, thalamus, ventral tegmental area, and interpeduncular nucleus [ 23 ,  29 , 
 33 – 36 ]. α3-containing nAChRs are also expressed in nonneuronal cells such as 
lymphocytes, cells located in the gastrointestinal tract, vascular endothelial cells, 
polymorphonuclear cells, bronchial epithelial cells, and O2A progenitors [ 37 – 43 ]. 
Interestingly, the α3 subunit is also expressed in lung tissue and its expression 
increases as a result of the pathophysiology of lung cancer [ 44 ]. 
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 In vitro experiments have shown that the paired-like homeodomain transcription 
factor, PHOX2A, regulates transcription from the α3 promoter [ 45 ]. PHOX2A does 
not appear to bind directly to DNA, however, as the DNA-binding domain does not 
need to be completely intact for PHOX2A to regulate expression of CHRNA3 [ 45 ]. 
Co-immunoprecipitation experiments demonstrate a physical interaction between 
Sp1 and PHOX2A, suggesting that PHOX2A is tethered to the α3 promoter through 
its interaction with Sp1, similar to the interactions of Sp1 with homeodomain tran-
scription factors observed in other systems (Fig.  3.1b ) [ 46 ].

   As described in more detail below, the POU domain factor SCIP/Tst-1/Oct-6 
positively regulates transcription from the α3 promoter in a cell-type-specifi c man-
ner [ 47 ]. As is the case with PHOX2A, the POU domain factor SCIP/Tst-1/Oct-6 
does not require DNA binding for transactivation of the α3 promoter [ 47 ]. However, 

  Fig. 3.1    Transcriptional regulation of the CHRNA5/A3/B4 gene cluster. ( a ) The CHRNA5/A3/B4 
cluster is subject to positive and negative transcriptional control. Coding regions of the three sub-
unit genes are shown as  grey boxes  with  arrows  indicating the directions of transcription. Four 
known regulatory elements/regions are presented: CNR4 ( dark blue ), the SacI/HindIII fragment 
( light blue ), β43′ enhancer ( green ), and the α3I5 repressor ( yellow ). The 5′ and 3′ termini of CNR4 
and the SacI/HindIII fragment are labeled relative to the CHRNB4 transcriptional start site.  Green 
arrows  indicate positive regulation whereas  red arrows  denote negative regulation. ( b ) Transcription 
factor–DNA interactions at the CHRNA5/A3/B4 cluster. The  solid black line  between the  grey 
boxes  (coding regions of the clustered genes) represents noncoding DNA and the  colored circles  
represent transcription factors. Proteins thought to bind to DNA through an intermediate are 
depicted contacting an additional factor that directly binds to DNA. Transcription factors shown to 
physically interact are shown contacting each other. Purα is depicted below the solid line as it binds 
to the negative strand of DNA. Multiple Sp1-binding sites have been identifi ed for each of the 
nAChR subunit genes, but for clarity, are shown as a single  green circle  at each promoter region. 
 Circles  labeled with a “?” represent transcription factors whose identities are unknown       
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transactivation of the α3 promoter by SCIP/Tst-1/Oct-6 does not depend on the 
presence of an Sp1 motif in the promoter region and instead likely mediates its 
effect via protein–protein interactions with the basal transcription machinery [ 48 ]. 
The transcription factor Brn-3a also transactivates the α3 promoter, while the other 
members of the Brn-3 family, Brn-3b and 3c, modestly repress α3 promoter activity 
[ 25 ]. The positive regulation by Brn-3a is also thought to be a result of protein– 
protein interaction as the α3 promoter lacks a classical octamer-related binding site 
for Brn-3 factors [ 25 ]. 

 The Deneris group has identifi ed a transcriptional enhancer upstream of the α3 
promoter in a region that overlaps with a 3′-untranslated exon of the β4 gene [ 49 ]. 
This transcriptional enhancer contains two identical 37-base pair repeats separated 
by a 6-base pair spacer. The β43′ enhancer acts as a cell-type-specifi c enhancer and 
is capable of enhancing transcription from the α3 promoter in neuronal-like cells, as 
well as in cultured SCG neurons [ 50 ]. Functional analysis of the enhancer revealed 
several E-twenty six (ETS) factor-binding sites, that when mutated severely 
decrease α3 promoter activity. Moreover, the ETS-domain binding factor, Pet-1, has 
been shown to activate reporter gene transcription in a manner that is both cell type- 
and β43′ enhancer-dependent [ 51 ]. Taken together, these experiments suggest that 
Pet-1 interacts directly with the α3 promoter to activate transcription, likely in con-
cert with additional cell-type-specifi c cofactors. In vivo experiments using trans-
genic mice demonstrated that a larger DNA fragment between coding regions of the 
α3 and β4 genes, containing both the β43′ enhancer and the α3 promoter, is capable 
of directing expression of a reporter gene to several areas of endogenous CHRNA3 
expression in the brain [ 30 ,  52 ]. Surprisingly however, this DNA fragment was not 
able to direct reporter gene expression anywhere in the peripheral nervous system, 
in which CHRNA3 is highly expressed (see above). These data indicate that this 
region either contained additional negative regulatory elements or did not contain 
the suffi cient regulatory information needed to provide peripheral expression of the 
CHRNA3. 

 In accordance with the possibility of additional negative regulatory elements, 
Fuentes Medel and Gardner located an intronic repressor element in the fi fth intron 
of α3 gene [ 53 ]. The sequence of this α3 intron 5 repressor (α3I5) is evolutionarily 
conserved and is capable of repressor activity in vitro independent of its orientation .  
Given that the repression of promoter activity was observed to be more potent in 
nonneuronal cell lines than in neuronal cell lines, α3I5 is likely involved in main-
taining cell type-specifi c expression of CHRNA3 [ 53 ]. The protein–DNA interac-
tions that mediate this effect remain to be elucidated. 

 While regulation of CHRNA3 in neuronal cells has been extensively studied, the 
mechanisms regulating CHRNA3 expression in nonneuronal cells remain largely 
obscure. The Gardner laboratory was the fi rst to report that a transcription factor, 
the achaete–scute complex homolog-1 (ASCL1), regulates the expression of 
CHRNA3 and CHRNB4 and to a lesser extent CHRNA5 in lung cancer cells 
(Fig.  3.1b ) [ 54 ].  
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2.3     CHRNA4 

 The α4 subunit assembles with the β2 subunit to form the major high-affi nity 
nAChR subtype expressed in the CNS and also assembles with several other nAChR 
subunits in additional unique receptor subtypes [ 1 ]. CHRNA4 expression is highest in 
CNS regions including the olfactory bulb, cortex, striatum, hippocampus, amygdala, 
substantia nigra, ventral tegmental area, thalamus hypothalamus, interpeduncular 
nucleus, medial habenula, pineal gland, raphe nuclei, and cerebellum [ 29 ,  30 ,  55 ]. 
Like most other nAChR subunit gene promoters, the α4 promoter region is GC-rich 
and lacks a TATA box suggesting that expression of CHRNA4 is positively regu-
lated by factors such as Sp1/3 that recognize GC-rich targets [ 56 ]. Using transgenic 
mice, it was shown that, similar to the other nAChR subunit gene promoters dis-
cussed above, important regulatory elements are located both upstream from the 
transcription start site as well as in intronic regions. These combined regulatory 
elements are required for cell type-specifi c expression of CHRNA4 [ 56 ]. Despite 
the fact that the α4 subunit is widely expressed in the CNS and participates in a 
variety of nAChR subtypes, relatively little is known about the protein–DNA inter-
actions that act to regulate expression from the α4 promoter highlighting the need 
for further research in this area. 

 A recent report describes an upstream open reading frame regulatory element 
that can act specifi cally to decrease expression of the shorter α4 isoform; however, 
this regulatory element appears to regulate CHRNA4 expression at the level of 
translation and not transcription [ 57 ].  

2.4     CHRNA5 

 Similar to the α3 subunit, the α5 subunit is highly expressed in the PNS but is also 
expressed in a number of specifi c locations in the CNS where it assembles with 
several other nAChR subunits to form distinct nicotinic receptor subtypes [ 26 ,  27 , 
 58 – 60 ]. Centrally, CHRNA5 expression is highest in the thalamus and cerebellum 
with lower levels in the cortex, hippocampus, habenula, interpeduncular nucleus, 
brainstem, and spinal cord [ 58 ,  61 ]. In the cortex, α5-containing nAChRs play a key 
role in the neurocircuitry underlying attention [ 62 ] while in the habenula, they play 
a pivotal role in nicotine-mediated behaviors [ 63 ,  64 ] (see Chap.   18    ). α5-containing 
nAChRs are also critical players in regulating dopamine transmission in the stria-
tum [ 65 ]. Peripherally, α5 is expressed in the retina as well as in the majority of the 
autonomic ganglia [ 32 ,  39 ,  66 ]. Nonneuronal expression of CHRNA5 has been 
detected in the gastrointestinal tract, as well as in the thymus and testis [ 39 ,  40 ]. In 
addition, the α5 subunit is expressed in many of the same cell types as the α3 and β4 
subunits including oral epithelium, vascular endothelial cells, bronchial epithelium, 
O2A progenitors, and a variety of immune cells [ 37 ,  41 – 43 ]. 
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 The α5 promoter region has been described in both the bovine and human 
genomic contexts [ 39 ,  67 ,  68 ]. The regulatory mechanisms that govern CHRNA5 
expression remain to be completely elucidated but again, similar to other nAChR 
promoters, the α5 promoter is GC-rich and TATA-less [ 39 ,  67 ]. Sp1 interactions 
with GC boxes appears to be critical for CHRNA5 expression [ 67 ]. SCIP/Tst-1/
Oct-6 does not appear to regulate CHRNA5 expression though it regulates CHRNA3 
and CHRNB4 (see above). Moreover, in lung cells, ASCL1 appears to regulate 
CHRNA3 and CHRNB4 but not CHRNA5 expression [ 54 ].  

2.5     CHRNA6 

 In the CNS, expression of CHRNA6 is relatively restricted compared to CHRNA4 
and CHRNA7 [ 69 ,  70 ]. Expression of CHRNA6 is observed in the retina, striatum, 
locus coeruleus, and substantia nigra, ventral tegmental area [ 19 ,  69 ,  70 ]. 
α6-containing nAChRs comprise 25–30 % of presynaptic nAChRs expressed on 
striatal dopaminergic terminals in rodents and 70 % in monkeys making receptors 
including this subunit potentially important for nicotine addiction [ 71 ]. The pro-
moter region for the α6 gene, like all other neuronal nicotinic receptor subunit gene 
promoters, does not contain a TATA box [ 72 ]. However, the α6 promoter is not 
GC-rich and thus, is not subject to the same degree of regulation by transcription 
factors that recognize GC-rich sequences as the other nAChR gene promoters [ 72 ]. 
In-silico analysis revealed the presence of potential binding sites for AP-1, STATx, 
NF-kB, Oct-1, and Pax-2, while directed DNA mutational analysis demonstrated 
that promoter activity was increased when putative sites for Oct-1 and Pax-2 were 
removed, suggesting that these factors act to negatively regulate transcription of the 
CHRNA6 gene [ 72 ]. In addition to the predicted binding sites discussed above, the 
α6 promoter region also contains tandem  Alu  repeats shown to function as transcrip-
tional repressor domains [ 72 ]. 

 Interestingly, using a mouse model of the glaucomatose retina, it was shown that 
the pathophysiology of glaucoma causes a selective loss of CHRNA6 expression in 
retinal ganglion cells [ 73 ]. The mechanism for this downregulation has not yet been 
elucidated.  

2.6     CHRNA7 

 The α7 subunit self-assembles to form the major homomeric receptor subtype in 
the nervous system. CHRNA7 is expressed throughout the CNS including the 
olfactory bulb, cortex, hippocampus, medial habenula, amygdala, hypothalamus, 
substantia nigra, ventral tegmental area, pineal gland interpeduncular nucleus, and 
cerebellum [ 69 ]. CHRNA7 is also expressed in non-neuronal cells including lym-
phoid tissue, lymphocytes, epidermal keratinocytes, bronchial epithelial cells, and 
vascular tissue [ 27 ]. For more information on this topic see Chap.   13    . 
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 Like most other nAChR subunit genes the α7 promoter contains an abundance of 
guanine and cytosine nucleotides yet lacks a TATA box [ 74 ,  75 ]. As expected, the α7 
promoter contains multiple overlapping binding sites for transcription factors that 
recognize GC-rich targets such as Sp1/3, AP-2, and GCF [ 76 ] as well as binding sites 
for Egr-1 and CREB [ 77 ,  78 ]. Transcription of the α7 gene is positively regulated by 
transcription factors Sp1, Ap-2, Egr-1, GCF, TTF-1, and CREB [ 74 ,  75 ,  78 ,  79 ]. 

 Expression of CHRNA7 has been shown to be upregulated by membrane depolar-
ization [ 80 ]. When cultured rat superior cervical ganglion neurons were treated with 
KCl for 24-48 h, increased levels of homomeric α7 receptors were observed. KCl-
mediated depolarization and subsequent calcium infl ux through  L -type calcium chan-
nels resulted in increased α7 expression; this effect was CaM kinase-dependent [ 80 ]. 
Transcription of the α7 gene is also upregulated by BDNF activation of trkB receptors 
in ciliary ganglion cells (used as a model for parasympathetic neurons). This effect 
most likely occurs through activation of CREB via the BDNF-trkB pathway [ 81 ]. Akin 
to activity-dependent regulation, CHRNA7 expression is also upregulated by synapse 
formation. Studies have shown that expression of CHRNA7 can be enhanced by mim-
icking presynaptic input in vitro using a cysteine-rich isoform of neuregulin1 CRD-
NRG [ 82 ]. Interestingly, expression of CHRNA7 is also upregulated by light in the 
rodent developing primary visual cortex, yet the mechanism for this upregulation has 
not been completely elucidated [ 83 ]. In addition, studies suggest that the pathophysiol-
ogy of schizophrenia causes a decrease in expression of CHRNA7 [ 84 ] (see Chap.   20    ).  

2.7     CHRNA8 

 The α8 subunit is expressed in avian tissue and forms receptors that have biophysi-
cal properties similar to the α7 homomeric receptor [ 85 ]. These receptors can be 
either homomeric or heteromeric receptors forming with the α7 subunit [ 27 ]. The 
transcriptional mechanisms underlying expression of this avian-specifi c nAChR 
subunit gene remain to be elucidated.  

2.8     CHRNA9 and CHRNA10 

 The nAChR α9 and α10 subunits are co-expressed in a select few regions and their 
restricted pattern of expression suggests that they play very specifi c and unique roles 
in the regions in which they are present [ 86 ]. Studies have shown that α9- and α10-
containing nAChRs are critical components of the efferent auditory system and act 
to tune the cochlea to improve signal detection [ 87 ,  88 ]. Accordingly, these receptor 
subunits are capable of co-assembly into an alpha-only α9α10 nAChR subtype [ 89 ]. 
Both α9 and α10 mRNA can be detected in the inner ear and tonsils as well as in 
dorsal root ganglion neurons, immortalized B-cells, cultured T-cells, and peripheral 
blood lymphocytes [ 86 ,  87 ,  90 ]. Analysis of the α9 and α10 promoter regions 
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revealed putative binding sites for several transcription factors including AP-4, 
NFAT, MZF-1, BARBIE, STAF, and GATA-1 [ 91 ]. Criado and colleagues demon-
strated that CHRNA9 expression is regulated by both positive and negative transcrip-
tional regulatory elements [ 92 ]. The positive element contains Sox-binding elements 
and indeed interacts and is transactivated by members of the Sox family [ 92 ].  

2.9     CHRNB2 

 As discussed above, the β2 subunit is part of the major high affi nity nAChR α4β2 
subtype and also assembles with several other subunits to form a variety of receptor 
subtypes [ 1 ]. Studies from knockout mice revealed that the β2 subunit is involved in 
self-administration of nicotine and is required for nicotine-mediated dopamine 
release from mesencephalic dopaminergic neurons [ 93 ]. The β2 subunit also appears 
to play a role in alcohol-mediated behaviors [ 94 ] and is associated with nocturnal 
frontal lobe epilepsy [ 95 ]. The β2 subunit is expressed in a variety of CNS locations 
including the olfactory bulb, cortex, striatum, hippocampus, amygdala, substantia 
nigra, ventral tegmental area, thalamus hypothalamus, interpeduncular nucleus, 
medial habenula, locus coeruleus, raphe nuclei, and cerebellum [ 29 ,  55 ]. 

 The β2 promoter, like most other nAChR promoters is GC-rich, and contains an 
E-box as well as predicted binding sites for Sp1, CREB, and GATA-3 [ 96 ]. An 
approximately 1.2-kb genomic DNA fragment containing these elements is suffi cient 
for driving reporter gene expression in a neuron-specifi c manner in transgenic mice 
[ 96 ]. Given the high levels of GC content and the predicted binding site for Sp1, it 
is likely that expression of CHRNB2 is positively regulated by Sp factors [ 97 ,  98 ]. 
In addition, the β2 promoter also contains a neuron-restrictive silencing element 
(NRSE), a regulatory element that can enhance or suppress expression in a neuronal 
cell type depending on where it is located in relation to the transcription start site. 
Interestingly, in nonneuronal cells the NRSE suppresses expression independent of 
its location in the promoter region [ 98 ]. These data demonstrate that both positive 
and negative regulatory forces must act in concert to direct cell type- specifi c expres-
sion of CHRNB2. More recently, single nucleotide polymorphisms in the CHRNB2 
promoter region have been shown to be signifi cantly associated with the subjective 
response to nicotine and may also be critical for CHRNB2 expression [ 99 ]. Whether 
these polymorphisms alter protein–DNA interactions remains to be determined.  

2.10     CHRNB3 

 Expression of the nAChR β3 subunit is observed in relatively few areas in the CNS 
compared to other nAChR subunits. CHRNB3 is expressed in the striatum, medial 
habenula, interpeduncular nucleus, locus coeruleus, substantia nigra, and VTA [ 55 ]. 
Interestingly, CHRNB3 is also expressed in the auditory cortex and following injury 
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(cochlea ablation), expression of CHRNB3 is increased [ 100 ]. To date, little is 
known regarding the β3 promoter and the mechanisms that govern its expression. 
One intriguing study, however, showed that a single nucleotide polymorphism in the 
CHRNB3 gene that is associated with nicotine dependence lies in close proximity 
to a potential binding-site for the transcription factor AP1 [ 101 ], but further work is 
required to determine whether the polymorphism alters AP1 function at the 
CHRNB3 promoter.  

2.11     CHRNB4 

 As is the case with CHRNA3 and CHRNA5, CHRNB4 is widely expressed in the 
PNS with more limited expression centrally [ 27 ]. CHRNB4 is expressed at high 
levels in trigeminal sensory neurons as well as the superior cervical, dorsal root, 
spenopalatine, and otic ganglia [ 28 ,  29 ,  31 ,  32 ,  102 ,  103 ]. Expression of CHRNB4 
is also observed in the adrenal medulla with lower levels of expression in the retina 
[ 66 ,  104 ]. In the CNS, CHRNB4 expression is particularly high in the olfactory 
bulb, pineal gland, medial habenula, and interpeduncular nucleus with lower expres-
sion in other thalamic nuclei, the cortex, piriform cortex, hippocampus, cerebellum, 
midbrain, and spinal cord [ 61 ]. In nonneuronal cells, CHRNB4 expression coin-
cides with the expression of CHRNA3 and CHRNA5 in many cell types. For exam-
ple, all three nAChR subunit genes are expressed in the intestine as well as in 
vascular endothelial cells, oral keratinocytes, polymorphonuclear cells, bronchial 
epithelium, and O2A progenitors [ 37 – 43 ]. Finally, CHRNB4 is co-expressed with 
CHRNA3 and CHRNA5 in lung and is also upregulated in lung cancer [ 44 ]. 

 In addition to the Sp factors, Sox10, and SCIP/Tst-1/Oct-6 (see discussion of the 
nAChR gene cluster below), the β4 promoter is positively regulated by c-Jun [ 105 ]. 
Trans-activation by all of these factors is abolished when the Sp-binding site on the 
β4 promoter (referred to as a CA box) is mutated. Conversely, synergistic activation 
of the β4 promoter is observed when Sp1 is supplied in concert with Sox10, Sp3, or 
c-Jun [ 105 ,  106 ]. Co-immunoprecipitation experiments demonstrated that all of 
these factors physically interact [ 107 ]. Chromatin immunoprecipitation experi-
ments confi rmed that these interactions occur in the context of native chromatin 
(Fig.  3.1b ) [ 108 ]. These fi ndings suggest the existence of a positively-acting multi- 
subunit transcriptional regulatory complex that assembles on the β4 promoter. This 
result is consistent with the hypothesis that Sp1 is critical for transcription from the 
β4 promoter and likely nucleates the regulatory complex that drives expression of 
CHRNB4. 

 Two additional transcription factors have been shown to interact with the β4 pro-
moter, Purα, and heterogeneous nuclear ribonucleoprotein K (hnRNPK) [ 109 ,  110 ]. 
These proteins interact with another motif, the CT box, located directly upstream of 
the CA box. hnRNP K is capable of repressing Sp factor-mediated trans-activation 
of the β4 promoter [ 110 ] and also physically interacts with Sox10 [ 107 ]. Similar to 
hnRNP K, Purα physically interacts with Sox10 [ 107 ]. Moreover, Purα and hnRNP 
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K themselves physically interact [ 107 ]. These proteins may participate in the 
 multi-subunit complex described above to modulate expression of CHRNB4 in the 
appropriate cellular context. In vitro binding experiments demonstrated that each 
factor binds preferentially to the opposing single strand elements of the CT box, 
suggesting that some local DNA helix unwinding may occur (Fig.  3.1b ) [ 111 ]. 
Interestingly, Purα and hnRNP K have been shown to function together to nega-
tively impact transcription of genes in other systems and the same may be occurring 
at the β4 promoter [ 112 ]. 

 Further studies indicated that a 2.3-kb fragment of the β4 promoter, containing 
the CT and CA boxes, is capable of directing reporter gene expression to an array of 
brain regions that endogenously express the β4 gene [ 113 ,  114 ]. Rather surprisingly, 
site-directed mutagenesis of the CA box essentially eliminated reporter gene activ-
ity in transgenic animals [ 114 ]. These experiments demonstrate that the 2.3-kb 
region of the β4 promoter plays a critical role in mediating β4 gene expression 
in vivo and that the CA box is crucial for CHRNB4 expression.  

2.12     The CHRNA5/A3/B4 Gene Cluster 

 Three of the 11 mammalian neuronal nAChR subunit genes, CHRNA5/A3/B4, are 
located in a tight genomic cluster, likely arising from an ancient gene duplication 
event (Fig.  3.1 ) [ 10 ]. The clustering of these three nAChR subunit genes is con-
served throughout the Kingdom Metazoa. The conservation at this locus coupled 
with the observation that the three receptor genes are co-expressed in a variety of 
cell types and tissues suggests that their expression is coordinately regulated 
(Fig.  3.1a ) [ 61 ,  69 ]. Sequence analyses and functional characterization of the pro-
moter regions of each of the three clustered subunit genes revealed that, like most 
nAChR subunit gene promoters, the α5, α3, and β4 gene promoters are GC-rich and 
lack classical CAAT and TATA boxes [ 115 ,  116 ]. Several transcription factors act 
to positively infl uence expression of each of the clustered genes including, Sp1, 
Sp3, Sox10, and SCIP/Tst-1/Oct-6 (Fig.  3.1b ) [ 61 ]. Chromatin immunoprecipita-
tion experiments demonstrated Sp1 binding activity in the context of native chro-
matin for all three promoters (Fig.  3.1b ) [ 45 ,  114 ]. This is consistent with the idea 
that Sp1 is involved in tethering the basal transcription machinery to all GC-rich 
TATA-less nAChR subunit gene promoters, as has been described for other TATA-
less promoters [ 117 ]. In addition to the Sp factors, the CHRNA3/A5/B4 promoter 
regions can directly interact with and be transactivated by the more spatially 
restricted regulatory factors Sox10 and SCIP/Tst-1/Oct-6 (Fig.  3.1b ) [ 47 ,  48 ,  118 ]. 
Consistent with the overlapping mechanisms of regulation discussed above, the 
mRNA levels of the CHRNA3/A5/B4 genes are coordinately upregulated during 
neural development [ 119 ] and coordinately downregulated following denervation 
[ 120 ]. Furthermore, Deneris and colleagues have demonstrated that two transcrip-
tional regulatory elements, the β43′ enhancer and the conserved noncoding region 
4 (CNR4), play key roles in directing expression of the clustered nAChR genes in a 
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tissue-specifi c manner. Specifi cally, the β43′ enhancer is involved in directing 
expression in the adrenal gland whereas the CNR4 element is critical for expression 
in the pineal gland and superior cervical ganglion [ 121 ]. In addition, it is likely that 
CNR4 plays an important role in directing nAChR gene expression in other regions 
of the brain [ 121 ]. 

 In addition to the signifi cant amount of coordinate regulation, it is important to 
note that the expression patterns of the clustered subunit genes do not completely 
overlap, indicating that in addition to coordinate regulation, unique regulatory 
mechanisms act to control expression of the individual subunit genes, likely involv-
ing the various transcription factors and regulatory sequences described earlier. 
Interestingly, transcription of CHRNA5 occurs in the opposite direction of CHRNA3 
and CHRNB4 (see Fig.  3.1 ), again suggesting that in addition to shared transcrip-
tional regulatory mechanisms, unique mechanisms are in place to govern CHRNA5 
expression.   

3     miRNA Regulation of nAChR Subunit Gene Expression 

 MicroRNAS (miRNAs) are 21–24 nucleotide long molecules predicted to regulate 
the majority of all mammalian protein coding genes [ 122 ]. These regulatory mole-
cules are particularly abundant in the brain and play important roles in several 
aspects of nervous system development [ 123 – 125 ]. miRNAs typically function by 
binding to a miRNA-recognition element (MRE) in the 3′-untranslated region 
(UTR) of a target mRNA and then guiding the target mRNA to an RNA-induced 
silencing complex, which causes either inhibition of translation or mRNA degrada-
tion [ 126 ]. A number of recent reports have demonstrated that nicotine and cigarette 
smoke alter the expression of miRNAs. For example, Balaraman et al. demonstrated 
that nicotine-treatment, at concentrations attained by cigarette smokers, of cerebral 
cortical-derived neurosphere cultures induced a dose-related increase in several 
miRNAs, an effect that is blocked by the nonselective nAChR antagonist, meca-
mylamine [ 127 ]. Interestingly, given the comorbidity of alcohol abuse and nicotine 
dependence, three of the miRNAs regulated by nicotine are also ethanol-sensitive 
[ 127 ]. In another study, miRNA analysis of airway epithelium of smokers compared 
to nonsmokers demonstrated signifi cant differences in miRNA expression [ 128 ] 
with similar fi ndings observed in experiments performed by exposing rodent lung 
tissue to cigarette smoke [ 129 ]. Moreover, nicotine alone alters miRNA expression 
levels in canine atrial fi broblasts [ 130 ] as well as in the rat pheochromocytoma cell 
line, PC12 [ 131 ]. In vivo ,  it was shown that exposure to nicotine differentially regu-
lates expression of miRNAs in the adult mouse brain [ 132 ]. 

 Very little is known regarding the role of miRNAs in regulating nAChR expres-
sion. To date, one report has been published directly linking miRNAs to nAChR 
expression. A conserved muscle-specifi c miRNA, miR-1, was shown to regulate 
translation of two nAChR subunits, UNC-29 and UNC-63, in the body muscles of 
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 C. elegans , ultimately leading to changes in the functional properties of the mature 
nAChR receptors [ 133 ]. While there are no reports of miRNA regulation of 
 mammalian nAChR expression, in unpublished work from our laboratory, analysis 
of the 3′-UTR of each of the mammalian nAChR subunit genes revealed a plethora 
of potential miRNA-binding sites. A reporter gene approach coupled with site-
directed mutagenesis of the MREs identifi ed 14 miRNAs as regulators of nAChR 
expression. Moreover, the majority of these miRNAs are expressed in the brain and 
are downregulated by chronic nicotine (unpublished work from the Gardner labora-
tory). These fi ndings may be relevant to the paradoxical upregulation of nAChRs by 
chronic nicotine (see below) as they suggest a novel mechanism for this phenome-
non, as a decrease in miRNA expression would relieve their negative regulatory 
effects on nAChR expression.  

4     Epigenetic Regulation of nAChR Subunit 
Gene Promoters 

 Despite the conventional view of evolution that requires natural selection and the 
refi ning of mutations in DNA sequences over many generations, it is now known 
that one’s environment (including exposure to toxins and even drugs of abuse) can 
imprint information on DNA through the modifi cation of chromatin structure [ 134 , 
 135 ]. The term “epigenetic,” originally coined by embryologist and geneticist 
Conrad Waddington [ 136 ], is used to describe regulatory forces acting on the 
genome without the alteration of DNA sequence. A commonly used analogy likens 
epigenetic regulation to the software controlling our genetic hardware [ 137 ]. In the 
case of nAChRs, several groups have discovered alterations in methylation of DNA 
regions controlling expression of nAChR subunit genes, leading to a suppression of 
gene expression [ 138 ]. 

 Methylation can serve as a method of restricting expression of neuronal genes in 
nonneuronal cells in order to achieve cell-type specifi city. The initial description of 
the chromatin state of the DNA comprising the CHRNA4 promoter region showed 
little methylation in preparations from brain tissue where CHRNA4 expression is 
abundant versus more substantial methylation in liver and muscle tissue where 
CHRNA4 expression is much lower [ 56 ]. Leonard and colleagues have also shown 
that cell- type specifi city of CHRNA7 expression is also controlled in part by meth-
ylation of a proximal promoter region, with methylation levels correlating with 
CHRNA7 expression in several cell lines [ 139 ]. In another study, signaling through 
the α4β2 nAChR subtype was shown to underlie epigenetic-induced changes in 
glutamic acid decarboxylase expression, most likely as a consequence of decreased 
expression of DNA methyltransferase 1 [ 140 ]. 

 In addition to restricting expression in nonneuronal cell types, it has been shown 
that differential methylation of nAChR subunit gene promoters can occur as a result 
of pathological conditions. To wit, studies performed on human lung cancer tissue 
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show that the CHRNA3 promoter region is hypermethylated [ 141 ,  142 ]; whereas 
the CHRNB4 promoter region is hypomethylated [ 142 ]. These fi ndings are 
 particularly interesting given recent work linking this variability in these genomic 
regions to cancer susceptibility [ 143 ]. In addition, it has been shown that CHRNA7 
expression is downregulated in the cortex of human postmortem brain tissue  samples 
from both autism and Rett syndrome patients [ 144 ]. This effect was mediated by a 
loss of MeCP2, a protein that recognizes methylated DNA and can act to enhance or 
suppress gene expression [ 145 ]. Similar to miRNA regulation of nAChR expres-
sion, then, our understanding of the role of epigenetics in regulating nAChR expres-
sion is in its infancy. However, as the details of the molecular basis of nicotine 
dependence continue to be elucidated, undoubtedly the roles of miRNAs and epi-
genetics will emerge.  

5     Nicotine and nAChR Expression 

 A substantial amount of work from numerous laboratories has shown that chronic 
exposure to nicotine differentially regulates the number, localization, stoichiometry, 
and subunit composition of nAChRs [ 19 ]. Investigations into the effects of chronic 
nicotine demonstrated an increase in high-affi nity nicotine binding sites in studies 
performed using isotope-tagged nAChR ligands [ 146 ,  147 ]. In addition, autoradio-
graphs of postmortem tissue also show increased ligand-binding sites in the brains 
of smokers compared to nonsmokers [ 44 ]. Furthermore, brains of smokers display 
increased nAChR binding sites when viewed using functional magnetic resonance 
imaging. As expected, the high-affi nity α4β2 nAChR subtype exhibits the highest 
level of upregulation, with a four-fold increase upon chronic treatment [ 44 ,  148 , 
 149 ]. Other subtypes such as α3β2, α3β4, and α7 nAChRs are also upregulated, 
while some, such as α6β3-containing nAChRs, may even be downregulated [ 44 ]. 
Interestingly, despite the upregulation of receptors at the surface, levels of nAChR 
subunit mRNA remain unchanged with upregulation occurring independent of pro-
tein synthesis [ 149 – 151 ]. These results indicate that posttranslational mechanisms 
of regulation mediate nicotine’s effect on receptor expression levels. 

 Several plausible theories have emerged regarding the mechanism for nicotine- 
mediated upregulation of nAChR expression including increased receptor transport 
to the plasma membrane, decreased receptor internalization, increased resistance to 
lysosomal degradation, increased receptor assembly [ 19 ,  152 ] and as discussed 
above, miRNA regulation of nAChR mRNA levels. Evidence exists for all of these 
[ 147 ,  153 – 164 ], supporting the idea that it is not likely that any single mechanism 
exclusively accounts for all the observed changes in nAChR subtype expression 
during or after chronic nicotine exposure but it is more likely a consequence of 
multiple pathways functioning at distinct rates [ 165 ].  
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6     Summary 

 In summary, there are a wide variety of modalities contributing to the regulation of 
nAChR subunit gene expression ranging from conventional transcriptional regula-
tion to more recently discovered epigenetic- and miRNA-mediated regulatory 
mechanisms. In addition, nicotine exposure itself profoundly impacts the expres-
sion and subcellular localization of nAChRs through a mechanism that appears to 
be distinct to nAChRs. As discussed above, the genetic regulation of nAChR sub-
unit gene expression is a critical aspect of cholinergic system function as it acts to 
regulate subunit availability and as a result, the fi nal subunit composition and hence, 
biophysical properties, of every nicotinic receptor subtype in each cell type in which 
they are expressed. Future advances in our understanding of how the expression of 
these genes is so precisely controlled will undoubtedly contribute to a better under-
standing of the biological processes that nAChRs participate in and is likely to pro-
vide insights to the rational design of therapeutic interventions for diseases in which 
nicotinic cholinergic signaling is compromised.     
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    Chapter 4   
 Presynaptic Nicotinic Acetylcholine Receptors: 
Subtypes and Functions 

             Michael     J.     Marks      ,     Sharon     R.     Grady      ,     Tristan     D.     McClure-Begley      , 
    Heidi     C.     O’Neill      , and     Cristian     A.     Zambrano     

    Abstract     Nicotinic acetylcholine receptors (nAChR) are widely distributed 
throughout the central nervous system. Much of the function of these central 
nAChRs appears to be modulatory mediating the release of several neurotransmit-
ters and perhaps neuropeptides. Synaptosomal preparations have been widely used 
to investigate nAChR-mediated neurotransmitter release using pharmacological, 
immunochemical, and genetic approaches. This chapter summarizes results for 
nAChR-mediated  86 Rb +  effl ux as well as nAChR-mediated dopamine, GABA, glu-
tamate, norepinephrine, and ACh release. Studies with mice expressing mutated 
nAChR subunits (both null and gain-of function mutations) demonstrate that diverse 
nAChR subtypes contribute to presynaptic receptor activity.  

  Keywords     Synaptosomes   •   Null mutant mice   •   Rubidium effl ux   •   Dopamine   • 
  Gamma-aminobutyric acid   •   Glutamate   •   Neurotransmitter release   •   Nicotinic 
 acetylcholine receptors   •   Presynaptic receptors  

1         Introduction 

 Not long after the detection and localization of nicotinic acetylcholine receptors 
(nAChRs) in the CNS was measured by binding of radiolabeled agonists/antagonists 
[ 1 ], it was recognized that some nAChRs in CNS were localized to presynaptic 
regions [ 2 ]. Measuring activity of presynaptic nAChRs required different techniques 
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than those used for measuring postsynaptic receptors. The isolation of nerve termi-
nals (synaptosomes) was achieved in the 1960s [ 3 ,  4 ]. In the 1970s–1980s, the syn-
aptosome as a system for measurement of neurotransmitter release was established 
[ 5 – 8 ]. Many investigators have used this approach as well as similar methods with 
brain slices or prisms to detect activity of nAChRs on terminals promoting release 
of dopamine (DA), GABA, glutamate, norepinephrine (NE), and acetylcholine 
(ACh) as well as other neurotransmitters, peptides, and hormones. The use of 
synaptosomal preparations with effl ux of Rb +  is another more general technique 
for measurement of presynaptic nAChR activity. This chapter presents methods 
of detection and functions of presynaptic nAChRs in a selection of more well-
characterized systems.  

2     Presynaptic nAChR-Mediated  86 Rb +  Effl ux 

 Neuronal nicotinic receptors (nAChR) are ligand-gated cation channels and as such 
are amenable to electrophysiological measurements of their function. However, 
owing to the presynaptic location of many of these receptors, standard electrophysi-
ological approaches are not easily applicable. Since the nAChR channel is relatively 
nonselective, both Na +  and K +  and, to some extent, Ca 2+ , transit the open channel 
[ 9 ]. Thus, measurements of either Na +  infl ow or K +  outfl ow using labeled tracers 
have been used to measure nAChR function [ 10 – 12 ]. Because effl ux of K +  (mea-
sured using  86 Rb +  to label the pool) affords greater sensitivity than Na +  infl ux, the 
 86 Rb +  effl ux assay has been more widely applied [ 13 ]. An advantage of this method 
over neurotransmitter release is that it is a more direct measure of receptor activity 
and does not depend on downstream function of calcium channels or synaptic vesi-
cle fusion processes. However, since nAChR and NaK-ATPase are located on 
organelles in addition to synaptosomes it is possible that nAChR-mediated  86 Rb +  
effl ux is not exclusively synaptosomal. 

2.1     Initial Characterization of nAChR-Mediated  86 Rb +  Effl ux 

 The suitability of  86 Rb +  effl ux assay to measure nAChR function was initially estab-
lished by Lukas and colleagues using cell lines that expressed either native nAChR 
or had been transfected to express nAChR heterologously [ 13 ].  86 Rb +  effl ux was 
adapted to measure presynaptic nAChR function by superfusion of synaptosomal 
preparations.  86 Rb +  is transported into synaptosomes via Na + K + ATPase and will 
fl ow out through any open channel that allows K +  effl ux. Synaptosomal preparations 
can be somewhat purifi ed or very crude. In either case, it appears that mostly pre-
synaptic activity is measured. For example, it is known that habenula has a mixture 
of pre- and postsynaptic nAChRs and the postsynaptic receptors are mostly of the 
α3β4*-nAChR subtype as measured by patch clamp electrophysiology [ 14 ]; 
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however, primarily β2*-nAChR activity is seen with the synaptosomal  86 Rb +  assay 
[ 15 ]. 

 The initial characterization of synaptosomal  86 Rb +  effl ux established that nico-
tinic agonists differed in both potency and effi cacy and nicotinic antagonists  differed 
in potency [ 16 ]. The magnitude of the  86 Rb +  effl ux varied among brain regions and 
correlated closely with the density of binding sites measured with [ 3 H]-nicotine, 
which is known to measure binding to α4β2*-nAChR sites [ 17 ,  18 ]. Nicotine- 
stimulated  86 Rb +  effl ux is partially inhibited by the Na +  channel blockers tetrodo-
toxin and saxitoxin, indicating that some of the effl ux is mediated by secondary 
activation of voltage-gated Na +  channels [ 19 ]. In contrast, specifi c K +  channel 
blockers affected only basal release. nAChR-mediated  86 Rb +  effl ux is routinely mea-
sured in the presence of tetrodotoxin and cesium to minimize the contribution of 
Na +  and K +  channels to the response.  

2.2     Desensitization of nAChR-Mediated  86 Rb +  Effl ux 

 Synaptosomal  86 Rb +  effl ux desensitizes following either prolonged stimulation with 
nicotine or by exposure to relatively low concentrations of nicotine [ 20 ]. All nico-
tinic agonists, while varying signifi cantly in affi nity and effi cacy, elicit desensitiza-
tion [ 20 ]. As assayed using thalamic synaptosomes, the concentration required to 
achieve desensitization by relatively low agonist concentrations correlated closely 
( r  = 0.99) to the affi nity of the agonists as inhibitors of [ 3 H]-nicotine binding. This 
correlation to [ 3 H]-nicotine binding, a measure of the α4β2*-nAChR subtype, indi-
cates that much of the  86 Rb +  effl ux function is likely mediated by this subtype.  

2.3     Using Mutant Mice to Identify nAChR Subtypes Mediating 
 86 Rb +  Effl ux 

 The availability of null mutant mice has made the identifi cation of the nAChR sub-
types mediating agonist-stimulated  86 Rb +  effl ux more precise. Deletion of the β2 
nAChR subunit dramatically reduced activity measured from whole brain synapto-
somal preparations [ 21 ]. The effect of deletion of the β2 subunit was also measured 
from synaptosomes prepared from 12 brain regions [ 22 ]. Activity was substantially 
reduced in the null mutants; however, signifi cant activity persisted in several brain 
regions. Similar results were obtained for experiments examining the effects of the 
deletion of the α4 nAChR subunit [ 23 ]; signifi cant reductions in activity were seen 
in each brain region of α4 null mutants tested with residual activity observed in 
several brain regions. These results demonstrate the presence of some responses that 
are not mediated by α4β2*-nAChR. These studies with null mutants are consistent 
with previous pharmacological analyses and confi rm the dominant role of α4β2*-
nAChR in nicotinic receptor-mediated  86 Rb +  effl ux. 
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 By continually monitoring nAChR-mediated  86 Rb +  effl ux using on-line detection 
of radioactivity, a biphasic concentration effect curve for ACh-stimulated  86 Rb +  
effl ux was observed [ 21 ]. The higher sensitivity activity (HS), was also found to be 
more sensitive to inhibition by dihydro-β-erythroidine (DHβE) than the lower sen-
sitivity activity (LS). This differential sensitivity to DHβE provided a second method 
for resolving these biphasic curves. Biphasic ACh concentration–effect curves for 
responses mediated by α4β2*-nAChR have been reported for heterologously 
expressed receptors and have been ascribed to the activity of receptors assembled 
with alternate stoichiometries [ 24 – 26 ] suggesting that the HS and LS activities in 
synaptosomal preparations are also mediated by α4β2*-nAChR with alternate stoi-
chiometries. This possibility was examined using heterozygotic mice (+/−) to alter 
the relative expression of α4 and β2 mRNA thereby altering expression of α4 and β2 
subunit proteins, respectively [ 27 ]. Increased relative expression of the β2 subunit 
and HS activity was observed for α4(+/−) mice, while increased relative expression 
of the α4 subunit and LS activity was observed for the β2(+/−) mice. Results of this 
study are consistent with the postulate that HS and LS components of  86 Rb +  effl ux 
are mediated by α4β2-nACh with (α4) 2 (β2) 3  and (α4) 3 (β2) 2 , respectively. 

 The effects of various nAChR subunit null mutations were assessed for both HS 
and LS activity (Fig.  4.1 ). These data confi rm the absolute requirement for both β2 
and α4 subunits for HS and LS components. The auxiliary nAChR subunit, α5, can 
co-assemble with α4 and β2 [ 15 ,  28 ]. Measurement of the effects of deletion of the 
α5 subunit confi rm that α4β2α5-nAChRs mediate a signifi cant fraction of ACh- 
stimulated  86 Rb +  effl ux in thalamus (Fig.  4.1 ) and striatum, but not in cortex, hip-
pocampus, or midbrain [ 29 ]. Deletion of the α5 subunit selectively reduced HS 
activity, with little effect on LS activity, indicating that α4β2α5 is an additional HS 
subtype, an observation consistent with results using heterologously expressed 
nAChR [ 30 ,  31 ]. A greater effect was observed for ACh-stimulated  86 Rb +  effl ux than 
for total receptor expression measured with [ 125 I]-epibatidine binding, suggesting 
that α4β2α5-nAChRs may be more highly functional than other α4β2-nAChRs. 
Studies with transgenic mice indicate that the cortico-thalamic tract is the source of 
most of the α4β2α5-nAChR mediating  86 Rb +  effl ux in thalamus [ 32 ]. The α5 subunit 
also is included in the nAChR populations that mediate  86 Rb +  effl ux in habenula and 
interpeduncular nucleus (IPN) [ 33 ]. The presynaptic activity in habenula is primar-
ily dependent on β2*-nAChR, while activity in IPN is mediated by a mixed popula-
tion of β2*- and β4*-nAChR [ 15 ]. These data indicate that the presynaptic activity 
in habenula is largely mediated by α4α5β2-nAChR while in IPN, presynaptic activ-
ity could be mediated by populations of β2*- and β4*-nAChR, with either or both 
populations including the α5 subunit.

   While most of the ACh-stimulated  86 Rb +  effl ux in mouse brain synaptosomes is 
mediated by α4β2*-nAChR, given the general nature of the ion fl ux measured with 
 86 Rb +  effl ux it is reasonable to expect that other nAChR subtypes elicit measurable 
 86 Rb +  effl ux in select brain regions. Signifi cant nAChR-mediated  86 Rb +  effl ux was 
detected in the inferior colliculus and interpeduncular nucleus of β2 knockout mice. 
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These regions contain a signifi cant population of [ 125 I]-epibatidine binding sites that 
are not blocked by A85380, a selective agonist for β2*-nAChRs [ 34 ,  35 ]. 
Pharmacological properties of nAChR-mediated  86 Rb +  effl ux and [ 125 I]-epibatidine 
binding were subsequently measured in β2(−/−) mice in these two brain regions 
[ 36 ]. Full agonist activity of cytisine and inhibition by α-conotoxin AuIB indicated 
that the residual responses corresponded closely to the properties anticipated for 
α3β4*-nAChR. 

 The contribution of additional subtypes to nAChR-mediated  86 Rb +  effl ux in wild- 
type mice is quite small. However, by inserting subunits with gain-of-function muta-
tions, it has been possible to observe responses that are too low for reliable detection 
in wild-type mice. For example, insertion of α6 nAChR subunits carrying the L9’S 
channel mutation, allowed measurement of nicotine-stimulated  86 Rb +  effl ux in supe-
rior colliculus mediated by α6β2*-nAChR, as determined by sensitivity to inhibition 
by α-conotoxin MII [ 37 ]. This result indicates that these receptors are likely present 
presynaptically in this brain region, but that their contribution to overall nAChR-
mediated responses in the wild-type is too small to measure reliably.  
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  Fig. 4.1       Effect of null mutations on  86 Rb +  effl ux from thalamic synaptosomes. Both HS ( upper 
panel ) and LS ( lower panel ) activity were assessed by  86 Rb +  effl ux evoked by acetylcholine. 
Results were analyzed by one-way ANOVA followed by Dunnett’s post hoc test (*, P < 0.01)       
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2.4     nAChR-Mediated  86 Rb +  Effl ux Following Chronic Nicotine 
Treatment 

 Chronic treatment with nicotine results in an upregulation of α4β2-nAChR binding 
sites, the extent of which varies among brain regions, and occurs with no change in 
amount of mRNA [ 38 – 43 ]. In a study comparing 12 brain regions in mice [ 44 ], 
function of receptors was measured by  86 Rb +  effl ux, after chronic nicotine treatment 
compared to saline treatment. HS activity tended to decrease with a signifi cant 
effect in thalamus. For LS activity, an increase in function was noted for olfactory 
bulbs, with no change in the 11 other regions. When HS activity was compared to 
the number of α4β2-nAChR binding sites, the slope of the regression line for all 12 
regions assayed, decreased with increasing nicotine treatment dose. This study indi-
cates that chronic treatment with nicotine changes overall functionality of α4β2- 
nAChRs in a dose-dependent manner in mice. A similar study of chronic nicotine 
treatment with rats [ 45 ] gave somewhat different results, in that  86 Rb +  effl ux activity 
increased in parallel with increase in binding sites over four brain regions.  

2.5     Summary 

 In summary, by using nicotinic agonist-stimulated  86 Rb +  effl ux as a general measure 
of nAChR activity it has been possible to identify activity of several different sub-
types. Under the conditions of these experiments, most of the response is mediated by 
α4β2*-nAChR, which corresponds to three major subtypes: (α4β2) 2 β2 (HS), (α4β2) 2 α5 
(HS), and (α4β2) 2 α4(LS). In addition, nAChR with properties corresponding to 
α3β4*-nAChR has been identifi ed in select brain regions. The activity of additional 
nAChR subtypes has been diffi cult to determine since the  86 Rb +  effl ux assay either is 
not well suited for their measurement or they represent only a small fraction of the 
total response that is insuffi cient for adequate detection and characterization. The use 
of mutant subunits, such as the α6 L9’S, provides evidence for the activity of minor 
subunits by enhancing the amount of  86 Rb +  effl ux mediated by these minor subtypes. 
Alternative methods such as neurotransmitter release are probably more appropriate 
for the study of the role of such subtypes in presynaptic nAChR function.   

3     Presynaptic nAChR-Mediated Neurotransmitter Release 

3.1     Dopamine 

 The importance of DA release to mechanisms of action of drugs of abuse was recog-
nized several decades ago. The technique of in vivo microdialysis with probes placed 
in the DA terminal fi elds has shown that extracellular DA increases upon injection of 
many drugs of abuse [ 46 ]. The increase in DA following self- administered nicotine 
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in rats was shown to be dependent on nAChRs in the VTA, rather than in the terminal 
fi elds [ 47 ]. Furthermore, a learned cue for a subsequent reward will also elicit dopa-
mine release in trained monkeys, and DA decreases when the anticipated reward is 
withheld [ 48 ,  49 ]. In addition, aversive stimuli can also promote DA release [ 50 ]. 
With long-term nicotine treatment and withdrawal, nAChRs at both somatic sites 
in the VTA and axonal sites in NAc appear to play a role in determining levels of 
extracellular DA with possibly greater effects on basal levels [ 51 ]. 

 Dopaminergic neurons of the substantia nigra (SN) and ventral tegmental area 
(VTA) project to the striatum (ST) and nucleus accumbens (NAc) and these axons 
are the only source of dopamine release in these regions allowing a clear division of 
presynaptic modulatory activity. In 1989, Mifsud et al. [ 52 ], using microdialysis 
techniques, showed that locally applied nicotine in the NAc increased DA in vivo 
leading to their early suggestion that nicotine stimulation of presynaptic receptors 
released DA and might be involved in addiction to tobacco. Early experiments also 
established that nicotinic agonists stimulate [ 3 H]-DA release from striatal prepara-
tions [ 53 – 57 ]. [ 3 H]-DA can be released from synaptosomes or slices by calcium- 
dependent mechanisms involving voltage-sensitive calcium channels (VSCC) or by 
calcium independent reversal of the dopamine transporter [ 2 ,  5 ,  58 ,  59 ] (see Fig.  4.2 ).

  Fig. 4.2    Synaptosomal dopamine release assay. Synaptosomes are nerve terminals that retain 
mitochondria and can utilize glucose and maintain normal membrane potential via action of the 
sodium–potassium ATPase (Na + K + ATPase) in vitro for several hours. In this diagram, membrane 
proteins and represented by blue ovals and synaptic vesicles by green circles. The steps of the [ 3 H]
dopamine (DA) release assay are illustrated as follows: ( 1 ) [ 3 H]DA enters via the dopamine trans-
porter (DAT); ( 2 ) [ 3 H]DA enters synaptic vesicles via the vesicle monoamine transporter (VMAT); 
( 3 ) agonist binds to nAChR and allows Na +  entry causing local membrane potential change; ( 4 ) 
voltage-sensitive calcium channels (VSCC) open allowing Ca 2+  infl ux; ( 5 ) increased Ca 2+  supports 
vesicle fusion and release of [ 3 H]DA       
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   For most nAChR agonists, DA release is dependent on external calcium and 
blocked by cadmium indicating that local ion fl ux through the activated receptors 
supports activation of VSCC promoting calcium infl ux that subsequently results in 
[ 3 H]-DA release [ 60 ,  61 ]. Using omega toxins selective for various subtypes of 
VSCC [ 62 ,  63 ], it has been shown that N- and P-type VSCC support nAChR- 
mediated [ 3 H]-DA release [ 60 ,  61 ,  64 ] and that the release evoked by α6β2*-nAChR 
(where * indicates possible presence of other subunits, [ 65 ]) appears to be coupled 
to P-type VSCC [ 61 ]. Fast scan cyclic voltammetry studies indicate that DA release 
elicited by a tonic or “discrete” stimulus is coupled to N- and P-type calcium chan-
nels to a greater extent than burst evoked release [ 66 ]. 

 Localization of β2*-nAChRs at tyrosine hydroxylase positive (TH) terminals in 
the rat dorsal striatum by electron microscopy has shown that β2*-nAChRs are 
located at most (minimum 86 %) of these terminals [ 67 ]. About 15 % of this β2*-
nAChR is associated with the plasma membrane; however, these receptors are rarely 
found at synapses, indicating volume transmission may be the mechanism of the 
modulatory activity of these presynaptic receptors [ 68 ].   

3.2     nAChR Subtypes in Striatum and Nucleus Accumbens 

 Pharmacology has been important in helping to determine which of the various 
subtypes of nAChR act to release DA. Selective agonists and antagonists, with 
selectivity based on assays of various subtypes expressed in cell systems [ 69 – 71 ], 
have helped to sort out subtypes found in brain. However, selective pharmacology 
alone has not been suffi cient as these subunits have many binding sites in common. 
For example, the antagonist DHβE is selective for α4β2*nAChR -sites over α6β2*-
nAChR, and MLA is selective for α6β2*-nAChR over α4β2*-nAChR [ 72 ,  73 ]. 
Because these are competitive antagonists and the agonist activation concentrations 
differ, the use of these compounds is not as defi nitive at differentiating β2*-nAChR 
subtypes as expected [ 74 ]. One exception is the marine snail toxin α-conotoxin MII 
(α-CtxMII). This toxin has slow enough kinetics that it acts as a pseudo- 
noncompetitive antagonist which, with a short (3–5 min) prior exposure, will selec-
tively block α6β2*-nACjhR- and α3β2*nAChR-sites with greater potency (1,000× 
more potent than at α4β2) [ 75 ]. In addition, it has been established that there are no 
α3β2 sites in mouse striatum [ 76 ,  77 ], allowing the identifi cation of α6β2-sites with 
certainty in this region. The discovery of α-CtxMII has been invaluable in the study 
of DA release as the α6β2*-nAChR is one of two major classes of receptor found on 
these terminals [ 73 ,  78 – 80 ]. 

 The availability of nAChR subunit null mutant mice has allowed characterization 
of functional nAChR subtypes at DA terminals [ 73 ,  81 – 83 ]. [ 3 H]-DA release can be 
measured from synaptosomal preparations of ST from various subunit knockout 
mice in combination with selective antagonists. Using these techniques, it has been 
determined that the population of receptors blocked by α-CtxMII (α-CtxMII- 
sensitive) in ST of mice is α6β2*-nAChR that include (α6β2) 2 β3-nAChR (where 
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pairs in parentheses are binding sites and extra subunit is in the accessory position) 
and (α6β2)(α4β2)β3-nAChR subtypes [ 78 ,  82 ,  84 ,  85 ]. The latter is considered an 
α6β2* subtype despite having one α4β2 binding site, as this receptor is blocked 
from functioning by α-CtxMII. Small populations of (α6β2) 2 β2-nAChR and (α6β2)
(α4β2)β2-nAChR may also be present; however, this determination is based on 
experiments with null mutant mice that could make small amounts of these subtypes 
when the β3 or both the β3 and α4 subunits are absent [ 85 – 87 ]. Receptor popula-
tions not blocked by α-CtxMII (α-CtxMII-resistant) include the (α4β2) 2 β2-nAChR, 
(α4β2) 2 α4-nAChR, and (α4β2) 2 α5-nAChR subtypes. Both the (α4β2) 2 β2-nAChR 
and the (α4β2) 2 α5-nAChR subtypes are high-sensitivity (HS) forms, while the 
(α4β2) 2 α4 form is low sensitivity (LS) meaning that higher concentrations of ago-
nists are required for function [ 21 ,  88 ]. The combined techniques of selective phar-
macology and subunit null mutations have shown that acetylcholine and nicotine 
are especially potent at activating the (α6β2)(α4β2)β3-nAChR subtype [ 86 ]. This 
subtype is likely of signifi cance in the human smoking population where it may be 
activated by very low levels of nicotine. 

 While the availability of null mutations is mostly restricted to mice, other meth-
ods have been used to show that similar populations of nAChR subtypes exist in 
rats, monkeys, and humans. Taking advantage of selective lesioning of dopaminer-
gic neurons by 6-hydroxydopamine, the loss of nAChR subtypes in rats was mea-
sured by immunoprecipitation methods to determine those subtypes associated with 
dopaminergic axons in striatum [ 72 ]. Data show signifi cant losses of α4, α5, α6, β2, 
and β3 subunits, and gave estimates of (α4β2) 2 β2-nAChR (30 %), (α4β2) 2 α5-nAChR 
(30 %), (α6β2) 2 β3-nAChR (25 %) and (α6β2)(α4β2)β3-nAChR (15 %) with the 
subtypes containing α5 or α6 subunits restricted to dopaminergic axons in striatum 
[ 72 ]. In a subsequent study, percentages of these subtypes were shown to vary 
somewhat with higher (α6β2)(α4β2)β3-nAChR and lower (α4β2) 2 α5-nAChR in 
dorsal than in the ventral striatum of rats [ 89 ]. 

 The selective neurotoxin MPTP has been used in monkey studies to look at loss 
of nAChR subtypes upon destruction of dopaminergic neurons. After MPTP treat-
ment, signifi cant losses of β2, β3, α3, α4, and α6 subunits in ST were found as 
measured by immunoprecipitation with selective antibodies [ 90 ]. The α5 subunit 
was not investigated in this study. In human brain, dopaminergic neurons are 
destroyed in Parkinson’s Disease. Study of nAChR subunits by selective immuno-
precipitation has shown loss of striatal α4, α6, β2, and β3 subunits in ST from post-
mortem human brains of PD patients [ 91 ]. The α5 subunit was detected at too low a 
level to see signifi cant decreases.  

4     Physiological Role of Presynaptic nAChR 

 The role of the presynaptic nAChRs on dopaminergic terminals in modulating the 
release of DA has been studied using fast scan cyclic voltammetry. This technique 
can be used both in brain slices and in vivo after implantation of carbon-fi ber 
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electrodes to detect DA [ 92 – 94 ]. The amount of DA released can be varied by 
strength and number of electrical pulses applied to a slice or to specifi c brain region 
by implanted microelectrodes. These measurements assess amount of DA available 
at the electrode which is infl uenced by activity of the DA transporter as well as 
presynaptic DA autoreceptors and various heteroreceptors including the nAChRs. 
DA has been shown to act by a volume transmission mode; that is to “spill over” 
from the synapse, bathing the area in DA and activating modulatory DA receptors 
[ 95 ,  96 ]. The source of ACh in the ST is the giant cholinergic interneurons that are 
tonically active [ 95 ,  96 ] and affect modulatory muscarinic and nicotinic receptors 
via volume transmission [ 95 ,  97 ]. 

 The role of the presynaptic nAChRs on dopaminergic axons appears to be modu-
latory. They act to control the probability of DA release which differs for single- 
pulse (tonic fi ring) or bursts of activity (phasic fi ring) of the dopaminergic neurons 
[ 98 – 100 ]. When the nAChR are activated by tonic ACh release from the cholinergic 
interneurons, the amount of dopamine release is similar for tonic or phasic fi ring. 
However, when nAChRs are silenced either by pauses of the cholinergic interneu-
rons, by nAChR antagonists, or by desensitization of the nAChRs in the presence of 
nicotine, the response to tonic stimulation decreases and to burst fi ring increases 
[ 101 ,  102 ]. This effect is elicited through α4β2*-nAChR in the dorsal ST, but via 
α6β2*-nAChR in the NAc [ 101 ] Studies using nAChR subunit null mutations have 
determined the important subtype for this regulation in the dorsal ST for wild type 
mice to be the (α4β2) 2 α5, although with null mutations other subtypes, such as 
(α6β2) 2 β3-nAChR, can perform this function [ 103 ]. In contrast, in the NAc, the 
important functional subtype for modulation of response to tonic vs burst fi ring is 
(α6β2)(α4β2)β3, and no other subtype appears to be able to substitute [ 103 ]. This 
role of nAChR in modulating DA release could explain the importance of both α4, 
α6, and β2 subunits seen in models of nicotine reward [ 104 – 106 ]. The α4 subunit is 
necessary in the VTA for initiation of burst fi ring and both α4 and α6 together have 
modulatory effects in the nucleus accumbens [ 107 ]. 

 In order to study the circuit-based role of cholinergic interneurons on control 
over dopamine release via ACh activation of the nAChRs on the dopaminergic 
axons in the ST, optogenetic techniques have been used [ 108 ]. The light-activated 
cation channel, channel rhodopsin2, can be selectively expressed in cholinergic 
neurons by using mice expressing cre-recombinase driven by the choline acetyl-
transferase (ChAT) promoter. Using these techniques, it has been shown that release 
of endogeneous ACh is suffi cient to promote dopamine release via nAChR activity 
without activation of the dopamine neurons [ 109 ,  110 ]. The cholinergic interneu-
rons are, in turn, under the control of thalamo-striatal glutamate neurons [ 109 ,  111 ]. 
Therefore, presynaptic nAChRs on dopamine terminals appear to have two different 
modulatory infl uences on dopamine release, one via activity of the dopamine 
 neurons and the other via thalamo-striatal glutamate activity through cholinergic 
interneurons independent of actual dopamine neuron activity.  
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5     Gain-of-Function Mutations 

 In addition to the useful nAChR subunit null mutations in mice, there have been a 
number of nAChR channel mutations that confer a “gain-of-function”. Some of 
these are models for human mutations that can cause autosomal dominant frontal 
lobe epilepsy (ADNFLE), while others have been useful as probes for nAChR func-
tion in mouse models [ 112 ,  113 ]. Two mutations that have been important for study 
of presynaptic nAChRs on dopamine terminals are the α4-L9’A knock-in [ 114 ] and 
the α6-L9’S BAC transgenic mice [ 37 ]. Assaying tissues from these mice as well as 
some of the subunit null mutations for agonist-stimulated synaptosomal dopamine 
release has shown that there is some amount of functional adaptation that occurs 
among nAChR subtypes on dopaminergic terminals. For subunit null mutations 
there appears to be no compensation when the subunits of the binding sites are 
removed; for example, removing α4 does not lead to increased α6 activity. However, 
removal of the accessory subunits α5 or β3 does increase activity of the remaining 
subtypes [ 73 ]. Compensatory changes in function at dopamine terminals are also 
found with some of the “gain-of-function” mutations. The α4-L9’A mouse shows a 
down-regulation of the function of α4β2*-nAChR and an increase in the function of 
the α6β2*-nAChR [ 74 ]. A shift in the same direction is seen in the α6-L9’S BAC 
transgenic mouse that has increased function of the α6β2*-nAChR and decreases in 
the α4β2*-nAChR [ 37 ]. This effect of balancing presynaptic dopamine release 
activity among subtypes may be unique to the populations of receptors on dopami-
nergic terminals which express a number of different subtypes.  

6     Effect of Chronic Nicotine Treatment 

 Chronic treatment with nicotine in animal models has shown that an upregulation of 
the α4β2*-nAChRs, the extent of which varies among brain regions, occurs with no 
change in amounts of mRNA [ 38 – 43 ]. Dopaminergic neurons contain several popu-
lations of nAChR that have α4β2-nAChR binding sites. The α4α5β2-nAChR seems 
resistant to up-regulation in vivo [ 115 ,  116 ]. The α6β2*-nAChR, measured with 
[ 125 I]-α-CtxMII, decreases in striatum/nucleus accumbens with chronic nicotine 
treatment [ 89 ,  117 – 119 ]. Measurements with mice having YFP-tagged α4 subunits 
have shown that up-regulation of α4β2*-nAChR in ventral tegmental area (VTA) 
and substantia nigra pars compacta (SNC)/substantia nigra pars reticulata (SNR) are 
confi ned to the GABAergic neurons with no change in α4β2-nAChR binding sites 
seen in dopaminergic neurons [ 120 ]. If the total population is unchanged and the 
(α6β2)(α4β2)β3 population decreases, it is possible that the α4(non-α6)β2-nAChR 
population does upregulate. Owing to differences in receptor function and cellular 
distribution, nAChR-mediated dopaminergic function does not necessarily corre-
spond directly to receptor number. Some nAChR expression measured by binding 
and immunological assays is to intracellular sites. Furthermore, α4β2*-nAChR are 
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also expressed on non-dopaminergic neurons. Measurements of function at dopami-
nergic terminals after a few weeks of chronic treatment has generally shown a lack 
of effect overall [ 121 ] or a decrease [ 122 ,  123 ]. When components of dopamine 
release were assessed by measuring α-CtxMII resistant and -sensitive portions, gen-
erally no change was found for release mediated by α4β2*-nAChR, while there was 
a decrease in release mediated via α6β2*-nAChRs roughly paralleling the changes 
in α-CtxMII binding sites [ 117 ,  118 ]. This decrease may be more prominent for the 
(α4β2)(α6β2)β3-nAChR than the (α6β2) 2 β3-nAChR [ 124 ,  125 ]. 

 There is recent evidence that changes in presynaptic function after chronic treat-
ment may differ depending on how nicotine is given, on length of exposure, on 
cycles of withdrawal and on method used to assess function. [ 51 ,  126 – 128 ]. Greater 
upregulation of nAChR in the ST as well as larger effects on reward behavior was 
seen after several cycles of chronic nicotine treatment and withdrawal in mice [ 128 ]. 
In mice withdrawn from chronic nicotine administered in drinking water for 4 or 12 
weeks, basal DA levels were decreased in the NAc. Following chronic nicotine, 
there was a greater inhibition of tonic dopamine release, which enhanced the con-
trast between tonic and phasic stimulation [ 51 ]. In rats treated with nicotine via 
minipump for 10 weeks, a loss of α6β2*-mediated synaptosomal DA release from 
ST was seen [ 129 ], while in monkeys given nicotine in drinking solution and food 
for 3–6 months, voltammetrically measured modulation of tonic vs phasic dopa-
mine release via α6β2*-nAChRs was lost [ 127 ]. In the future, attempts such as these 
to model human smoking, quitting, and relapse may provide useful data on aspects 
of nicotine addiction and smoking cessation [ 130 ].  

7     Variable Desensitization 

 It is well established that nAChRs are allosteric proteins that can desensitize when 
exposed to agonists for extended periods of time [ 131 ,  132 ]. Nicotine remains in the 
blood and brains of smokers for extended periods of time at concentrations of up to 
about 300 nM [ 133 ]. This level of nicotine is suffi cient to produce signifi cant desen-
sitization of α4β2*-nAChRs [ 134 ]. There are indications that α4β2*-nAChRs that 
contain the α5 subunit may be more resistant to desensitization [ 30 ,  135 – 137 ]. In 
addition, the α6β2*-nAChRs may resist desensitization and retain more activity in the 
presence of smoking levels of nicotine [ 136 ,  138 ]. Variable desensitization induced by 
subtype differences, associated proteins, or posttranslational modifi cations of nAChRs 
may affect how each subtype is infl uenced by smoking levels of nicotine [ 132 ].  

8     Dopamine Release in Other Brain Regions 

 Dopaminergic neurons project to regions other than the ST and NAc. The A9 neu-
rons of the SN project in large part to the dorsal ST and the A10 neurons of the VTA 
project mainly to the NAc, olfactory tubercle (OT), and prefrontal cortex (PFC) 
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[ 139 ,  140 ]. As methods have improved, it has been shown that these designations 
are oversimplifi ed and that there is some overlap in projection fi elds [ 140 ]. [ 3 H]-DA 
release from these four regions has been compared using mouse synaptosomes 
preparations [ 141 ]. In the OT, the nAChR-mediated [ 3 H]-DA release signal is 
strong, and similar to ST and NAc [ 37 ,  86 ,  141 ]. In the PFC, DA terminals are 
sparser and, therefore, harder to detect. The transporters for norepinephrine and 
serotonin can compete for uptake of [ 3 H]-DA, making use of various selective 
blockers necessary to selectively evaluate responses at dopaminergic terminals. 
Assayed in this way, nAChR-mediated [ 3 H]-DA release appears similar in all four 
regions. Only activation of β2*-nAChR subtypes was found to promote [ 3 H]-DA 
release with some blockade by α-CtxMII seen in all regions [ 141 ]. When measured 
from rats using PFC slices, no block by α-CtxMII was seen [ 142 ,  143 ] indicating 
that rats and mice may differ in this regard. 

9     GABA 

 Over 30 years ago, studies in Aplysia demonstrated that application of snake venom 
toxins reduced ACh-evoked chloride currents in neurons, suggesting that AChRs 
were capable of enhancing inhibitory neurotransmission [ 144 ]. Additional electro-
physiological studies in rodent and avian brain tissues indicated that nAChR ago-
nists were capable of increasing GABAergic neurotransmission via activation of 
several nAChR subtypes [ 145 – 147 ] and that at least a portion of the enhanced 
GABAergic inhibitory postsynaptic currents (IPSCs) recorded were due to presyn-
aptic nAChR evoked GABA release. As for nAChRs mediating presynaptic DA 
release, substantial heterogeneity in receptor subtypes has been demonstrated for 
nAChRs that evoke the release of GABA. Unlike DAergic nerve terminals, which 
exhibit anatomically defi ned expression in the mammalian CNS, the majority of 
GABA neurons that express nAChRs in the brain regions examined tend to be local 
inhibitory interneurons [ 148 – 150 ]. Dissection of the contribution of purely presyn-
aptic nAChR-mediated GABA release on complex neurocircuitry from somatoden-
dritic nAChR activation is challenging. 

 Assessment of GABA release from synaptosomes established the ability of 
nAChRs to act directly on presynaptic GABAergic nerve terminals [ 151 ,  152 ], 
although the nAChR subtypes present on GABAergic presynaptic terminals appear 
to vary by species. Recordings from chick dorsolateral geniculate nucleus (DGN) 
using subtype selective antagonists to block the effects of applied ACh indicate that 
only the α4β2 nAChR subtypes contribute to GABA release in that region [ 146 ]. 
The advent of nAChR subunit null mutant mice facilitated the detection of discreet 
nAChR receptor subtype contributions to synaptosomal [ 3 H]-GABA release. 
Measuring [ 3 H]-GABA release from multiple brain regions, in multiple lines of 
nAChR subunit knockout mice indicates that the β2 subunit is absolutely required 
for nAChR agonist-evoked release of GABA [ 151 ,  153 ,  154 ], with no evidence of 
α7 nAChR-mediated presynaptic GABA release. In mouse brain, nAChRs mediat-
ing presynaptic GABA release are largely the α4β2*-nAChR subtype [ 151 ,  154 ], 
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with limited incorporation of the α5 accessory subunit in the cortex, hippocampus, 
and striatum [ 153 ], and extremely limited expression of an α3α4β2 nAChR in the 
superfi cial layers of the superior colliculus [ 155 ]. Evidence for α6β2* nAChRs 
expressed on GABAergic terminals in the rodent midbrain has also been reported 
[ 156 ]. In all brain regions and species examined, the release of GABA following 
activation of presynaptic nAChRs is Ca 2+ -dependent, although the source of Ca 2+  
may vary according to species and the nAChR subtype being activated. In mouse 
brain, nAChR-evoked GABA release is entirely dependent on extracellular Ca 2+ , 
and requires active recruitment of voltage-sensitive Ca 2+  channels (VSCC) follow-
ing nAChR activation [ 151 ]. In rat brain, by contrast, evoked release of GABA has 
been demonstrated following activation of presynaptic α7 nAChRs [ 157 ] through a 
functionally distinct mechanism. In rat brain, the release of GABA by α4β2 nAChR 
activation also requires VSCC contributions and extracellular Ca 2+ , but α7-evoked 
GABA release appears to liberate Ca 2+  from intracellular stores [ 157 ]. Additionally, 
presynaptic GABA release from rat cortical GABAergic interneurons has been 
found to involve activation of α3β4, T-type VSCCs, and the release of Ca 2+  from 
intracellular stores [ 150 ].  

10     Glutamate 

 Several components of glutamate neurotransmission are fundamental mediators of 
the rewarding actions of nicotine [ 158 ]. Nicotinic-glutamate interactions are 
believed to be critically important in the long-term effects of drugs of abuse as well 
as cognitive functioning. Although glutamatergic neurons are found throughout the 
brain, prominent populations are located in the hippocampus, outer layers of the 
cortex, ventral tegmental area, and the dorsal raphe nucleus [ 159 – 161 ]. In frontal 
cortex, fl uorescently labeled α-bungarotoxin (Bgt) colocalizes with vesicular gluta-
mate transporters in glutamate terminals [ 162 ]. In the hippocampus, α7 nAChRs 
have been detected in synaptic and perisynaptic locations of presynaptic terminals 
[ 163 ]. In the ventral tegmental area, α7 nAChRs are also localized to perisynaptic 
regions on glutamatergic terminals [ 164 ]. Owing to the ubiquitous nature of gluta-
mate as a central player in nitrogen metabolism in the CNS, as well as being a 
neurotransmitter, direct detection of presynaptic release is diffi cult. The α7 nAChR 
rapidly desensitizes adding to detection diffi culties in measuring direct release of 
glutamate using synaptosomal preparations [ 9 ]. Despite these problems, synapto-
somal release has been detected using [ 3 H]- D -aspartate, a nonmetabolized analog of 
glutamate. While many forms of the vesicular glutamate transporter (VGLUT1,2,3) 
do not transport aspartate [ 165 ], one form (VEAT) found on a portion of hippocam-
pal synaptic vesicles does transport aspartate [ 166 ]. The α7 nAChR mediates amino 
acid transmitter release when measuring [ 3 H]- D -aspartate release [ 162 ,  167 – 169 ]. 

 In addition, electrophysiological studies have established a role for presynaptic 
nAChRs in the modulation of glutamate release [ 170 ,  171 ]. This approach has identi-
fi ed α-bungarotoxin (Bgt) and MLA-sensitive modulation of glutamate transmission 
in the rat hippocampus as well as olfactory bulb, suggesting a role for the α7 nAChR 
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[ 159 ,  171 ]. The role of α7-nAChR was confi rmed using coculture of chick interpe-
duncular nucleus and medial habenula with antisense ablation of the α7 subunit [ 170 ]. 
α-Bgt blocked excitatory postsynaptic current frequency; following antisense treat-
ment nicotine still modulated glutamate transmission, implying other subtype compo-
sitions were also relevant [ 170 ]. Presynaptic nicotinic modulation of glutamate release 
from cortico-striatal afferents in the rat striatum also appears to be mediated by α7 
nAChRs; release in this system was blocked by α7-selective nicotinic antagonists 
α-Bgt, α-conotoxin IMI, MLA [ 172 ]. In the VTA, nicotine enhances glutamate release 
via activation of presynaptic α7-nAChRs [ 173 ]; the increased glutamate release con-
tributes to the activation of the VTA DA neurons in reward pathways. While still evi-
dent in adults, the participation of the α7-mediated increase in glutamate release to 
DA neuron activation appears to be more dominant in young rats [ 160 ]. 

 In contrast to the role for α7 nAChRs in many brain regions, glutamate release in 
the dorsal raphe nucleus is potentiated via activation of presynaptic α4β2*-nAChR 
[ 161 ]. In the prefrontal cortex activation of either presynaptic α7- or β2*-nAChRs 
leads to excitatory amino acid release [ 174 ]. Here, the two nAChR subtypes operate 
via distinct mechanisms. In response to α7-nAChR activation, Ca 2+ -induced Ca 2+  
release is coupled to presynaptic ERK2 activation and synapsin-1 phosphorylation, 
while β2*-nAChR (likely α4β2*-nAChR) receptors facilitate [ 3 H]- D -aspartate 
release through a Ca 2+  dependent mechanism that recruits VSCC [ 174 ]. These 
mechanisms suggest multiple routes for cholinergic modulation of glutamate release 
in the prefrontal cortex. 

 Acute nicotine treatment increases both the in vivo and in vitro release of gluta-
mate in different brain regions [ 159 ,  173 ,  175 – 177 ]. Hippocampal synaptosomes 
prepared from rats given chronic nicotine treatment demonstrate increased gluta-
mate overfl ow using KCl or 4-aminopyridine to depolarize neurons. However, the 
mechanism appeared to be transporter mediated rather than via an increase in syn-
aptic vesicle release [ 178 ].  

11     Norepinephrine 

 Noradrenergic neurons located in the locus coeruleus (LC) have diffuse and wide-
spread ascending projections to the thalamus, hippocampus, and cerebral cortex as 
well as descending projections to the brain stem, cerebellum, and spinal cord [ 179 , 
 180 ]. The LC in rodents expresses multiple nAChR subunits including α3, α4, α6, 
α7, β2, β3, and β4 [ 40 ,  181 – 184 ]. Norepinephrine (NE) release is elicited by local 
administration of nicotine to the hippocampus by in vivo microdialysis; this effect 
was ameliorated with subsequent locally administered mecamylamine [ 185 ] sug-
gesting a local role for nAChRs. Direct presynaptic nAChR-mediated release of 
[ 3 H]-NE from slices or synaptosomal preparations of rat hippocampus differs phar-
macologically from [ 3 H]-DA release from striatum. By the use of selective agonists 
and antagonists [ 186 ,  187 ] including the selective conotoxin, α-CtxAuIB, the 
nAChR subtype mediating this NE release was established as α3β4*-nAChR [ 188 ]. 
Release of [ 3 H]-NE depends upon external Ca 2+ , partially via activation of VSCC 
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and partially via direct Ca 2+  fl ux through the nAChRs [ 61 ,  189 ]. Mice and rats differ 
somewhat in the nAChR subtypes mediating hippocampal presynaptic [ 3 H]-NE 
release as well as in developmental profi le. Using subunit null mutant mice with and 
evaluating inhibition by selective α-conotoxins, a role for α6 subunits was detected 
in mice with data indicating complex subtypes α6α4β2β3β4-nAChR, α6β2β3β4- 
nAChR, α6β2β3-nAChR, and α6α4β2β3-nAChR all contributing to the hippocam-
pal NE terminal nAChRs [ 190 ]. In addition, the presynaptic modulation of NE 
release by nAChRs in mouse hippocampus appears to be present in postnatal mice 
(2–3 weeks old) but absent in adults, while this activity is retained in rats [ 190 ], 
establishing a developmentally controlled difference between these rodent species.. 

 Nicotine-evoked norepinephrine release is detectable in several brain regions in 
addition to hippocampus. Depolarization of dorsal raphe nucleus (DRN) using 
dimethylphenylpiperazinuim (DMPP) resulted in NE release in rats that was blocked 
by mecamylamine (50 μM), DHβE (500 μM) or methyllycaconitine (MLA) at 
100 nM [ 191 ]. The authors suggest a role for α7-nAChR; however, this was reported 
before it was known that MLA at that concentration can also block α6β2*-nAChRs 
[ 192 ]. NE release from cortex [ 193 – 195 ] may be mediated by β2*-nAChRs, imply-
ing that different nAChR subtypes mediate NE release from cortex and DRN than 
from hippocampus. Other regions where nAChR-mediated NE release has been 
reported include cerebellum [ 193 ,  196 ] and thalamus [ 193 ].  

12     Acetylcholine 

 Presynaptic autoregulation of neurotransmitter release is usually mediated by inhib-
itory rather than excitatory receptors. In this regard, most autoreceptors on cholin-
ergic neurons and axons are muscarinic acetylcholine receptors of the M2 and M4 
subtypes [ 194 ,  197 – 201 ]. However, cholinergic projection neurons and interneu-
rons in many brain regions do express signifi cant levels of mRNA for α7 and β2 
nAChR subunits, and most express lower levels of α4 as well as minor levels of α2, 
α3, and β4 [ 202 ]. The habenula, source of the projection to the interpeduncular 
nucleus (IPN) was not explored in this study. The habenula projection to the IPN is 
the region where the strongest evidence for nicotinic presynaptic autoreceptors is 
found [ 203 – 205 ]. In the IPN, the magnitude of autoreceptor modulation appears to 
be unique. [ 3 H]-ACh release from IPN synaptosomal preparations is mediated by 
activation of presynaptic β4*-nAChRs [ 205 ]; this β4*-nAChR population is com-
posed of α3β4- and α3β3β4-nAChR subtypes [ 15 ]. A comparison of 14 brain regions 
indicates that while all regions have substantial numbers of cholinergic terminals as 
measured by [ 3 H]-ACh release evoked by 50 mM K + , only the IPN shows nicotine-
stimulated (100 μM) release approaching the magnitude of K + -evoked release 
(Table  4.1 ). There have been a few reports of presynaptic nAChR-mediated ACh 
release in other brain regions [ 206 – 208 ]. Minor amounts of nAChR- autoreceptor 
modulation (as in data of Table  4.1 ) could be signifi cant if these nAChRs are 
restricted to particular terminals.
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   The α3β4*-nAChRs are known to be quite resistant to desensitization by nicotine 
[ 209 ,  210 ]. Possibly, this property of α3β4*-nAChR autoreceptors on the MHb to 
IPN cholinergic projection is responsible for the very selective degeneration of cho-
linergic axons projecting through the fasciculus retrofl exus to the IPN in rats given 
chronic high doses of nicotine [ 211 ,  212 ] The α3β4*-nAChRs present on these cho-
linergic terminals may over-excite these neurons resulting in their destruction.   

13     Summary and Future Directions 

 The role of diverse presynaptic nAChR in mediating the release of several neu-
rotransmitters in the brain has been characterized using pharmacological, immuno-
chemical, and genetic approaches. The diagram in Fig.  4.3  provides an overview of 
fi ve neurotransmitters for which the role presynaptic nAChR has been well estab-
lished. In addition, several lines of evidence indicate that nAChR, either directly or 
indirectly mediate the release of many biologically active compounds including 
other neurotransmitters, steroids, and neuropeptides that may be important modula-
tors of the responses to acute and chronic nicotine exposure (for example: [ 213 –
 217 ]). The understanding of the specifi c roles of presynaptic nAChR in the regulation 
of hormone and peptide release is currently incomplete. The continued investigation 
of the mechanisms by which nAChR modulate these diverse biological responses 
will further elucidate the role of this complex receptor family in both normal physi-
ology as well as in nicotine dependence. Please see Chap.   7     for further discussion 
on the circuit implications of presynaptic nicotinic receptors.

    Table 4.1    Synaptosomal [ 3 H]-ACh release from various brain regions   

 Region  N a   K + response b   Nicotine response c  

 Interpeduncular nucleus  33  19.71 ± 1.44  17.37 ± 1.17 
 Habenula  10  13.44 ± 1.99  0.66 ± 0.20 
 Striatum  33  10.54 ± 1.11  0.09 ± 0.25 
 Olfactory tubercle  11  19.02 ± 1.72  0.50 ± 0.09 
 Hypothalamus  11  17.92 ± 2.36  0.61 ± 0.09 
 Hippocampus  11  11.56 ± 0.73  0.57 ± 0.13 
 Cerebral cortex  11  9.48 ± 1.14  0.35 ± 0.14 
 Superior colliculus  11  15.65 ± 1.38  1.21 ± 0.16 
 Inferior colliculus  11  15.68 ± 1.76  1.10 ± 0.15 
 Thalamus  11  12.47 ± 1.48  1.04 ± 0.36 
 Olfactory bulb  11  6.65 ± 0.75  0.40 ± 0.11 
 Midbrain  10  15.64 ± 0.92  1.12 ± 0.21 
 Cerebellum  11  12.97 ± 2.83  0.69 ± 0.38 
 Hindbrain  11  20.00 ± 3.38  0.62 ± 0.09 

   a Number of experiments 
  b Release evoked by 50 mM K +  as cpm normalized to basal cpm released 
  c Release evoked by 100 μM nicotine as cpm normalized to basal cpm released  
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    Chapter 5   
 Functional Distribution and Regulation 
of Neuronal Nicotinic ACh Receptors 
in the Mammalian Brain 

             Jerrel     L.     Yakel     

    Abstract     The neurotransmitter acetylcholine (ACh) can regulate neuronal 
 excitability throughout the nervous system by acting on the cys-loop cation-
conducting ligand-gated nicotinic ACh receptor channels (nAChRs). These receptors 
are widely distributed throughout the nervous system, being expressed on neurons and 
nonneuronal cells where they participate in a variety of physiological responses. In the 
mammalian brain, nine different subunits have been discovered thus far, which assem-
ble into pentameric complexes with much diversity. The neuronal subtypes of these 
receptors, primarily composed of the α7 and non-α7 subtypes (e.g. α4β2 and α3β4), 
are involved in a variety of neurobehavioral processes such as anxiety, the central 
processing of pain, food intake, nicotine-seeking behavior, and cognitive functions. 
Neuronal nAChR dysfunction is involved in the pathophysiology of many neurologi-
cal disorders and diseases including (but not limited to) Alzheimer’s and Parkinson’s 
diseases, schizophrenia, and epilepsy. Here I will briefl y discuss the functional 
makeup and expression of nAChRs in the mammalian brain, and the role that they 
play in these various circuits, in normal function, and in disease.  

  Keywords     Acetylcholine   •   Synaptic plasticity   •   Neurotransmitter   •   Allosteric 
 modulation   •   Neurological disease  

1         Introduction 

    The nicotinic acetylcholine receptors (nAChRs) are in the superfamily of cys-loop 
receptors, which also includes the serotonin 5-HT 3 , GABA A  and GABA C , and  glycine 
receptors [ 1 ,  2 ]. The nAChRs are widely expressed in the nervous system where they 
participate in a variety of physiological functions, including regulating excitability 
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and neurotransmitter release. In the mammalian brain, all least nine different nAChR 
subunits are known to exist (α2-7 and β2-4), which combine into functional 
 pentameric complexes of either homo- or heteromeric receptors [ 1 ,  3 – 11 ]. While 
there is much subtype diversity due to the assembly of various combinations of sub-
units, the primary subtypes that have been found to be functionally expressed are 
composed of the α7 subunit (which is usually thought to be homomeric but can 
combine with other subunits under certain conditions; see below), and the α4β2 and 
α3β4 subtypes of non-α7 receptors [ 11 – 16 ]. In addition the α2, α5, α6, and β3 sub-
units play various roles in various brain regions (discussed below). A major endeavor 
in the nAChR fi eld is to determine the precise molecular makeup of these receptors 
since this is the critical determinant of pharmacological and physiological properties 
of these channels, and how they regulate brain circuit excitability. 

 While nAChRs in the brain were initially thought to serve primarily presynaptic 
roles [ 11 ,  13 ,  17 ,  18 ], clear evidence has existed for over 15 years [ 12 ] for the 
somatodendritic (i.e. postsynaptic and/or extrasynaptic) localization of these recep-
tors, and that they mediate nAChR-mediated postsynaptic responses (both α7 and 
non-α7; [ 19 ]). While α7 nAChR-mediated fast synaptic responses have previously 
been observed in hippocampal interneurons [ 20 ,  21 ], using optogenetics to stimu-
late cholinergic input directly into the hippocampus has only provided evidence to 
date for slower α4β2 nAChR-mediated postsynaptic responses in recordings from 
either interneurons [ 22 ] or pyramidal cells [ 19 ]. Various subtypes of nAChRs are 
thought to mediate synaptic transmission in other areas of the brain as well, includ-
ing (but not limited to) the visual cortex, cortical interneurons, supraoptic nucleus, 
and thalamic nuclei [ 23 – 26 ]. Therefore the nAChRs are located both presynapti-
cally, where they can mediate the release of other neurotransmitters, and postsynap-
tically, where they can directly mediate synaptic transmission. In addition as 
discussed below, nAChRs are expressed in a variety of nonneuronal cells in the 
brain (e.g. astrocytes and microglia) and elsewhere [ 27 ]. 

2     Ligand Binding and Gating 

 The nAChRs are pentameric assemblies of fi ve subunits, with each subunit arranged 
around the central cation-conducting pore. Each subunit has a long extracellular 
N-terminal domain, four transmembrane segments (with the second segment of each 
subunit lining the pore of the channel), an intracellular loop between the third and 
fourth segments, and a short C-terminal end. Ligands bind at the interface between 
two subunits in a hydrophobic pocket, and at least two ligands are needed to bind to 
and open the channel. While these channels pass monovalent cations, they have a 
differential permeability to calcium [ 28 ]. With the 4 Å resolution of the  Torpedo  
nAChR, and the crystal structure of the related ACh binding proteins  (originally 
isolated from molluscs), much has been learned about the structure of the ligand 
binding domain and the channel pore, as well as major structural rearrangements 
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that may confer channel opening. Many recent reviews have  discussed these details, 
which I will not go into here [ 2 ,  9 ,  29 ]. To understand how these receptors function, 
it is important to know the structure and transition of the receptor in its various 
states, including the closed (in the absence of agonist), the open (in the presence of 
agonist) and the desensitized states (high-affi nity ligand-bound but nonconducting 
state of the channel). For additional information please refer to Chap.   2    .  

3     Regional Expression and Functional Assembly 
of Various Subtypes in the Brain 

 The major subtypes of nAChRs expressed in the mammalian brain consist of the α7, 
α4β2, and α3β4 subtypes. However, there is much diversity in the functional expres-
sion of the various subtypes of receptors due to co-assembly with other subunits that 
are expressed differentially throughout the brain, and different receptor stoichiome-
tries. For example, native α4β2 and α3β4 receptors both have different stoichiome-
tries, either with two α/three β subunits, or three α/two β subunits [ 11 ]. For the α4β2 
receptors, the confi guration with the two α4 subunits has a higher affi nity for ago-
nists than the three α4 subunit confi guration [ 30 ,  31 ], and different calcium permea-
bility [ 32 ]. For the α3β4 receptor, the two stoichiometries have similar affi nity, but 
differ in zinc sensitivity and single channel conductance [ 33 ,  34 ]. One of the major 
challenges in the fi eld is to identify the molecular makeup of functional nAChRs; the 
potential combinations are high, and the pharmacological tools are lacking at this 
point to unambiguously identify the subunit makeup of particular nAChR subtypes. 

 The different nAChR subunits have different patterns of functional expression 
throughout the brain. Although the α2 subunit is sparsely expressed in the brain, it 
can be found in many regions, including (but not limited to) the interpeduncular 
nucleus (IPN), amygdala, hippocampal interneurons, and cortex [ 8 ,  35 ,  36 ]. 
Functional α2-containing receptors appear to be expressed on GABAergic interneu-
rons (particularly in the stratum oriens layer) in the hippocampus [ 15 ,  37 ,  38 ] and 
IPN [ 39 ], and have been found to be involved in synaptic plasticity in the hippocam-
pus [ 40 ,  41 ]. 

 The α3β4 nAChR is primarily known as a ganglionic receptor in the peripheral 
nervous system, but it is also expressed in the brain in a variety of areas, including 
(but not limited to) the IPN and median habenula [ 11 ,  16 ]. Recent data has sug-
gested that functional nAChRs in the ventrolateral median habenula also contain the 
α4 subunit [ 42 ]. Interestingly, genes encoding the α3, α5, and β4 nAChR subunits 
form a cluster on chromosome 15q24-25.1, allowing for highly coordinated regula-
tion [ 10 ,  11 ,  29 ]. The α4β2 receptor subtype was initially found (through immuno-
precipitation in a variety of species) to be the major subtype of nAChR in the brain, 
where it comprises 90 % of the high nicotine affi nity binding sites [ 11 ,  43 ]. As will 
be discussed below, many other nAChR subunits appear to combine with α3β4 and 
α4β2 receptors. 
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 Some nAChR subunits, including the α5 and β3 subunits, have been referred to 
as orphan or accessory subunits since they do not appear to participate in forming 
the binding site [ 11 ,  44 ,  45 ]. Instead, these subunits are thought to form functional 
triplet nAChRs when co-assembled with another α and β subunit [ 43 ]. For example, 
the α5 subunit can co-assemble with either the α3β4 or α4β2 nAChRs and alter 
functional properties, including single-channel conductance and calcium permea-
bility [ 15 ,  28 ,  43 ,  46 – 49 ]. More recently, a prominent role for the α5 subunit has 
been found relating to smoking behavior; a particular mutation in this subunit in 
humans is linked with (in animal models) increased risk of nicotine dependence and 
smoking-related diseases [ 11 ,  50 ]. The β3 subunit is also thought to have a dominant- 
negative role in the expression of several other nAChR subtypes [ 43 ,  51 ]. 

 The α6 nAChR subunit, which is expressed mainly in the mesostriatal dopamine 
neurons [ 11 ,  18 ,  29 ,  46 ,  52 ], was initially thought to be an orphan subunit due to the 
diffi culties in expressing α6-containing receptors in heterologous expression sys-
tems [ 29 ,  43 ,  53 ]. The α6 subunit combines with many other subunits to form a wide 
array of diverse nAChR subtypes [ 18 ], which (combined with the lack of specifi c 
pharmacological agents) makes it extremely diffi cult to pharmacologically deter-
mine the molecular makeup of these receptors. Nevertheless, α6β2 receptors (along 
with α4β2) have been shown to play an important role in dopamine neurons and in 
the addictive and rewarding aspect of nicotine [ 4 ,  54 – 58 ]. In the basal ganglia, 
including the ventral tegmental area (VTA) and substantia nigra, the α6 and possi-
bly the β3 nAChR subunits co-assemble in α4β2 nAChR complexes to generate 
high affi nity receptors [ 10 ]. 

 The α7 nAChR subunit is a particularly intriguing subunit in the mammalian 
brain (see Chap.   13    ). While the α7 receptor is thought to be functionally expressed 
mostly as homomeric receptors, it has been shown to be capable of co-assembling 
with other subunits. It was observed that the properties of α7-containing receptors 
were not identical to those observed for expressed homomeric α7 receptors in terms 
of pharmacology, gating properties, and single-channel conductance [ 47 ,  59 – 62 ]. 
We initially found a link between the α7 and β2 subunits, and later that they co-
assembled in heterologous expression systems [ 14 ,  15 ,  63 ]. Recently it was discov-
ered that basal forebrain cholinergic neurons express functional α7β2 receptors with 
an enhanced sensitivity to the Aβ peptide associated with Alzheimer’s disease [ 64 ]. 

 The α7 receptors are also expressed on both neurons and nonneuronal cells in the 
brain [ 27 ], including astrocytes, microglia, oligodendrocyte precursor cells, endo-
thelial cells, and NG2 cells [ 65 – 71 ]. The expression in these nonneuronal cells sug-
gests a possible role of α7 receptor function in neuroprotection [ 72 ,  73 ] and 
infl ammation. Immune cell expression of α7 receptors has been shown to modulate 
infl ammatory responses by regulating the production of infl ammatory cytokines and 
chemokines [ 74 ,  75 ]. Lastly, as discussed below, this nAChR subtype is one of the 
most calcium permeable of all the nAChR subunits expressed in the mammalian 
brain [ 73 ,  76 ], which has ramifi cations for synaptic excitability and plasticity, and 
intracellular signaling cascades. 

 As mentioned above, nAChRs (including α7 receptors) are not only located at 
the synapse (both pre- and postsynaptically), but also extrasynaptically where they 

J.L. Yakel

http://dx.doi.org/10.1007/978-1-4939-1167-7_13


97

participate in nonsynaptic communication [ 10 ,  77 ]. Initially it was observed that 
while most cholinergic boutons do not make synaptic contacts, they are able to 
release ACh [ 78 – 81 ]. Since extrasynaptic nAChRs may only sense slowly increas-
ing ACh levels (and well below those at the synapse due to diffusion and breakdown 
by acetylcholinesterase), they may be mainly modulating neuronal excitability and/
or intracellular processes [ 9 ,  73 ]. The precise role that extrasynaptic nAChRs are 
playing in brain circuit excitability remains to be determined.  

4     Regulation by Signal Transduction Cascades 
and Lipid Rafts  

 There is much evidence indicating that not only do signal transduction cascades 
regulate the function of nAChRs, but that the activation of these receptors can also 
activate signal transduction cascades. Calcium ions are one of the most prevalent 
and versatile signal transducers [ 73 ], with the ability to activate and regulate many 
calcium-dependent intracellular mechanisms. In addition, the α7 receptor has one of 
the highest calcium permeabilities among the ligand-gated ion channel family 
[ 66 ,  76 ,  82 ]. There are three basic ways in which activation of nAChRs increase cyto-
plasmic calcium levels; (1) direct calcium infl ux through the channel itself [ 83 ,  84 ], 
(2) indirect calcium infl ux through voltage-dependent calcium channels (VDCCs) due 
to the nAChR-mediated depolarization [ 83 ,  84 ], and (3) calcium-induced calcium 
release (CICR) from the endoplasmic reticulum (ER) through the ryanodine [ 66 ,  76 , 
 85 ] and inositol (1,4,5)-triphosphate receptors (IP 3 Rs) [ 66 ,  76 ,  86 ,  87 ]. 

 The relative permeability ratio of calcium to sodium ions (P Ca /P Na ) was estimated 
using the Goldmann-Hodgkin-Katz constant fi eld equation, and found to be ~2 for 
non-α7 nAChRs, and >10 for α7 nAChRs [ 28 ,  88 – 91 ]. When calcium permeability 
was measured instead using fl uorescent calcium indicators to determine the frac-
tional calcium current (Pf, the percentage of the total current fl owing through the 
channel that is carried by calcium ions; [ 28 ,  92 – 95 ]), the non-α7 nAChRs had a Pf 
value of 2–5 %, whereas the α7 nAChRs had a Pf value of 6–12 % [ 28 ,  95 ]. 
Intriguingly, incorporation of the α5 subunit into the α3 subunit-containing human 
nAChRs signifi cantly increased the calcium permeability [ 48 ], whereas the differ-
ent stoichiometries of the α4β2 receptors have different calcium permeabilities [ 32 ]. 

 In addition to the infl ux of calcium through the nAChRs or indirectly by the acti-
vation of the VDCCs, the release of calcium from intracellular stores (via CICR) can 
play an important role in the calcium responses. For example the infl ux of calcium 
through the α7 nAChRs can activate CICR from ryanodine- or IP 3  receptor (IP 3 R)-
dependent stores [ 66 ,  76 ,  85 ,  87 ]. In neurons of the substantia nigra pars compacta, 
depletion of internal calcium stores inhibits the increase in cytoplasmic calcium 
levels induced by nicotine and the α7 nAChR-selective agonist choline [ 85 ]. 
Blockade of ryanodine receptors in neuroblastoma cells also signifi cantly reduces 
the increase in cytoplasmic calcium induced by activation of β2- and α7 subunit-
containing nAChRs [ 76 ], while IP 3 R-selective antagonists reduced nAChR- induced 

5 Functional Distribution and Regulation of Neuronal Nicotinic ACh Receptors…



98

calcium responses in neurons [ 66 ,  76 ,  87 ]. Functional coupling between α7 nAChRs 
and ryanodine receptors has also been observed in cultured hippocampal astrocytes, 
where α7 nAChR-mediated calcium signals arise primarily from CICR [ 66 ]. 

 The ability to activate different sources of calcium, either from extracellular 
sources or intracellular stores, confers a further spatial and temporal dimension to 
the calcium signals evoked by nAChR activation. By converting acute nAChR stim-
ulation into sustained cellular events, calcium signals are a critical link between 
nAChRs and downstream signaling cascades. For nAChRs located on presynaptic 
terminals, the increase in intraterminal calcium levels (either through direct infl ux 
or via CICR) will induce neurotransmitter release directly (e.g. glutamate release in 
the hippocampus) [ 96 ,  97 ]. In hippocampal synaptosomes, the activation of α3β4 
nAChRs induces the release of noradrenaline without the involvement of VDCCs 
[ 98 ], whereas in striatal dopamine synaptosomes with β2 subunit-containing 
nAChRs [ 99 ], the nAChR-induced release of dopamine was mediated by VDCCs 
[ 98 ,  100 ]. Calcium can also indirectly regulate neurotransmitter release via calcium- 
dependent signaling cascades such as protein kinase C (PKC), which has been pro-
posed to modulate striatal dopamine release by nAChR activation [ 101 ]. 

 Somatodendritic (i.e. postsynaptic and extrasynaptic) nAChRs are also regulated 
by calcium and calcium-dependent signal transduction cascades. Desensitization is 
important in cholinergic signaling and synaptic effi cacy, and in some nAChR- 
related diseases (e.g. some forms of epilepsy and congenital myasthenic syndrome 
[ 102 ]). In addition, differences in nAChR desensitization kinetics are thought to 
play a role in nicotine addiction; low doses of nicotine desensitize non-α7 nAChRs 
on dopaminergic and GABAergic neurons, while activating α7 receptors and 
enhancing glutamate-mediated excitatory inputs to the dopaminergic neurons and 
facilitating dopamine release onto neurons in the NAc [ 103 ]. For α7-containing 
nAChRs on rat hippocampal interneurons [ 104 ], the recovery from desensitization 
is delayed by elevated cytoplasmic calcium levels, probably through a mechanism 
involving either PKC or calcineurin [ 102 ,  105 ]. In addition, α7 nAChRs on chick 
ciliary ganglion neurons can undergo substantial activity-dependent inactivation 
through a mechanism involving calcium, CaMKII, and calcineurin [ 106 ,  107 ]. 
Recently it was found that for cultured hippocampal interneurons, the α7 receptor- 
mediated intracellular calcium dynamics involves CaMKII, PSD-95, and the 
calcium- ATPase pump isoform 2 (PMCA2) [ 108 ]. Lastly, the potentiation that we 
observed due to the close repetitive activation of α7 receptors on interneurons in 
hippocampal slices was regulated by calcineurin, PKC, and CaMKII [ 109 ]. 

 The non-α7 nAChRs are also involved in calcium-dependent signal transduction 
cascades. For example for the α4β2 nAChRs expressed in  Xenopus  oocytes, the 
increase in cytoplasmic calcium levels and activation of PKC promotes recovery 
from desensitization [ 110 ], in contrast to the effect on the α7 nAChRs. In addition, 
activation of β2 subunit-containing receptors induces dendritic spine formation in 
the hippocampus through a calcium-dependent pathway requiring CaMKII [ 111 ]. 

 Lipid rafts are areas of the cell membrane enriched in cholesterol and sphingo-
lipids (which may serve as structures relevant for receptor regulation), 
and α7 nAChRs have been reported to be localized into lipid rafts [ 112 – 114 ]. 
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Previously we showed that the disruption of lipid rafts in rat hippocampal neurons, 
through cholesterol-scavenging drugs and the enzymatic breakdown of sphingomyelin, 
alters the desensitization kinetics of α7 nAChRs, supporting the idea that lipid raft integ-
rity is critical for proper receptor function [ 115 ]. We also showed that the disruption of 
lipid rafts also affects desensitization of the α3β2 subunit-containing nAChRs, suggest-
ing that lipid rafts may play an important role in the modulation of nAChRs in general. 
Presently it is unclear whether these modulatory effects are mediated by changes in 
channel localization or by a loss of lipid raft-mediated interactions.  

5     Regulation of Gene Transcription 

 It has been known for some time that nAChRs are involved in the regulation of gene 
transcription [ 116 ]. More recently, activation of α7 receptors was found to regulate 
tyrosine hydroxylase and dopamine beta-hydroxylase gene expression in PC12 cells 
[ 87 ], and the maturation and integration of adult-born neurons in the hippocampus 
[ 117 ,  118 ]. In neuroblastoma cells, exposure to nicotine infl uences the expression of 
many genes and proteins associated with RNA binding and the plasma membrane 
[ 119 ]. Lastly in the chick ciliary ganglion, the nAChR-mediated control of tran-
scription relies on calcium infl ux and CICR to activate fi rst CaMKII/IV, then ERK/
MAPK, and fi nally the transcription factor CREB (the cAMP response element- 
binding protein), which can alter gene expression [ 120 ]. The nAChRs mediate the 
calcium-dependent activation of ERK/MAPK and CREB in multiple systems, 
including the hippocampus, a key area for memory processing [ 117 ,  121 ,  122 ]. 
Activation of the hippocampal ERK/MAPK pathway is required for the formation 
of contextual and spatial memories in mammals [ 123 ].  

6     Involvement of nAChRs in Brain Circuits; 
Excitability, Synaptic Plasticity, and Oscillations 

 The hippocampus is an important area in the brain for learning and memory 
 [ 124 – 127 ]. The hippocampus receives the majority (up to 90 %) of its cholinergic 
inputs from the medial septum via the fi mbria/fornix, which enters the hippocampus 
through the stratum oriens [ 128 ]. Dysfunction in the hippocampal cholinergic sys-
tem has been linked to cognitive defi cits and a variety of neurological disorders and 
diseases, including Alzheimer’s disease, nicotine addiction, and schizophrenia 
[ 4 ,  129 ]. Multiple forms of synaptic plasticity have previously been shown to be 
regulated by activation of both the nAChRs and G protein-coupled muscarinic 
AChRs [ 130 – 134 ]. Activation of the α7 nAChRs with exogenous ligands in the CA1 
and dentate gyrus regions of the hippocampus enhances synaptic plasticity [ 135 –
 138 ], an effect that not only depends on the location of these receptors, but on the 
timing of their activation as well. For example, the activation of the α7 nAChRs on 
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 hippocampal interneurons can block concurrent short-term and long-term potentiation 
(i.e. STP and LTP) in pyramidal cells, whereas presynaptic nAChRs can enhance 
the release of glutamate and increase the probability of inducing LTP [ 131 ]. The 
timing of exogenously applied ACh is also important in modulating high frequency 
stimulation (HFS)-induced hippocampal synaptic plasticity [ 131 ,  139 ]. The regula-
tion of nAChRs in the hippocampus has also been linked to long-term depression 
(LTD) [ 130 ,  139 ]. 

 We investigated how the activation of the endogenous cholinergic inputs from 
the septum to the hippocampus [ 19 ], either electrically or through an optogenetic 
approach, can regulate hippocampal synaptic plasticity. We found that activation of 
the cholinergic input to the hippocampus can induce different forms of hippocam-
pal synaptic plasticity with a timing precision in the millisecond range. When the 
cholinergic input to the CA1 hippocampal region was activated 100 ms prior to 
activation of the Schaffer collateral (SC) pathway, this induced an α7 nAChR-
dependent LTP. When the cholinergic input was activated only 10 msec prior to the 
SC pathway, this induced an α7 nAChR-dependent short-term depression (STD). If 
however the cholinergic input was activated 10 ms  after  the SC pathway, this 
induced a mAChR-dependent LTP. Therefore altering the timing of activation of the 
septal cholinergic input to the hippocampus induced three different forms of plas-
ticity that depended solely on the timing of the input relative to the stimulation of 
the SC pathway. 

 Next we combined the use of genetically encoded calcium indicators (GECIs) to 
directly monitor neuronal activities (by measuring changes in cytoplasmic calcium 
levels) at either the synapse or network level, with a septo-hippocampal co-culture 
system [ 140 – 143 ]. In this way we could monitor the pre- and postsynaptic activities 
of hippocampal SC to CA1 synapses during the α7 nAChR-dependent LTP and 
STD protocols [ 144 ]. During the LTP, we observed a prolonged enhancement of the 
SC-induced calcium responses both post- and presynaptically, while during the 
STD we observed a short-term depression of the calcium responses both pre- and 
postsynaptically. Next we found that the presence of the α7 nAChRs to both pre- 
and postsynaptic sites appeared to be required to induce both LTP and STD. Dual- 
color calcium imaging revealed a differential time course and pattern of post- versus 
presynaptic modulation during both LTP and STD, suggesting the existence of inde-
pendent postsynaptic modulatory mechanisms. Therefore α7 nAChRs appear to be 
able to coordinate pre- and postsynaptic activities to induce glutamatergic synaptic 
plasticity, and thus provide a novel mechanism underlying physiological neuronal 
communication that could lead to timing-dependent synaptic plasticity [ 144 ]. 

 As noted above, the non-α7 nAChRs in the hippocampus have also been linked 
to cognitive function. To gain more insights into which regions in the hippocampal 
complex are responsible for the initiation and spreading of information involving 
cholinergic receptors during smoking, we utilized voltage-sensitive dye imaging 
(VSDI) techniques in combination with electrophysiological recordings to investi-
gate spatial-temporal aspects of cholinergic responses in the hippocampus [ 145 ]. 
The bath application of nicotine depolarized neurons in the deep EC cortical layers 
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(layer VI) via activation of the α4β2 nAChRs. We found that subicular neurons also 
contained functional non-α7 nAChRs that were activated by the bath-applied nico-
tine. Interestingly both of these nAChR-expressing ECVI and Sb groups of neurons 
were primarily glutamatergic, and nicotine enhanced the glutamatergic synaptic 
plasticity in the ECVI neurons, suggesting that this nicotine-induced plasticity 
could help in understanding the pro-cognitive effects of nicotine. 

 The cholinergic and GABAergic inputs from the septum are known to initiate 
and sustain network oscillations (e.g. hippocampal theta rhythm) in vivo and in vitro 
[ 133 ,  146 – 151 ]. Additionally, inputs to the hippocampus from the entorhinal cortex 
(EC) are thought to regulate hippocampal theta rhythm [ 149 ,  151 ]. Presently it is 
unclear precisely how the activation of both mAChRs and nAChRs, working in 
concert, can modulate the oscillatory properties of neurons within the hippocampus. 
Understanding how cholinergic receptor signaling regulates hippocampal network 
activity is critical since dysregulation of normal oscillations may induce seizures 
[ 152 – 154 ], and cognitive defi cits linked with Alzheimer’s disease [ 155 ]. 

 As noted above, the function of nAChRs in the mesostriatal dopamine neurons is 
thought to play an important role in the addictive and rewarding aspect of nicotine 
[ 4 ,  54 – 58 ], effects that are thought to involve the modulation of synaptic plasticity 
and changes in gene expression [ 156 ,  157 ]. Similar to other drugs of abuse, nicotine 
increases the release of dopamine from the mesolimbic projections to the NAc 
[ 9 ,  83 ,  158 ]. While somatodendritic nAChRs on VTA dopaminergic neurons excite 
them directly, which results in transient responses that are terminated by desensitiza-
tion of the nAChRs [ 159 ], the stimulation and subsequent desensitization of 
GABAergic neurons in the VTA also contributes to an excitation through removal of 
the inhibitory infl uence of GABA [ 160 ]. Furthermore in rat brain slices with both the 
VTA and NAc, activation of presynaptic α7 nAChRs induces LTP of the excitatory 
input to the VTA if nicotine application is paired with postsynaptic stimulation [ 161 ].  

7     Involvement in Neuroprotection 

 Nicotine and other nAChR agonists, including those acting at the α7 nAChR, are 
neuroprotective in various models of neuronal death [ 73 ,  162 ,  163 ]. The nAChR- 
mediated neuroprotection against excitotoxicity is calcium-dependent, and does not 
involve blockade of glutamate receptors [ 164 – 167 ]. In hippocampal slices, the 
nicotine- mediated protection against acute NMDA excitotoxicity is mediated by the 
activation of phosphatidylinositol 3-kinase (PI3K) and the ERK/MAPK pathway, 
and may involve calbindin-D28K [ 166 ,  167 ]. In cortical cultures, the nicotine- 
induced calcium-dependent activation of the phosphatase calcineurin is proposed to 
mediate the protection afforded by nicotine against glutamate excitotoxicity [ 168 ]. 
In addition, the nicotine-mediated neuroprotection against the Aβ peptide is thought 
to be acting through the α7 nAChR [ 72 ,  163 ,  169 ,  170 ].  
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8     Therapeutics and Disease- Competitive Ligands 
and Allosteric Modulators 

 Understanding the basic pharmacology and physiology of nAChRs is critical 
 information that will aid in the development of therapeutics to treat and/or mitigate 
the symptoms of nAChR dysfunction. For example, cholinergic dysfunction 
 (particularly in the hippocampus) produces an array of disorders in learning and 
memory, and have been linked with a variety of neurological disorders and diseases, 
including Alzheimer’s disease, schizophrenia, epilepsy, and addiction [ 9 ,  171 ]. 
Agonists for nAChRs have been under investigation for some time, and behavioral 
studies with nAChR agonists have primarily focused on animal models of cogni-
tion, depression, and neuropathic pain [ 4 ,  172 ]. However to date, the only approved 
drug is the partial agonist of the α4β2 nicotinic acetylcholine receptor (nAChR), 
varenicline, for smoking cessation treatment [ 29 ,  173 ]. Varenicline is a high-affi nity 
partial agonist of the α4β2 receptor that activates (with lower effi cacy than either 
ACh or nicotine) and then inactivates the receptor due to desensitization. In addition, 
it will compete with nicotine and block the rewarding aspect of nicotine [ 174 ,  175 ]. 
Since understanding the structural basis of the interaction between varenicline (and 
other similar molecules) and the nAChR has huge potential in the design of thera-
peutics for smoking cessation and other disorders and diseases, high-resolution 
structures are needed. Therefore we determined the X-ray crystal structure of vareni-
cline with the acetylcholine binding protein (AChBP; a soluble protein with a similar 
structure to the ligand binding domain of nAChRs) from the annelid  Capitella teleta  
[ 176 ]. While this structure pinpoints contact residues that potentially mediate their 
molecular actions with α4β2 nAChRs, it is important to understand that AChBPs are 
not ligand-gated channels and do not have a channel pore. Therefore caution must be 
used when interpreting these structures. To address this, we made mutations in the 
α4β2 nAChRs (which were expressed in heterologous expression systems) and con-
fi rmed crucial interactions of varenicline with residues on the complementary face of 
the binding site in α4β2 nAChRs; in particular we found that loops D and E were 
determinants of desensitization and channel opening with limited effi cacy by the 
partial agonist varenicline [ 176 ]. Several partial agonists and antagonists of 
nAChRs have shown promise not only in nicotine addiction and alcoholism [ 177 ], 
but a variety of conditions, including (but not limited to) depression, cognition, 
schizophrenia, Parkinson’s disease, and neuropathic pain [ 29 ]. 

 The nAChRs are allosteric proteins with multiple, interconvertible conforma-
tions [ 178 – 183 ]. While competitive ligands (both agonists and antagonists) bind to 
the orthosteric site, there are many ligands which are known to bind to the receptor 
at sites distinct from the orthosteric site; these are referred to as allosteric sites 
[ 183 – 191 ], and the ligands that bind to the nAChRs at these sites are referred to as 
allosteric modulators [ 185 ,  186 ,  192 ]. Another promising avenue for drug design is 
allosteric modulators [ 172 ]; positive allosteric modulators (PAMs) are compounds 
that increase the receptor response induced by an agonist [ 185 ,  186 ], while negative 
allosteric modulators (NAMs) are compounds which decrease the receptor response 
[ 185 ,  186 ,  192 ,  193 ]. In addition, PAMs do not have any agonist activity on their 
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own, but they change the ability of the orthosteric ligand to affect channel opening 
[ 185 ,  186 ,  192 ]. 

 Since allosteric modulators bind to different sites and affect channel function 
differently than orthosteric ligands, they provide an alternative approach to manipu-
late nAChR function [ 194 – 197 ]. For example, PAMs can increase the effectiveness 
of endogenous ACh, and strengthen the cholinergic tone without directly activating 
the receptors [ 186 ,  192 ]. Partial and full agonists cause desensitization of nAChRs 
and an upregulation of receptor expression levels [ 198 – 201 ], both of which may be 
problematic for therapeutic intervention; PAMs do not activate the nAChRs directly, 
therefore they do not induce either desensitization or upregulation. Therefore the 
nAChR-driven cholinergic synapse will remain under the control of the released 
endogenous ACh in the presence of PAMs. 

 While conventional ligands for the nAChRs have been studied for their behav-
ioral effects in animals, allosteric modulators for these receptors have only recently 
gained attention, and research on their behavioral effects is growing rapidly [ 172 ]. 
Behavioral studies with allosteric modulators of the α7 receptors have focused on 
PAMs since there is evidence that increasing cholinergic output through these 
receptors enhances cognition and reduces pain [ 185 ,  202 ]. The α7 receptor PAMs 
are divided into two categories; type I PAMs increase the receptor response evoked 
by agonists and maintains the response kinetics (e.g. desensitization), and type II 
PAMs which enhance the receptor response and dramatically reduces desensitiza-
tion [ 185 ]. The type II α7 PAM, PNU-120596, was the fi rst to be tested on rodents, 
where it was found to improve the auditory gating defi cit caused by amphetamine in 
a model of schizophrenia [ 203 ], and ameliorate the MK-801-induced auditory gat-
ing defi cits in the pre-pulse inhibition test [ 204 ]. Another type II α7 PAM for α7 
receptors, JNJ-1930942, improved sensory gating in DBA/2 mice [ 205 ]. 

 There have been many behavioral studies indicating that type II α7 receptor 
PAMs enhance cognitive function; in a social discrimination test [ 206 ], an atten-
tional set-shifting test with phencyclidine (PCP)-treated female rats [ 207 ], and in 
the radial arm maze test (to measure spatial-learning memory) and the novel object 
recognition test (to measure episodic memory) [ 208 ]. Type I α7 receptors PAMs 
have also enhanced cognitive function in the (−)-scopolamine-induced defi cit in 
acquisition of a water-maze learning task [ 209 ], in a social recognition test similar 
to nicotine [ 209 ], in the MK-801-induced impairment in pre-pulse inhibition [ 204 ], 
and in improving pre-attention, working memory, short-term recognition memory, 
and in inducing memory consolidation [ 210 ,  211 ]. 

 Type I and II α7 receptor PAMs are known to have effects on both acute and 
chronic pain models. For example, PNU-120596 reduced mechanical hyperalgesia 
and attenuated carrageenan-induced increases in levels of TNF-α and IL-6 [ 212 ], 
and decreased formalin-induced pain [ 213 ]. In addition, both the type I α7 receptor 
PAM NS-1738 and type II PAM PNU-120596 reduced the carrageenan-induced 
infl ammatory pain and chronic constriction injury models for neuropathic pain, and 
heat-induced hyperalgesia [ 214 ]. 

 For the α4β2 nAChRs, many ligands are known to be allosteric modulators, 
including (but not limited to) 17-β-estradiol [ 184 ], NS-9283 [ 215 – 217 ], 
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 desformylfl ustrabromine [ 187 ,  188 ], and LY-2087101(a (2-amino-5-keto) thiazole 
compound) [ 218 ] which act as PAMs, and KAB-18 [ 190 ], UCI-30002 [ 219 ] and 
progesterone [ 220 ] which act as NAMs. Behavioral studies with α4β2 receptor 
PAMs have mainly focused on their ability to reduce pain and improve cognitive 
function. Studies using NS-9283 to test its effect on pain have been done in combi-
nation with agonists (full or partial); the acute administration of NS-9283 alone 
in vivo did not affect mechanical allodynia in the spinal nerve ligation test, however 
co- administration of NS-9283 with ABT-594, an agonist for nAChRs, increased the 
anti-allodynic effects of ABT-594 [ 216 ]. In addition, NS-9283 has been studied for 
its effects on cognitive performance in a variety of behavioral tests in rodents. In 
oxidopamine-lesioned rats (a model of Parkinson’s disease), NS-9283 alone did not 
induce rotational behavior, however in combination with the partial agonist 
NS-3956, NS-9283 was able to block rotational behaviors in the rats [ 218 ]. NS-9283 
was found to reverse the PCP-induced impairment in rats, and improved social 
 recognition memory [ 221 ]. 

 PAMs for other nAChR subtypes have been identifi ed; the anthelmintic com-
pounds levamisole [ 222 ] and morantel [ 223 ] are PAMs for human α3β2 and α3β4 
nAChR subtypes, however no behavioral studies with either of these compounds 
have been reported thus far. Hypothalamic α3β4 receptors have been identifi ed as 
the nAChR subtype that is involved in the regulation of food intake in mice [ 224 ], 
therefore nAChR PAMs for subtypes other than the α4β2 and α7 receptors may have 
important clinical applications.   

9     Conclusion 

 Various subtypes of neuronal nAChRs are expressed throughout the nervous system 
where they participate in a variety of physiological responses and synaptic excitability 
and plasticity. Furthermore, dysfunction in the cholinergic system has been linked to 
a wide variety of neurological disorders and diseases (see Chaps.   19     and   20    ). Despite 
the complexity of the nAChR system, it is a very exciting time in the fi eld, in part 
because of the advances in understanding receptor subtypes and their functional and 
pharmacological properties, but also the advent of new tools (e.g. animal models and 
optogenetics) that is allowing unprecedented investigations that we could only dream 
about 10 years ago. There is no doubt that new discoveries, and therapeutics to treat 
diseases and disorders, are just around the corner (see Chap.    21    ).     
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    Abstract     Nicotinic acetylcholine receptors (nAChRs) appear early in develop-
ment, reaching their highest relative levels in early postnatal life. They are expressed 
on nearly every neuron in the central nervous system (CNS) and in many nonneuro-
nal cell-types as well. Cholinergic neurons not only appear early on, but also project 
to many brain regions at this time. These events largely precede the bulk of gluta-
matergic synapse formation and the maturation of GABAergic transmission. As a 
result cholinergic nicotinic signaling is temporally and spatially positioned to have 
a substantial impact on maturation of the nervous system and the formation of neu-
ral nets. This chapter will review recent fi ndings indicating that endogenous nico-
tinic input is required for normal maturation of the nervous system and that excessive 
or altered nicotinic signaling at early times can produce signifi cant aberrations in 
the synaptic pathways that form. First we summarize the nAChR subtypes, their 
appearance and distribution during development, and discuss the positioning and 
abundance of cholinergic neurons and their projections to potential synaptic targets. 
Next we consider the kinds of nicotinic signaling found early in development, 
including spontaneous waves extending across large regions, and discuss the orga-
nizational impact this is likely to have. We then address the role that nicotinic sig-
naling has in driving the conversion of GABAergic signaling from the excitatory 
mode found in early postnatal life to the inhibitory mode characteristic of the adult. 
Lastly we review recent results demonstrating that endogenous nicotinic signaling 
is required during early postnatal life to achieve normal numbers of glutamatergic 
synapses in the adult and shape the neural networks that form. Disruption of these 
events is likely to have long-lasting consequences, perhaps accounting for many of 
the behavioral defi cits found in adults after early disruption or abuse of nicotinic 
cholinergic signaling. 
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1         Appearance of Nicotinic Components 

 Nicotinic cholinergic signaling is mediated by nAChRs, which constitute a hetero-
geneous family of ligand-gated ion channels widely expressed in the brain (also see 
   Chap.   5    ). The receptors are pentameric transmembrane proteins that function as 
relatively nonselective cation channels. Binding of acetylcholine (ACh) or other 
agonists allows a net ion fl ux that can depolarize the neuronal membrane ([ 24 ,  99 ]; 
see also Chap.   2    ) and cause direct or indirect rises in cytoplasmic calcium levels. 
Because calcium is one of the key regulators of neuronal development, nAChRs are 
in a position to infl uence the formation of neural networks. A variety of nAChR 
subtypes are expressed in the vertebrate nervous system, composed of various com-
binations of α- and β-type subunits. A total of nine different α subunit (α2–α10) and 
three different β subunit (β2–β4) proteins can be found in the CNS ([ 98 ]; see also 
Chap.   3    ). All neuronal nAChRs contain at least two α subunits but have a variable 
number of β subunits. Most abundant are homopentamers containing only α7 sub-
units (α7-nAChRs) and heteropentamers containing at least one β2 subunit along 
with α4 and other subunits (β2*-nAChRs; [ 3 ,  26 ,  36 ,  48 ,  119 ,  131 ]). 

 Many studies indicate that nAChRs appear early during CNS development 
(Fig.  6.1 ). Functional nAChRs can be detected by patch-clamp recording of agonist- 
evoked currents in fetal mouse cerebral cortex as early as embryonic day (E)10 [ 6 ]. 
Expression of α4 and β2 mRNAs have been detected as early as E11 in rat spinal 
cord and in more rostral CNS structures by E12; expression extends to the neocortex 
by E17–E19 [ 131 ]. Detection of nAChRs by high affi nity binding of [ 3 H]nicotine 
reveals a caudal-to-rostral pattern of receptor appearance developmentally; binding 
is apparent in the neocortex by E20 [ 86 ]. Both transcript and binding sites for 
α7-nAChRs are also detectable in the developing rat brain early on, fi rst appearing 
in cortical and thalamic regions at E13–E15 [ 18 ]. Binding of [ 125 I]α-bungarotoxin 
has been used to detect α7-nAChRs, and this marker reveals the receptors as early 
as E16 throughout the embryonic brain and spinal cord [ 116 ]. Both α3 and β4 
mRNA transcripts are also widely distributed in rat brain between E19-E21, but 
expression levels decline somewhat as the brain matures [ 122 ]. The α5 subunit, 
appearing transiently in some regions during embryonic development and more sta-
bly elsewhere, usually combines with α4 and β2 subunits [ 120 ]; it is expressed by 
E18–E20 in embryonic cortex and hippocampus, as well as more broadly in cate-
cholaminergic neurons [ 7 ,  90 ,  123 ]. In contrast, α6 and β3 subunit mRNAs are 
strongly expressed in adult catecholaminergic neurons, but are barely detectable 
during the prenatal period [ 7 ,  90 ].

   The nAChR agonist ACh comes from two primary sources in the adult brain: 
projection neurons that innervate distal regions, and local interneurons that are 
interspersed among their neuronal targets [ 125 ]. Central cholinergic projection neu-
rons are found in nuclei throughout the brain, notably the basal forebrain complex 
[ 77 ,  125 ,  128 ,  129 ], the medial septum [ 125 ], the medial habenula [ 103 ,  125 ], and 
the pedunculopontine and laterodorsal tegmental areas [ 59 ,  125 ]. 

 Projection patterns of these cholinergic neurons are widespread and diffuse as 
revealed by visualizing their terminal branches [ 125 ]. 
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 Cholinergic neuronal populations can be detected by immunostaining for the 
enzyme choline acetyltransferase (ChAT), which synthesizes ACh and has been 
detected as early as neural plate stages in the presumptive crest [ 114 ]. This marker 
reveals a caudorostral gradient for appearance of cholinergic neurons during devel-
opment [ 5 ,  95 ,  106 ]. ChAT-positive neurons fi rst appear in the spinal cord (somatic 
and then visceral motoneurons at E12-E14) and then in more rostral structures such 
as the basal forebrain (E17–E18; [ 94 ,  108 ]). Cholinergic neurons are among the fi rst 
to differentiate in the CNS regions studied, occurring even prior to any evidence of 
synaptogenesis [ 10 ,  94 ,  108 ,  109 ]. 

 Nicotinic signaling infl uences neuronal survival. In the chick ciliary ganglion 
(CG), 50 % of the neurons are eliminated due to programmed cell death between 
E8–E14 [ 61 ]. All CG neurons receive functional nicotinic innervation by E7 [ 60 ]. 
Surprisingly, blockade of α7-nAChRs between E8–E14 prevents nearly all of the 
naturally-occurring cell death [ 19 ,  52 ,  76 ]. The ability of α7-nAChRs to mediate 
cell death in this case may refl ect their ability to elevate intracellular calcium levels, 
perhaps exceeding some critical threshold for cell survival [ 14 ,  31 ,  107 ]. Indeed, 
excessive α7-nAChR function can produce abnormal and massive cell death, as in 
transgenic mice homozygous for a gain-of-function mutation in α7-nAChRs [ 92 ]. 

 Nicotinic signaling can also regulate neuronal survival in a positive way. 
Cholinergic forebrain lesion decreases adult-born neuron survival in the hippocam-

  Fig. 6.1    Expression of nAChRs subunits in the nervous system during rodent embryonic develop-
ment. Diagrammed here are the primary sites of major nAChR prenatal expression       
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pus, while enhancing cholinergic activity increases survival of the neurons [ 27 ,  55 ]. 
Contrary to the effect on CG neurons, α7-nAChRs protect adult-born hippocampal 
neurons during a critical period characterized by a high probability of cell death 
[ 21 ]. Mice lacking the β2-nAChR gene (β2 knockouts, β2KOs ) show decreased 
proliferation, but normal survival, of hippocampal adult-born neurons [ 46 ]. This 
indicates the complementary roles of individual nAChRs subtypes in determining 
the maturation and integration of adult-born neurons into existing hippocampal cir-
cuits. Notably, neuronal progenitors from the subventricular zone show reduced 
survival in β2KOs [ 74 ], indicating that a given nAChR subtype can have different 
actions depending on location and timing. Another example comes from α7-nAChR 
effects on neurite growth in different brain areas. Activation of α7-nAChRs induces 
neurite retraction in CG neurons [ 102 ] and in the pheochromocytoma line PC12 
[ 88 ], but promotes neurite elongation in rat olfactory bulb neurons and hippocampal 
adult-born neurons [ 21 ,  28 ]. Taken together, these observations support a role for 
nicotinic signaling in early neuronal development. Once differentiated, neurons 
establish connections which allow the propagation of spontaneous waves of depo-
larization across the developing circuitry. Remarkably, nicotinic signaling plays a 
crucial role during this stage as well (see below).  

2     Nicotinic Activity Patterns Early in Development 

 Spontaneous neuronal oscillations are propagating bursts of action potentials that 
occur early in development and constitute a hallmark of immature networks. They 
initially are restricted to a few pairs of neurons, but more neurons become engaged 
in each event as the network matures. These neuronal oscillations (or waves) appear 
conserved in evolution, having been described in a number of structures ([ 15 ,  56 ]; 
see [ 30 ] for references), and they can provide most of the activity during a restricted 
time window of development. Because the waves employ calcium signaling, they 
are thought to alter synaptic transmission and promote the formation and structural 
refi nement of neuronal networks. This is likely to include changes in gene expres-
sion which activity and calcium infl ux are known to regulate [ 16 ,  23 ,  33 ,  44 ,  53 ]. 

 Due to the breadth of this phenomenon, the mechanisms that underlie the occur-
rence of spontaneous waves of activity have been studied intensely. Patterned spon-
taneous bursting activity is remarkably similar across systems [ 15 ]. Each brain area 
comprises a unique circuit, but some aspects of the mechanisms used to generate 
spontaneous activity are similar in different systems. In general, all immature 
 networks follow a specifi c developmental sequence initially characterized by intrin-
sic, synapse-independent voltage-gated calcium currents, followed by large calcium 
plateaus in small neuronal populations connected by gap junctions. Subsequently, 
primitive spontaneous transmitter-driven patterns appear, which can even occur 
before synapses are formed. In this section, we focus on the retina, hippocampus, 
and spinal cord, where nicotinic signaling has been shown to have important instruc-
tive or permissive roles in the generation of patterned neuronal oscillations. 
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2.1     Retina 

 Spontaneous neuronal oscillations have been best studied in the developing visual 
system, where waves of spontaneous activity originate in the retina [ 75 ,  124 ] and 
dictate fi ring patterns up to the primary visual cortex [ 1 ,  81 ]. Isolated preparations 
of retina exhibit propagating bursts of action potentials (termed “retinal waves”) 
among neighboring retinal ganglion cells (RGCs). Spontaneous retinal waves prop-
agate spatially, coordinating the fi ring of neighboring cells (Fig.  6.2a ). As RGCs 
relay visual information to higher-order structures in the CNS, retinal waves are 
thought to have a key role in the activity-dependent refi nement of topographic neu-
ral maps in the superior colliculus (SC), dorsal lateral geniculate nucleus (dLGN), 
and visual cortex, which exhibit functional connectivity before the onset of visual 
experience. More recently, Ackman and colleagues reported that these waves are 
preferentially initiated in the binocular retina and exhibit spatiotemporal correla-
tions between the two hemispheres [ 1 ].

   In rodents, spontaneous retinal waves are present for an extended period of devel-
opment in vivo and exhibit a pattern of activity appropriate for communicating reti-
nal organization to circuits throughout the visual system. As retinal circuits change 
with age, so does the wave generation mechanism. Stage I retinal waves occur inde-
pendent of fast synaptic transmission; instead, these waves require gap junctions and 
adenosine for propagation. Stage II retinal waves are mediated by nAChRs, and 
stage III retinal waves are mediated by ionotropic glutamate receptors. The best 
understood wave-generating circuit is based on nicotinic cholinergic signaling, 
which is thought to segregate RGC axons from the two eyes and also to segregate 
axons arising from RGCs in the same eye and of the same subtype. Cholinergic reti-
nal waves are present in rodents up through P10 [ 9 ]. They are initiated by a network 
of cholinergic amacrine cells called starburst amacrine cells (SAC), which display 
spontaneous depolarizations that eventually lead to a diffuse release of ACh onto 
neighboring RGCs and other SACs [ 34 ,  37 ,  130 ]. At this stage, SACs express β2*-
nAChRs, which will promote the amplifi cation of the signal and propagation of the 
wave. Transgenic mice have been useful for dissecting the role of cholinergic waves 
and nicotinic signaling in the establishment and refi nement of the visual system. 
Mice lacking ChAT do not exhibit cholinergic- or other transmitter- mediated waves 
[ 115 ]. Instead, they display compensatory waves mediated by gap junctions, as an 
extension of an earlier, nonsynaptic wave-generating mechanism that has been 
observed in embryonic mice. This observation suggests a homeostatic regulation of 
spontaneous oscillations in the retina at this early stage and that cholinergic signal-
ing may act to suppress neuronal coupling as chemical synaptic connectivity matures. 

 The β2KO mouse has been useful for assessing the role of nicotinic cholinergic 
signaling in generating patterned spontaneous waves. These mice show altered 
 patterns of spontaneous retinal activity up through P8 RGCs spiking randomly and 
showing little correlation with neighboring RGCs [ 73 ]. The absence of cholinergic 
waves culminates in abnormal retinofugal projections in the dLGL and SC with loss 
of eye-specifi c segregation, but has no infl uence on the development of retinotopic 
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  Fig. 6.2    Spontaneous network activity during development depends on nAChRs. Cholinergic 
neurons ( green ) can activate nAChRs on glutamatergic ( orange ) and GABAergic ( blue ) neurons. 
Patterned spontaneous waves of excitation are initiated by a depolarization in a particular cell type 
(outlined in  red ) for a given region, and are then amplifi ed by recurrent connections ( red double- 
headed arrows ) and propagated to their targets ( red arrows ). ( a ) Retina. A diagram of the overall 
circuit is shown ( A1 ) together with a blow-up of transmitter/receptor interactions (ACh and 
nAChRs) mediating the waves ( A2 ). ( b ) Spinal Cord. Overall circuit ( B1 ) and blow-up ( B2 ) as in 
panel ( a ). ( c ) Hippocampus. Circuit ( C1 ) and blow-up with GABA being key for propagation in 
this case ( C2 ). Although ACh does not mediate patterned waves in the hippocampus, it does deter-
mine the temporal characteristics because interneurons express nAChRs that are activated by cho-
linergic neurons that project from the septum       
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maps in the monocular zone of the dLGN and SC [ 22 ,  73 ,  84 ,  126 ]. Patterned RGC 
waves return to normal at P8 in β2KO mice [ 9 ,  73 ] when glutamatergic waves 
appear as a compensatory mechanism. Columnar specifi city, however, remains 
severely abnormal in adult β2KOs, revealing a critical period for columnar segrega-
tion of RGC projections that is mediated by β2*-nAChR-dependent spontaneous 
retinal activity during the fi rst postnatal week [ 51 ]. These observations also demon-
strate that homeostatically generated glutamatergic activity does not serve the same 
function as normal cholinergic activity.  

2.2     Spinal Cord 

 Embryonic spinal cord both in mouse and chick displays patterned spontaneous 
activity that has many similarities to the retinal waves described above. Patterned 
waves of activity are generated in isolated lumbar cords even in the absence of 
descending and afferent input and consist of propagating depolarizing events that 
cause near synchronous activation of most motor neurons on both sides of the cord. 
This spontaneous activity seems to be required for accurate motoneuron pathfi nding 
and for the formation of the central pattern generator, which produces oscillatory 
rhythms for locomotion into adulthood [ 44 ,  85 ]. 

 Spontaneous rhythmic activity occurs as early as E3–E4 in embryonic chicks and 
E11–E12 in embryonic mice. Two phases of spinal cord development have been 
identifi ed: phase I is dependent upon electrical transmission and cholinergic signal-
ing (E12.5–E14.5 in mice), and phase II is defi ned by glutamatergic activity (from 
E15.5 onward in mice; [ 43 ,  79 ]). In contrast to the retina and hippocampus, no 
pacemaker-like neuron has been conclusively identifi ed in the developing spinal 
cord. Motor neurons, however, are thought to be responsible for triggering the spon-
taneous waves of activity since they are the fi rst to be active in each synchronized 
episode (Fig.  6.2b ). During phase I, motor neurons (which are cholinergic) may 
form transient nAChR-mediated synapses onto other motor neurons and onto local 
GABAergic interneurons (Renshaw cells), which are depolarized by ACh and con-
tribute to the propagation of a synchronized wave [ 45 ]. Blockade of nAChRs with 
antagonists does prevent spontaneous activity early in spinal cord development [ 43 ]. 
Interestingly, the immature network can overcome nAChR blockade; a  compensatory 
glutamatergic-driven network appears a few minutes after the nAChR blockade. 
Consistent with this, Myers and colleagues showed that ChAT mutants also exhibit 
a different pattern of spontaneous activity during development [ 85 ]. In these 
mutants, motor activity is reduced in both phase I and II, and spontaneous network 
activity is prematurely mediated by glutamatergic signaling. Further, the duration of 
each cycle is elongated, and both right-left and fl exor-extensor coordinations are 
abnormal. Blockade of nAChRs after the central pattern generator is formed, how-
ever, does not affect right-left or fl exor-extensor coordination, suggesting that cho-
linergic signaling is required during a transient period of development.  

6 Nicotinic Signaling in Development



122

2.3     Hippocampus 

 In the rodent hippocampus, spontaneous correlated activity appears during the fi rst 
postnatal week. These GDPs [ 12 ], which are network-driven synaptic events gener-
ated by GABA and NMDA receptors, are usually present between P2 and P10 [ 30 ]. 
GDPs may be the in vitro counterpart of sharp waves, which occur in rat pups dur-
ing periods of immobility periods such as during sleep and feeding [ 63 ], and occur 
at a similar frequency as GDPs in acute slices (0.3–0.1 Hz). This primitive form of 
network oscillation may be a primordial form of synchrony between neurons, which 
precedes more organized forms of activity in the hippocampus, such as the theta and 
gamma rhythms [ 20 ]. 

 As noted above, transmitter-driven synchronized oscillations are fi rst dependent 
on cholinergic transmission in the spinal cord and retina, while in the hippocampus 
they are initiated by GABA ([ 69 ]; Fig.  6.2c ). Nevertheless, nicotinic signaling may 
still play an important role in modulating hippocampal GDPs, because the interneu-
rons have nAChRs and receive cholinergic innervation from the medial septum–
diagonal band complex of the basal forebrain [ 38 ]. Though not required for GDP 
initiation, nAChRs may help shape the spatiotemporal characteristics of hippocam-
pal GDPs. This has yet to be tested, but strong evidence suggests that signaling via 
α7- and β2*-nAChRs exerts powerful regulatory actions on network-driven GDPs. 
Blockade of β2*-nAChRs with a selective antagonist decreases the frequency of 
GDPs in the hippocampus [ 70 ], while antagonizing α7-nAChRs can either increase 
or decrease the frequency of GDPs [ 70 ]. In addition, application of nicotine induces 
an increase in the frequency of GDPs that is dependent on both α7- and β2*-nAChRs 
[ 62 ,  70 ]. Maggi and colleagues propose that activation of α7- and β2*-nAChRs in 
interneurons synapsing directly onto pyramidal cells leads to an increase in the 
release of GABA, stepping up the frequency of GDPs; activation of α7-nAChRs on 
interneurons synapsing onto other interneurons could decrease GDP frequency. 
This model does not rule out the possibility that α7- and β2*-nAChRs expressed by 
pyramidal cells at this age could also increase the release of glutamate to promote 
the occurrence of patterned waves. GDPs disappear toward the end of the fi rst post-
natal week, when GABA becomes inhibitory (see below).   

3     Nicotinic Control of Gabaergic Maturation 

 In immature networks, spontaneous patterned waves rely on the hyperexcitable 
nature of recurrently connected synaptic circuits. In several regions of the nervous 
system, including the spinal cord and hippocampus, hyperexcitability is caused by 
an excitatory action of GABA and glycine [ 12 ,  13 ,  104 ], which in the adult brain act 
as inhibitory neurotransmitters. Both GABA and glycine can activate 
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chloride- permeable channels, allowing the fl ow of Cl -  down its electrochemical gra-
dient. Immature and mature neurons show different [Cl − ] i  due to differential expres-
sion of two Cl −  cotransporters, NKCC1 and KCC2, which enhance and lower 
intracellular [Cl − ] i , respectively. In immature neurons, a higher expression of 
NKCC1 leads to the accumulation [Cl − ] i , setting its electrochemical gradient to 
more positive values than the resting membrane potential (Fig.  6.3a ). These neurons 
are depolarized by GABA, supporting episodes of bursting activity and underlying 
waves of depolarization. Depolarizing GABA can, however, also produce inhibition 
by shunting excitatory currents, offering an inhibitory mechanism early in develop-
ment [ 57 ]. As the network matures, the expression of KCC2 is favored, resulting in 
the extrusion of Cl -  from the internal milieu and hyperpolarization of the Cl −  rever-
sal potential (Fig.  6.3b ).

   Endogenous nicotinic cholinergic signaling appears to regulate the expression of 
chloride transporters during development and, as a result, helps determine when 
GABAergic signaling becomes inhibitory ([ 66 ]; Fig.  6.3c ). Loss or blockade of 
nAChRs has been shown to delay the switch from GABA-mediated excitation to 
inhibition in CG, spinal cord, and hippocampus [ 21 ,  66 ]. In the developing retina, 
however, it is not clear whether GABA signaling is required for cholinergic retinal 
wave generation, though activation of GABA A  receptors on RGCs is initially depo-
larizing [ 110 ,  121 ]. GABA A  receptor antagonists block retinal waves in turtles, but 
not in ferrets or mice where they only modulate wave properties. 

3.1     Spinal Cord 

 GABAergic signaling is depolarizing in the spinal cord of chick embryos by E6 and 
converts to hyperpolarizing at E10 [ 89 ]. In the mouse embryonic spinal cord, both 
NKCC1 and KCC2 are expressed and functional early in development (E11.5–
E13.5) when GABA A  and glycine receptor activation induces strong excitatory 
action [ 32 ]. At this stage, blockade of GABA A  receptors markedly diminishes the 
frequency of spontaneous motor bursts. After E15.5, a switch occurs rendering 
GABA and glycine unable to provide excitation. Thus, the effects of GABA and 
glycine on motor activity switch from excitatory to inhibitory as development pro-
gresses. Blockade of α7- and β2*-nAChRs in ovo at E2 delays the maturation of a 
mature reversal potential for Cl -  in spinal cord neurons [ 66 ].  

3.2     Hippocampus 

 In the hippocampus, the initial period of depolarizing GABAergic signaling is 
 necessary both for early postnatal and adult-born neurons to develop properly and 
integrate into circuits [ 13 ,  39 ,  93 ,  104 ]. Interestingly, at birth there is a dramatic and 
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  Fig. 6.3    Endogenous nicotinic cholinergic signaling regulates the timing for GABAergic conver-
sion from depolarizing to hyperpolarizing. ( a ) Immature neurons have higher levels of NKCC1, 
which increases intracellular chloride [Cl    ] i  and elevates the chloride reversal potential relative to 
the membrane potential. Activation of GABA A  receptors then depolarizes the membrane, allowing 
glutamate activation of NMDA receptors (NMDARs) and/or opening of voltage-gated calcium 
channels (VGCC). ( b ) As the network matures, KCC2 levels increase, resulting in the chloride 
extrusion and creation of a more negative chloride reversal potential. ( c ) The switch in the chloride 
gradient is driven at least in part by α7-nAChR activity, which promotes elevated KCC2 levels 
along with decreased NKCC1 levels       
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temporary hyperpolarizing shift in the reversal potential of Cl - , providing inhibitory 
GABAergic signaling to the immature network which is thought to minimize the 
severity of anoxic episodes that are frequent during delivery [ 117 ]. This initial 
GABA switch is transient, supporting the idea that a period of depolarizing GABA 
during early development is needed for proper maturation of neurons and neural 
networks [ 91 ]. For instance, depolarizing GABA is crucial for the generation of 
GDPs in the developing hippocampus. Pharmacological blockade of NKCC1 trans-
porters causes the inhibition of GDPs [ 87 ,  111 ]. In freely moving rats, NKCC1 
inhibitor bumetanide blocks sharp waves, supporting the view that sharp waves and 
GDPs are homologous [ 111 ]. By P7-P10, GABA becomes inhibitory due to a shift 
of the Cl -  reversal potential to hyperpolarized values. As in the spinal cord, this 
developmental switch appears to depend on nAChRs [ 66 ]. Mice lacking α7-nAChRs 
(α7 knockouts, α7KOs) show a delayed transition from depolarizing GABA to 
hyperpolarizing in the hippocampus. Cholinergic signaling through α7-nAChRs is 
also required for maturation of the Cl -  gradient of adult-born neurons in the dentate 
gyrus [ 21 ]. Adult-born neurons in α7KOs show a prolonged period of GABA being 
depolarizing, and GABAergic currents that have slow kinetics under these condi-
tions [ 21 ] as found in immature neurons. For both embryonic and adult neurogen-
esis, nicotinic signaling dictates the timing for the transition from an immature 
network to a more mature stage, in which GABA plays a critical role in inhibition.   

4     Nicotinic Promotion of Glutamatergic Synapse Formation 

 Studies involving nicotine exposure during development suggest roles that 
nAChRs may have in modulating circuit formation in critical brain regions. For 
example, nicotine application to hippocampal slices from P2 to P6 rats can 
increase GDPs by activating α7-nAChRs and modulating GABA release in the 
CA3 region [ 70 ]. Nicotine application can also affect the composition of synaptic 
receptors. In hippocampal slices from P1-P5 rats, nicotine application to imma-
ture Schaffer  collateral- CA1 connections can convert presynaptically silent syn-
apses to functional status [ 71 ]. Application of nicotine also selectively enhances 
the NMDA receptor- mediated component of excitatory postsynaptic potentials 
(EPSPs) in thalamocortical neurons from P8–P16 rats. This was not observed, 
however, at P19–P24, suggesting a limited period of vulnerability to nicotine [ 4 ]. 
The effect at P8–P16 depended on α7-nAChRs and involved enhanced glutamate 
release [ 4 ,  71 ,  78 ]. 

 Though nicotinic signaling has long been known to promote synaptic plasticity 
and alter circuit function in the adult CNS, it was less clear whether it might also 
have a more fundamental role early in development, perhaps determining the num-
ber of synapses comprising circuits. Recently it has been shown that signaling 
through α7-nAChRs is necessary to achieve normal numbers of glutamatergic syn-
apses and to establish the appropriate ratio of glutamatergic-to-GABAergic input 
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capability for neurons [ 67 ]. This was demonstrated by analyzing synaptic contacts 
in α7KO mice and comparing the outcome with age-matched wild-type (WT) mice. 
The α7KOs had fewer glutamatergic synapses both in the hippocampal CA1 region 
and in the visual cortex at P12 than did WT mice. Moreover, the defi cits were main-
tained into the adult, e.g. P60, demonstrating their persistence. Surprisingly, no defi -
cits were seen in GABAergic synapses, and electrophysiological analysis confi rmed 
an altered ratio of glutamatergic/GABAergic input to CA1 pyramidal neurons in 
α7KO vs WT mice. This raises the prospect of long-lasting important changes in 
network function and may well account for some of the behavioral defi cits previ-
ously reported for α7KOs. These include attention defi cits, impaired spatial dis-
crimination, and diminished working/episodic memory [ 35 ,  49 ,  62 ,  65 ,  127 ]. 

 A quite different kind of effect on glutamatergic synapses was discovered in 
β2KO mice. Initial reports indicated that the mice had altered numbers of dendritic 
spines, the primary location of glutamatergic synapses in the adult. At 4–5 months 
of age, β2KOs have signifi cant reductions in spine density and in total numbers of 
spines in the prelimbic/infralimbic cortex and in the M1 fi eld of motor cortex [ 8 ]. In 
contrast α7KOs have spine numbers comparable to WT littermates both in the 
visual cortex and in the hippocampal CA1 region [ 67 ], with an increase actually 
being reported for basal dendrites in the CA1 [ 83 ]. The spine defi cits in β2KOs are 
apparent as early as P4-P12 and persist at least to P40 [ 68 ]. The requirement for 
β2*-nAChRs is cell-autonomous and appears to depend on intracellular calcium 
and activation of calcium, calmodulin-dependent protein kinase II [ 68 ]. 
Unexpectedly, β2KOs have normal numbers of glutamatergic synapses. The expla-
nation is that more glutamatergic synapses are located on the dendritic shafts in 
β2KOs than found in WTs, thereby compensating for the defi cit in spines [ 68 ]. Also 
noteworthy was the fi nding that acute activation of β2*-nAChRs by local stereo-
taxic injection of minute amounts of nicotine can quickly induce spines de novo, 
e.g. within an hour [ 68 ]. 

 These results raise interesting questions about the possible roles of nicotinic sig-
naling via β2*-nAChRs in determining the type and location of glutamatergic syn-
apses formed on a neuron (Fig.  6.4 ). The synaptic rearrangements found in β2KOs 
could account in part for the numerous behavioral defi cits reported for the mice. 
These include abnormal passive avoidance, impaired nicotine self-administration 
and drug discrimination, reduced nociceptive response to nicotine, decreased visual 
acuity, reduced locomotion in a familiar environment, and defi cits in executive 
functions and social behavior reported in β2KOs [ 42 ,  72 ,  96 ,  97 ,  99 ,  105 ,  112 ].

5        Nicotinic Contribution to Neural Net Formation 

 Numerous studies indicate that early exposure to nicotine produces long-lasting 
changes in behavior [ 47 ]. This emerges both from experiments with rodents and 
from data collection on human populations. Unusual vulnerability appears to extend 
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to the adolescent brain as well when nicotine apparently can have major effects on 
the nervous system that is yet to achieve mature status [ 41 ]. This is likely due to the 
pervasive distribution of nAChRs in key brain regions associated with reward and 
cognitive in the adolescent brain both in humans [ 25 ,  54 ] and in animal models 
[ 2 ,  11 ,  17 ,  64 ,  113 ,  118 ]. In the prefrontal cortex (PFC), nAChRs are found across 
all layers [ 40 ,  101 ]. Signaling through nAChRs can alter pyramidal neuron activity 
by enhancing GABA and glutamatergic input or by activating the postsynaptic cell 
directly [ 100 ,  101 ]. In PFC layer V, activation of presynaptic β2*-nAChRs on 
 glutamatergic inputs to pyramidal neurons from the thalamus strongly enhances 
activity of these cells [ 29 ,  40 ,  58 ,  101 ]; layer V pyramidal neurons also have post-
synaptic α7-nAChRs [ 101 ]. In contrast, layer VI of the same brain area contains 

  Fig. 6.4    Endogenous nicotinic cholinergic signaling helps determine the pattern of glutamatergic 
synapses and network formation during development. ( a ) Dendritic shaft and spine synapses. 
( b ) Relative distributions of synaptic types in early postnatal WT. ( c ) Reduced numbers of gluta-
matergic synapses in α7KOs compared to WT. ( d ) Equivalent numbers of glutamatergic synapses 
in β2KOs and WTs, but the reduced number of dendritic spines in β2KOs apparently causes a 
greater number of glutamatergic synapses to locate on dendritic shafts. This difference persists into 
adulthood, indicating that the animal is unable to compensate for the defi cits in spine number 
resulting from β2*-nAChR loss       
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pyramidal neurons with β2*-nAChRs while glutamatergic inputs to those same neu-
rons are only moderately activated by nAChRs [ 101 ]. Finally, smoking concentra-
tions of nicotine (300 nM) densensitize β2*-nAChR-mediated current in interneurons 
located in PFC layer II–III and layer VI; less desensitization was detected in layer V 
interneurons as well as layer VI pyramidal. Endogenous nicotinic cholinergic input 
through these nAChRs may play a key role in determining the kinds of neural net-
works that become stabilized and the computational properties that result. Nicotinic 
perturbation of these normal developmental processes may then alter the outcome. 

 Direct evidence for endogenous nicotinic cholinergic signaling playing funda-
mental roles in the formation of neural networks comes from recent studies on the 
visual system. Since the pioneering work of Hubel and Wiesel, it has been known 
that the visual system displays a critical period during development in which unilat-
eral eye closure results in system rewiring in a reversible manner [ 50 ]. Changes 
induced in the visual cortex during the critical period become irreversible, however, 
if eye closure is maintained beyond that time. To identify the molecular basis for 
this phenomenon, Morishita and colleagues began with the hypothesis that the criti-
cal period is terminated by the appearance of a “brake” on synaptic plasticity [ 82 ]. 
They found that the protein Lynx1 fi rst appears in the visual cortex of mice as the 
critical period ends. Lynx1 belongs to a family of prototoxins having sequence simi-
larity to α-bungarotoxin, a snake venom protein that is a highly effi cient antagonist 
of muscle nAChRs and is thought to bind to and modulate a number of neuronal 
nAChRs as well [ 80 ]. Mice lacking the Lynx1 gene (Lynx1KO mice) retained plas-
ticity in the visual system: multiday eye closure applied to adult Lynx1KO mice 
produced shifts in eye dominance away from the closed eye when tested after open-
ing. Moreover, if eye closure was initiated during the critical period and extended 
beyond it, opening of the eye subsequently allowed recovery of normal vision 
within days, something that was never seen in WT mice. 

 These observations led Morishita and colleagues to propose that nicotinic signal-
ing mediates plasticity in the developing visual system and that the appearance of 
Lynx1 terminates the plasticity by blocking nAChRs, thereby establishing the end 
of the critical period. In support of this, they demonstrated that either the relatively 
global nAChR blocker mecamylamine or the more specifi c blockers dihydro-β- 
erythroidine and methyllycaconitine (specifi c for α4β2- and α7-nAChRs, respec-
tively) applied to Lynx1KO mice rendered them equivalent to WT mice with respect 
to critical period constraints. Conversely, blockade of acetylcholinesterase in WT 
mice to increase endogenous ACh levels extended the critical period, making them 
more like the Lynx1KO mice in this respect. The additional ACh was apparently 
able to compete at least partially the blocking effects of endogenous Lynx1. The 
results strongly suggest that endogenous nicotinic cholinergic signaling promotes 
plasticity and rewiring of circuits during development, and that Lynx1 acts to termi-
nate this process subsequently, thereby securing the “mature” confi guration. Which 
nAChR subtypes are responsible and whether this process extends widely across the 
CNS are questions for the future.  
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6     Summary and the Future 

 Nicotinic cholinergic signaling appears early in development and is widely 
 distributed. It drives waves of excitatory activity across numerous CNS regions 
prior to and during the major period of de novo synapse formation. Activity through 
α7-nAChRs promotes glutamatergic synapse formation while activity through β2*-
nAChRs increases dendritic spine number and the location of synapses at these 
sites. In the absence of α7-nAChRs, GABAergic development proceeds more 
slowly, retaining the early depolarizing/excitatory mode much longer in what prob-
ably refl ects a delay in reaching some critical level of innervation required for the 
switch in chloride transporters that makes possible the GABAergic conversion. The 
relevance of nicotinic signaling for network plasticity is perhaps best demonstrated 
in the visual system where it appears to be responsible for the famed critical period; 
Lynx1 terminates the critical period apparently by blocking endogenous nicotinic 
cholinergic signaling. Important questions for the future include the molecular 
mechanisms by which nicotinic signaling achieves its effects on synaptic plasticity 
and how these mechanisms infl uence network capacity overall. Also important will 
be determining the breadth of nicotine-mediated plasticity across the CNS and 
whether some of these mechanisms remain operational in adult circuits. A fi nal 
challenge will be the question of whether plasticity controlled by nicotinic signaling 
can be manipulated therapeutically to reverse or compensate neurological defi cits.     
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    Chapter 7   
 Presynaptic Nicotinic Acetylcholine Receptors 
and the Modulation of Circuit Excitability 

             Chongbo     Zhong      ,     Gretchen     Y.     López-Hernández     ,     David     A.     Talmage     , 
and     Lorna     W.     Role    

    Abstract     Cholinergic modulation of circuit excitability by activation of nicotinic 
acetylcholine receptors (nAChRs) is involved in essential aspects of motivated 
behaviors, attention, and affect. In this review we focus entirely on the contribution 
of  pre synaptic nAChRs to the regulation and dysregulation of synapses and circuits 
in the CNS. In particular we highlight recent insights into the regulation of presyn-
aptic nAChR targeting and advances into discerning the mechanisms by which pre-
synaptic nAChRs regulate neurotransmitter release and synaptic transmission in 
the brain.  

  Keywords     Acetylcholine   •   Cholinergic system   •   Nicotine   •   Nicotinic acetylcholine 
receptors   •   Presynaptic modulation   •   Neurotransmitter release   •   Synaptic 
transmission  

1         Introduction 

    The activation and inactivation (or desensitization) of nicotinic acetylcholine 
 receptors (nAChRs) contribute to fundamental aspects of behaviors related to 
 memory, motivation, and mood, and have been implicated in neurodegenerative and 
neuropsychiatric disorders including Alzheimer’s disease, Parkinson’s disease, 
schizophrenia, and addiction. Our major goal in this chapter is to provide an over-
view of the recent literature on the contributions of presynaptic nAChRs to shaping 
circuit excitability in the central nervous system (CNS). We believe that the evi-
dence for presynaptic nAChR modulation of CNS circuits is compelling and, as 
such supports the idea that these unique modulatory sites constitute important, 
novel, therapeutic targets. 
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 Progress over the last 10 years has provided important insights to the identity and 
subunit composition of presynaptic nAChRs (   Part  IA  and  1B ), to their role in modu-
lation of transmitter release ( Part II ), as well as their precise location, targeting, and 
intracellular signaling mechanisms ( Part III ). Recent studies build on more than two 
decades of prior thought and experimentation that originally established the funda-
mental concept of presynaptic ionotropic receptors and introduced nAChRs as key 
players in the modulation of circuit excitability. 

1.1     Early Work (Pre-Twenty-First Century) 

 Studies of presynaptic nAChRs have been subject to considerable controversy from 
the get go. Early work implicating the existence of presynaptic nAChRs at neuro-
muscular and ganglionic synapses emphasized their potential role as autoreceptors, 
with perhaps the fi rst formal proposal put forth by Koelle in 1961 [ 1 – 3 ]. It was not 
so much the existence of presynaptic nAChRs, which culled support from many of 
the most preeminent synaptic and receptor biologists of the twentieth century, but 
rather the issue of a physiological role of presynaptic nAChRs that has elicited (and 
still elicits) such intense debate [ 2 ,  4 – 6 ]. 

 Both autonomic ganglia and the neuromuscular junction constitute examples of 
possible sites of homosynaptic modulation (as illustrated in Fig.  7.1a ). That is, these 

  Fig. 7.1    Possible confi gurations for homosynaptic ( a ) vs. heterosynaptic ( b ) modulation via pre-
synaptic nAChRs. ( a ) Homosynaptic modulation by ACh: At cholinergic synapses (such as those 
within sympathetic ganglia) released ACh could interact with both pre- and postsynaptic ACh 
receptors. ACh activation of the presynaptic nicotinic AChRs modulates probability of ACh 
release. ( b ) Heterosynaptic modulation by ACh: At non-cholinergic synapses (e.g. CNS glutama-
tergic or GABAergic synapses) the probability of release of the transmitter is modulated by pre-
synaptic nAChRs. Activation of these presynaptic AChRs is due to ACh released from neighboring 
cholinergic (axo-axonic) synapses       
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are sites at which the released acetylcholine (ACh) was proposed to up and/or down 
regulate subsequent ACh release via interaction with autoreceptors. The same stud-
ies that established the presence of presynaptic nAChRs and noted the distinct phar-
macology of the pre- from postsynaptic nAChRs, also presented convincing 
arguments against a physiological contribution of these nAChRs to normal trans-
mission [ 6 ]. But then, more than a decade later, with increasing focus on CNS syn-
apses, some of these same investigators provided the most compelling evidence in 
support of a physiological role of presynaptic nAChRs in the brain [ 7 ]. This and 
other early electrophysiological demonstrations of the modulation of glutamatergic 
synaptic transmission by presynaptic nicotinic AChRs in the brain [ 8 – 10 ], provided 
the essential compliment to parallel studies using synaptosomal preparations (see 
below) to establish the existence of presynaptic nAChRs. Numerous studies fol-
lowed in the 1990s, documenting many CNS synapses and circuits where choliner-
gic, GABA-ergic, and aminergic transmission appeared to be fi ne-tuned by the 
activation and/or inactivation of  presynaptic  nAChRs [ 11 ].

   These early studies in the CNS emphasized the idea that presynaptic nAChRs 
control the extent of release of  non -cholinergic transmitters. That is, unlike the early 
discussion of presynaptic nAChRs in  homosynaptic  plasticity of ganglionic trans-
mission, the CNS studies highlighted examples of hetero-synaptic plasticity, as 
illustrated in Fig.  7.1b . However, such studies also raised the important question of 
“what is the usual source of cholinergic ligand(s) that interact with these presynap-
tic receptors?” This is an active and very much ongoing debate that we discuss in 
more detail in  Part 1B  (see below). 

 Some of the most compelling early work showing that nicotinic receptors are 
localized to presynaptic sites began in the 1980s with studies of synaptosomal prep-
arations [ 12 ,  13 ]. A particularly important focus of early synaptosome work was the 
detailed analysis of nicotinic modulation of dopamine release from striatal prepara-
tions [ 14 – 17 ]. These studies presaged the recent optogenetic demonstrations that 
presynaptic nAChRs are uniquely positioned to control dopamine release from ven-
tral tegmental area (VTA) terminals in striatum, independent of action potential 
evoked from VTA (see  Part II ). 

 Despite the important fi ndings by investigators using synaptosomal prepara-
tions, the existence and role of presynaptic nAChRs remained controversial 
because of the potential confounds of such approaches. Nevertheless, a careful 
search of the literature and an objective refl ection on the contribution of synapto-
some preparations to our current understanding of the physiological roles of pre-
synaptic nAChRs reveals the pivotal role of these studies. Synaptosome studies 
since the 1970s established presynaptic nAChRs as direct modulators of serotonin 
[ 18 ], dopamine [ 19 ,  20 ], and ACh [ 21 ,  22 ] release. More recent work with synap-
tosomes of higher purity confi rms and extends prior studies to show that presyn-
aptic nAChRs fi ne tune the release of glutamate and GABA at numerous CNS 
synapses [ 23 ,  24 ].  
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1.2     Fundamental Issues That Must Be Addressed 
to Establish Whether Presynaptic nAChRs 
Contribute to Neural Signaling 

 There are three major issues that must be addressed to demonstrate a physiological 
vs. pharmacological role of presynaptic ionotropic receptors in general, and for pre-
synaptic nAChRs, in particular [ 11 ]. The fi rst hurdle is to demonstrate that nAChRs 
are actually located at presynaptic sites, along axons or at axon terminals per se. 
These data come in two forms: direct (typically post hoc), immunochemical assays 
of nAChR subunits or histological assays with toxin probes or genetically labeled 
nAChRs ( Part IA ) and indirect—though often quite compelling—evidence from 
functional studies of nAChR modulated transmitter release ( Part II ). Key pre-
twenty- fi rst century contributions to demonstrating the presynaptic localization of 
nAChRs evolved from work of Changeux, Clarke, Dani, and Wonnacott and their 
colleagues, as well as our laboratory [ 8 – 10 ,  17 ,  25 ]. 

 The second critical issue to address vis  a  vis functional signifi cance of  presynaptic 
nAChRs is to identify the source(s) of available agonist or antagonist(s). We sum-
marize recent evidence for a physiological and/or pharmacological role of presyn-
aptic nAChRs that consider both the potential sources of endogenous (e.g. ACh, 
choline, lynx) and exogenous (e.g. nicotine, specifi c nerve gases, and numerous 
snail and snake toxins) nAChR ligands ( Part IB ). Finally, we consider evidence for 
the mechanisms that link activation or inhibition of these presynaptic nAChRs and 
the downstream effects on axonal excitability and/or the probability of release of the 
stored neurotransmitter(s).   

2       Part IA: nAChRs Subtypes and Presynaptic 
Localization of nAChRs in the Brain 

 The diverse subunit composition of nAChRs in the brain has been extensively docu-
mented by assessing nAChR subunit mRNA expression at the single cell level and 
from assays of subunit protein expression [ 26 – 32 ]. The heteromeric α4β2* and 
homomeric α7* nAChRs are the two predominant nAChR subtypes in the brain 
whereas α3β4* nAChRs are more common in the peripheral nervous system (where 
* signifi es the inclusion of the noted subunit(s) in a pentameric assembly with or 
without other α and/ or β subunits) [ 33 ,  34 ]. 

 The functions of nAChRs critically depend on both the subunit composition and 
subcellular location (Fig.  7.2 ). Knowledge of the precise subcellular localization of 
specifi c nAChRs subtypes in the brain is essential to understanding how nicotinic 
signaling affects circuits and behavior and, ultimately, is required for the design of 
targeted pharmacological tools [ 26 ,  31 ]. Presynaptic localization of nAChRs has 
been demonstrated with receptor ligand binding and immunocytochemical methods, 
most convincingly with immuno-gold labeling of nAChRs at the electron microscopic 
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(EM) level. At the EM level, α7* nAChRs, identifi ed by either biotin- or gold-conjugated 
alpha-bungarotoxin (αBgTX), are found on axon terminals forming synapses onto 
dendrites from rat VTA, prefrontal cortex (PFC), and hippocampus [ 35 – 38 ]. Alpha4 
and β2 subunits, identifi ed by anti- α4 or β2 antibodies, are also located at presynapic 
sites in rat cerebellar cortex and striatum [ 39 – 41 ].

   To more directly address the issue of nAChR localization, subunit-fl uorescent 
protein chimeras have been constructed for the α3, α4, α6, α7, β2, β3, and β4 nAChR 
subunits (these subunit-fl uorescent protein fusions produce functionally normal 
receptors as measured by whole cell electrophysiology recordings and the calcium- 
sensitive indicator fura-2). Expressing these chimeric, fl uorescent proteins in cul-
tured neurons and in mice [ 42 ] allows detection of nAChRs subunit locations as 
well as studies of receptor traffi cking and targeting, with confocal microscopy and 
Förster Resonance Energy Transfer (FRET) and/or Total Internal Refl ection 
Fluorescence (TIRF) techniques [ 42 – 51 ]. 

 The presence of functional, presynaptic nAChRs on nerve terminals is supported 
by the ability of various subtype-selective nAChRs agonists to evoke neurotrans-
mitter release from synaptosomal preparations, from acute brain slices and in 
in vivo preparations, neurochemical, neuroimaging, and/or electrophysiological 
assays of neurotransmitter release from synaptosomes and/or brain slices that pro-
vide important functional evidence for presynaptic nAChRs will be addressed in 
detail in  Part II . 

 A major challenge to developing pharmaceuticals targeting presynaptic nAChRs 
is the in vivo demonstration, of presynaptic nAChRs in humans. Receptor subtype 
imaging by autoradiography and positron emission tomography (PET), Single 
Photon Emission Computed Tomography (SPECT) and functional magnetic reso-
nance imaging (fMRI) with radioactively labeled ligands have provided a more 
thorough profi le of the distribution of nAChRs in human brain in vivo [ 52 ,  53 ]. 

  Fig. 7.2    Multiple subtypes 
of nAChRs are located within 
pre-terminal and terminal 
zones of non-cholinergic 
axons. Presynaptic nAChRs 
may be targeted to pre- 
terminal domains ( 1 ) or to 
synaptic boutons ( 2 ). 
Depending on the subtype(s) 
of nAChRs at each location 
(indicated by the varying 
shades of  red ) the effects of 
nAChR activation on 
transmitter release may be 
brief or prolonged and may 
involve distinct signaling 
pathways (See text for 
discussion)       
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Currently, two PET ligands, including [ 11 C]nicotine and 2-[ 18 F]fl uoro-3-(2 (S)
azetidinylmethoxy)pyridine (2-[ 18 F]F-A-85380), and a SPECT ligand, 5-[ 123 I]iodo- 
3-(2 (S)-2-azetidinylmethoxy)pyridine (5-[ 123 I]I-A-85380), have been used for 
in vivo detection of α4β2* nAChR [ 54 – 57 ], whereas [ 11 C]CHIBA-1001 [ 58 – 60 ] is 
the major PET ligand currently available for in vivo study of α7* nAChRs distribu-
tion in human. A high density of nAChRs (including both α4β2* and α7*) have 
been found in multiple brain regions with these in vivo technologies, but the spatial 
resolution of these imaging techniques is still insuffi cient to identify the precise 
subcellular location (i.e. pre- vs. postsynaptic) [ 61 – 66 ]. 

 In general, immunochemical assays with toxin probes, antibodies, and/or geneti-
cally labeled nAChRs subunits provide direct evidence for presynaptic localization 
of nAChRs. These studies convincingly corroborate biochemical and functional 
studies demonstrating presynaptic nAChRs but fall short of verifying the precise 
presynaptic localization of these receptors (i.e. axonal  vs . terminal  vs . pre-terminal) 
and of teasing apart the relative functional implications of these receptors in vivo, 
especially in humans.  

3         Part IB: Endogenous and Exogenous Ligands 
of Presynaptic nAChRs 

 Appreciating the role that presynaptic nAChRs play in the brain requires an under-
standing of where, when, and in what manner these receptors are activated (or inac-
tivated) by endogenous and exogenous ligands. The major endogenous nAChR 
agonist in the brain is ACh. In addition, there is increasing evidence in support of 
other endogenous nAChR ligands, such as choline and lynx, and perhaps Aβ pep-
tides, that may also interact with presynaptic nAChRs. Exogenous ligands for 
nAChRs abound, we will focus our discussion of endogenous/exogenous ligand 
interactions at presynaptic nAChRs to the effects of nicotine at concentrations that 
are achieved in brain by smoking tobacco. 

3.1     Endogenous Ligands 

 Although the mammalian brain contains relatively few cholinergic neurons, these 
neurons project widely to nearly all major neocortical areas, as well as to the hip-
pocampus and amygdala. In addition there are cholinergic interneurons in some 
cortical regions and throughout striatum that modulate circuit activity to an extent 
that far exceeds predictions based on their modest numbers. The relative paucity of 
cholinergic neurons, the diffuse nature of CNS cholinergic projection and the lack 
of classical point-to-point cholinergic synapses raise challenges to deciphering the 
conditions under which ACh, and other endogenous nAChR ligands, activate pre-
synaptic nAChRs.  
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3.1.1     Acetylcholine (ACh) 

 Measuring ACh levels in the CNS have traditionally relied on two methodologies: 
microdialysis, followed by remote online detection and local electrochemical/enzymatic 
detection. Much of what is known about ACh release has come from the past three 
decades of microdialysis studies; however, the temporal dynamics of ACh release 
is not well resolved using this tool. Early studies using microdialysis report extra-
cellular ACh concentrations ranging from low nanomolar levels in the rat striatum 
[ 67 ,  68 ] to pico—or even femtomolar concentrations in the rat cortex [ 69 ,  70 ]. The 
reported low nanomolar ambient ACh levels were proposed to tonically activate or 
inhibit high affi nity AChRs infl uencing circuit activity and behavior [ 67 ,  71 ]. 

 Additional spatial and temporal resolution of ACh release has been obtained 
through the development of ACh- and choline-sensitive biosensors [ 72 – 79 ]. 
Enzyme-based microelectrode arrays (MEA) signifi cantly improve assays of local 
ACh concentrations, yielding measurements with subsecond time resolution. These 
enzyme-based microelectrodes convert a non-electroactive agent into an electroac-
tive substance that can be measure by amperometric detection [ 72 ]. Thus, MEAs 
provide accurate assessment of dynamic, nearly real time assays of stimulated ACh 
release during normal behaviors and precise assays of the effects of pharmacologi-
cal manipulations on ACh release. MEA based measures of basal rat cortical ACh 
levels fall into the micromolar range—0.6 to 1 μM and increase ~tenfold following 
KCl evoked release [ 74 ] or during performance of cued reward tasks [ 78 ,  79 ]. 

 The studies highlight the role of ACh in controlling cue detection and attentional 
performance and also provide evidence that ACh operates at different timescales 
ranging from subseconds to minutes [ 75 ]. Combining these techniques with tar-
geted pharmacological tools revealed that enhancement of attentional performance 
can be achieved by activation of ACh release and selective stimulation of α4β2- 
containing nAChRs [ 80 ]. 

 A major barrier to dissecting the role of presynaptic nAChRs to the modulation 
of CNS transmission under physiological conditions has been the inability to selec-
tively stimulate cholinergic inputs. Electrical stimulation of “cholinergic” basal 
forebrain nuclei or projection pathways including cholinergic fi bers is obviously 
confounded by the coactivation of non-cholinergic inputs. Nevertheless such 
approaches have been used successfully to implicate endogenous cholinergic activ-
ity in the facilitation of action potential evoked dopamine release in mouse striatum 
by activation of β2 containing nAChRs but not by α7 nAChRs [ 81 ], to increase 
glutamate release and enhance glutamatergic transmission by activation of presyn-
aptic α4β2 but not α7 nAChRs in the dorsal raphe nucleus [ 82 ] and in lateral genicu-
late nucleus by activation of presynaptic α3*- and/or α6* nAChRs [ 83 ]. 

 Combining selective optogenetic stimulation of ACh release with MEA mea-
sured local changes in ACh release, is beginning to reveal the contribution of  pre-
 synaptic nAChRs to specifi c circuits and behaviors. For example, Cachope et al. 
used such combinatorial technology to demonstrate collaboration between ACh and 
glutamate in the modulation of dopamine release in the nucleus accumbens (nAcc) [ 84 ]. 
By optogenetically stimulating cholinergic interneurons in the nAcc, and  measuring 
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dopamine release by fast-scan cyclic voltammetry, the authors demonstrated that 
endogenous ACh directly enhances dopamine release, at least in part, via the activa-
tion of β2* presynaptic nAChRs [ 84 ]. 

 To date the use of optogenetic approaches to selectively elicit endogenous ACh 
release has helped establish that nAChRs: (1) trigger GABA release from hippo-
campal inhibitory interneurons (recorded as bursts of mIPSCs in pyramidal neu-
rons) by activating presynaptic non-α7 nAChRs (α3β4) [ 85 ]; (2) modulate 
hippocampal synaptic plasticity by activation of presynaptic α7 nAChRs [ 86 ,  87 ]; 
and (3) trigger striatal dopamine release by activation of axonal nAChRs [ 88 ]. 

3.1.2     Other Endogenous Ligands That Interact with Presynaptic 
nAChRs: Choline, Lynx 

 The overall level of cholinergic “tone” is not determined solely by the local concen-
trations of ACh. In fact the primary pathway for the hydrolytic cleavage of ACh 
generates another (albeit very low affi nity) α7* nAChR agonist: choline. As low 
affi nity an agonist as choline is, its effects cannot be discounted as it is stable and 
highly diffusible. In fact choline levels in brain cerebrospinal fl uid (CSF) 
(at rest) are ~10 μM and could easily rise to the Kda of ~100 μM following ACh 
release and hydrolysis [ 89 ]. 

 Modulation of circuit activity by presynaptic nAChRs may also be controlled 
through nAChR interaction with nicotinic receptor “endotoxins” such as lynx 
[ 90 – 96 ]. Lynx genes are evolutionary antecedents of α-neurotoxins (e.g. αBgTx), 
sharing structural similarities including a conserved three-looped motif [ 92 ,  94 ]. 
Several members of the lynx gene family are expressed in the mammalian brain 
where they are proposed to serve as a brake of nAChR-mediated plasticity [ 90 – 96 ]. 

 Lynx1 is highly expressed in the hippocampus, cerebellum, and cortex [ 93 ]. 
Double-immunofl uorescence and immunoprecipitation studies indicated that lynx1 
colocalized and co-immunoprecipitated with α4β2 and α7 nAChRs [ 91 ]. When 
functionally analyzed in vitro, lynx1 exhibited predominantly inhibitory effects on 
nAChRs, reducing ACh sensitivity and enhancing desensitization [ 91 ,  92 ,  94 ] 
although increased amplitude of α7* nAChR-mediated macroscopic currents are 
also seen [ 93 ]. 

 The role of lynx1 in the regulation of nAChR function and thus cholinergic tone 
was demonstrated in vivo through targeted gene deletion in mice [ 95 ]. Deletion of 
the lynx1 gene in mice increased agonist sensitivity to nicotine and reduced the 
paired pulse ratio, possibly refl ecting an increase in the neurotransmitter release 
probability [ 95 ]. These results suggested that through its interaction with presynap-
tic nAChRs, lynx1 regulates synaptic effi cacy; changes associated with enhanced 
associative learning and nicotine-mediated motor learning [ 95 ]. On the down side, 
lynx1 deletion resulted in vacuolating neurodegeneration in aged mice, predomi-
nantly of axonal tracts, associated with increased activity of nAChRs [ 95 ]. Taken 
together, these results suggest that lynx1 is an endogenous regulator of nAChRs, 
serving as a molecular brake of synaptic plasticity [ 90 ,  92 ,  94 ,  95 ]. Further evidence 
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for the role of lynx1 as a cholinergic brake came from studies evaluating the effects 
of monocular deprivation on synaptic plasticity in adult visual cortex of lynx1 KO 
mice [ 96 ]. Morishita et al. demonstrated that lynx1 expression increases as the criti-
cal period for plasticity in the primary visual cortex closes; removal of this molecu-
lar brake was achieved by enhanced activation of nAChRs through treatment with 
the acetylcholinesterase (AChE) inhibitor physostigmine [ 96 ].  

3.2     Interactions of Endogenous and Exogenous nAChR 
Ligands: Smoking, Nicotine, and nAChR Activity 

 Consideration of how the activation and/or inactivation of presynaptic nAChRs 
might contribute to behavior must include assessment of ACh–nicotine interactions 
(Fig.  7.3 ), as approximately 1 billion people worldwide self-administer nicotine by 
smoking cigarettes (WHO Fact sheet #339, July 2013). Although the adult levels of 
smoking have declined in the last decade, the Centers for Disease Control and 
Prevention estimates that ~10 % of pregnant women and 18 % of high school stu-
dents smoke. In view of the considerable evidence that early age smokers are the 
most prone to long term addiction, it is particularly important to assess nicotine–
ACh interactions throughout development [ 31 ].

  Fig. 7.3    Interaction of endogenous (e.g. ACh) and exogenous (e.g. nicotine) ligands at presynap-
tic nAChRs. Schematic of potential interactions of endogenous and exogenous ligands in the 
activation and/or desensitization of presynaptic nAChRs. Different nAChR subtypes (indicated by 
different  red  color) may normally be activated by basal levels of ACh release, but desensitized in 
the presence of smokers’ concentrations of nicotine (See text  Part 1B  for discussion)       
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   Nicotine levels in tobacco smokers reach 500 nM immediately after smoking a 
cigarette, and with a half-life of >2 h the average smoker maintains a relatively 
steady low concentration of nicotine through the day [ 97 ,  98 ]. Such prolonged 
exposure to nicotine has been shown to induce desensitization of nAChRs in brain 
areas such as the VTA. However, the extent of nicotine-induced desensitization of 
nAChRs is dependent not only on the rate of induction of desensitization, but also 
the rate of recovery [ 99 ]. 

 The effects of nicotine on presynaptic nAChRs, like the effects on postsynaptic 
nAChRs depend on the nicotinic receptor composition (and hence pharmacology), 
their conductance, activation, and inactivation kinetics and the relative ionic perme-
ability profi le [ 92 ,  100 ]. What is often not well appreciated about the physiological 
role of presynaptic nAChRs per se is the profound difference in the impedance (or 
volume) of a presynaptic terminal vs. that of a soma or dendrite. This difference in 
impedance can greatly amplify the effect of activation of relatively few receptors if 
they are localized to a synaptic bouton, coupled to intracellular signaling cascades 
and/or directly to transmitter release (see  Part III ). 

 The variety of nAChR subtypes targeted to presynaptic domains is impressive. 
For example, studies by McGehee and colleagues demonstrated that GABAergic 
and glutamatergic synaptic transmission to the dopaminergic (DA) neurons of the 
VTA are modulated by different nAChRs with different desensitization properties 
[ 101 ]. GABAergic input to DA neurons in the VTA include α4β2* nAChRs, whereas 
glutamatergic input to the VTA are distinguished by their expression of presynaptic 
α7* receptors [ 101 ,  102 ]. Long term nicotine exposure appears to enhance dopa-
mine release in the VTA through two distinct presynaptic mechanisms [ 103 ]. First, 
nicotine augments GABAergic inhibition to substantia nigra compacta (SNc) DA 
neurons by altering the frequency of spontaneous inhibitory postsynaptic currents 
(sIPSCs) in SNc DA neurons without changing the amplitude of sIPSCs, the fre-
quency of miniature IPSCs, or the amplitude of the evoked IPSCs [ 103 ]. Second, 
through its actions on presynaptic α4β2 nAChRs in the dopaminergic terminals of 
the dorsal striatum, chronic nicotine modulated glutamate release onto medium 
spiny neurons (MSNs) [ 103 ]. 

 Although many studies have highlighted the impact of nAChR desensitization on 
the effects of nicotine in the brain [ 101 ,  104 – 106 ], certain behavioral effects of 
nicotine are indeed associated with the activation of nAChRs [ 107 ]. Although a 
generalization, several studies show that desensitization of nAChRs is linked to 
nicotine tolerance whereas the activation properties of nAChRs contribute to the 
rewarding effects of nicotine. Therefore, as emphasized recent work by Piciotto and 
colleagues, “it is not either/or,” it is most likely both activation and desensitization 
of nAChRs that underlie the behavioral effects of chronic nicotine and both must 
be considered in order to understand the different behavioral profi les in tobacco 
 smokers [ 31 ,  107 ]. 

 Desensitization induced by chronic exposure to nicotine has been hypothesized 
to trigger the up-regulation of the α4β2 nAChRs [ 108 – 111 ]. Nicotine-induced up- 
regulation is an important molecular mechanism affecting nAChR-containing cir-
cuits by potentially magnifying the activation and desensitization effects of ACh 
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and nicotine [ 92 ]. Nicotine-induced up-regulation might predominantly favor a 
higher sensitivity α4β2 nAChR stoichiometry [ 103 ,  112 – 114 ]. Furthermore, chronic 
nicotine up-regulation of α4β2 nAChRs was showed to display selectivity not only 
in terms of the nAChR subtype and cell type affected but also exhibited preference 
at the level of cellular compartment [ 82 ,  103 ,  115 ]. 

 Overall, the discussed studies reinforce the idea that nicotine at the level experi-
enced by chronic smokers is suffi cient to both activate and inactivate presynaptic 
nAChRs. The net effect of nicotine, coupled with varying levels of ACh, will be 
even more complex and critically dependent on the receptor subtype/stoichiometry, 
receptor number, and location and, from recent work of Berg and colleagues, the 
degree of receptor clustering.  

3.3     Partial Agonists as Therapeutic Interventions for Smoking 
Cessation and Their Effects on Presynaptic nAChRs: 
Varenicline 

 Smoking cessation therapy strategies have focused in recent years in the develop-
ment of partial agonists of nAChRs. A partial agonist has dual actions, activating 
nAChRs when the concentration of ACh and/or nicotine are very low but decreasing 
the effi cacy of ACh and nicotine when these “full” agonists are present at high con-
centration [ 116 ,  117 ]. At least in theory, the state dependence of partial agonists 
makes them particularly attractive as potential therapeutic agents for smoking ces-
sation. If specifi c subtypes of presynaptic nAChRs are important mediators of nico-
tine dependence, then development of partial agonists that interact with these 
presynaptic nAChRs could provide the proverbial silver bullet for nicotine addic-
tion. The development of Varenicline, a partial agonist of nAChRs with activity at 
presynaptic nAChRs highlights the advantages and complexities of this strategy. As 
delineated above, presynaptic α4β2* nAChRs in the nucleus accumbens contribute 
to the behavioral actions of nicotine in terms of addiction and dependence [ 100 ]. As 
such, considerable interest in the development of partial agonists as smoking cessa-
tion agents has focused on the targeting of α4β2* nAChRs, e.g. cytisine and vareni-
cline [ 116 ,  118 – 120 ]. Varenicline (Chantix) is a cytisine-related compound and a 
weak partial agonist of α4β2 nAChRs [ 116 ,  118 ,  119 ]. In vivo studies showed that 
varenicline attenuated the central dopaminergic response to nicotine [ 118 ]. Despite 
the impressive effi cacy of varenicline in smoking cessation and the fact that it is 
currently approved by regulatory agencies in the U.S. [ 121 ], it appears that vareni-
cline also has signifi cant activity at α7* nAChRs. In view of the numerous effects of 
activation of presynaptic α7* nAChRs in memory and mood, undesirable side 
effects may well limit its use [ 116 ,  117 ]. 

 In conclusion, the combinations of optogenetic techniques and advances in the 
measurement of neurotransmitter release have highlighted the intricate framework 
of presynaptic nAChRs and the mechanistic complexities of their actions. The 
endogenous agonists of nAChRs are ACh, and for α7*nAChRs, choline as well, 
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both of which contribute to the overall cholinergic tone. Cholinergic tone is further 
modulated by proteins such as the lynx1-like endotoxins and perhaps Aβ peptide. 
Indeed, genetic disruption of lynx1 provides insight into the consequence of 
altered cholinergic tone [ 95 ]. Additionally exogenous ligands, notably nicotine, 
have  profound effects on cholinergic signaling via complex interaction with 
 endogenous ligands and via nicotine-induced activation and desensitization of pre-
synaptic nAChRs. The current strategies in the development of smoking cessation 
agents have also highlighted the central role of presynaptic nAChRs in regulating 
cholinergic tone and in mediating the actions of nicotine in the brain.    

4          Part II: Activation of Presynaptic nAChRs 
Modulates Synaptic Transmission by Affecting 
Neurotransmitter Release 

 Presynaptic nAChRs, as auto- and/or hetero-receptors, modify the release of nearly 
every neurotransmitter examined [ 11 ,  122 – 128 ]. Modulation of the release of neu-
rotransmitters by activation of presynaptic nAChRs is the most prevalent mecha-
nism of nicotinic facilitation of synaptic transmission in the central nervous system. 
Glutamatergic and GABAergic transmission in hippocampal and cortical circuits 
and dopaminergic transmission in mesolimbic circuits (including SNc, VTA, and 
nAcc) are the best documented examples of nicotinic modulation of synaptic trans-
mission. In this section, we highlight recent advances in demonstrating that presyn-
aptic nAChRs provide a powerful and sensitive means to modulate neurotransmitter 
release. 

4.1     Nicotine Enhances Neurotransmitter Release 
and Elicits Both Short and Long-Term 
Potentiation of Synaptic Transmission 
by Activating Presynaptic nAChRs 

 Dopamine release from striatal synaptosomes is facilitated by activating presynap-
tic nAChRs [ 129 – 131 ]. The pharmacology of nAChR modulation of dopamine 
release has been studied in considerable detail: release is inhibited by specifi c 
nAChR subtype antagonists such as α-conotoxins (for α3β2* and α6* nAChRs 
[ 132 – 138 ]), dihydro-β-erythroidine (for α4β2* nAChRs [ 16 ,  137 ,  139 ]), and 
methyllycaconitine but not by α-BgTx (for α7* nAChRs [ 140 ]). Studies of striatal 
synaptosomes prepared from mutant mice lacking individual nAChR subunit genes 
implicate combinations of α4, α5, α6, β2, and β3 subunits (e.g. α4β2, α6β2β3, 
α4α6β2β3, and α4α5β2) in mediating the nicotinic modulation of dopamine release. 
Of particular note is the equally compelling evidence that α7 and β4 subunits are not 
participating in the complex array of nAChR subtypes that regulate dopamine 

C. Zhong et al.



149

release in striatum [ 137 ,  141 – 144 ]. Additional studies that combined subtype- 
selective antagonists with nAChRs subunit-defi cient mice, implicate α6β2* and 
α3β4* presynaptic nAChRs in the modulation of nicotine-evoked [ 3 H]-norepinephrine 
release from mouse hippocampal synaptosomes [ 145 – 147 ]. 

 Presynaptic α7*nAChRs appear to play an indirect role in stimulating striatal 
dopamine release—activation of α7*nAChRs on glutamatergic axons stimulated glu-
tamate release which subsequently acts via presynaptic glutamate receptors on dopa-
mine terminals to stimulate dopamine release [ 148 ]. Functional presynaptic nAChRs, 
both α7 and non-α7 (including α4, α5, and β2) containing nAChRs, have been found 
on hippocampal and cortical (including neocortex and prefrontal cortex) synapto-
somal preparations and have been shown to increase release of GABA, glutamate, 
and several other amino acid transmitters (including aspartate, glycine) [ 149 – 158 ]. 

 Electrophysiological analyses of in vitro preparations (e.g. brain slices, cocul-
tures) have provided considerable evidence that presynaptic nAChRs are important 
physiological modulators of synaptic transmission in the brain [ 26 ,  104 ,  159 – 161 ], 
and have implicated the activation and/or inactivation of presynaptic nAChR in 
nicotine-induced potentiation of glutamatergic [ 162 – 165 ], GABAergic [ 166 – 168 ], 
and dopaminergic transmission [ 102 ,  105 ,  129 ,  169 – 173 ] in the brain. Activation of 
presynaptic nAChRs by nicotine boosts short term potentiation (STP) to long term 
potentiation (LTP) and facilitates the induction of LTP in different brain regions 
(including hippocampus, prefrontal cortex, and amygdala) [ 87 ,  162 ,  174 – 179 ]. 

 Microdialysis of transmitter “over fl ow” in freely moving animals provides addi-
tional in vivo evidence that activation of nAChRs modulates neurotransmitter 
release. Local application of nAChRs subtype specifi c agonists and antagonists to 
specifi c brain regions in vivo modulates: (1) dopamine release in nigrostriatal path-
ways (via α4, α6, and β3 subunits) [ 180 – 184 ], in the mesolimbic dopamine system, 
where neurons of the VTA project to the nucleus accumbens (α7, α3β2, α6, β3) 
[ 185 ], and in prefrontal cortex (α7 and β2) [ 186 ]; (2) noradrenaline (NA) release in 
frontal cortex (β2) and hippocampus (α3 and β4) [ 187 ]; (3) glutamate, aspartate, 
glycine, and GABA release in hippocampus (α7, α4β2) [ 155 ,  188 ]. By recording 
nicotinic modulation of long-term synaptic plasticity (i.e. LTP) in vivo, both α7 and 
α4β2 containing nAChRs have been shown to modify synaptic plasticity in the hip-
pocampus, prefontal cortex, striatum, and cerebellum [ 189 – 192 ]. 

 Optical live cell imaging techniques with fl uorescent indicators provide a means 
to directly monitor presynaptic activity [ 193 ]. Depolarization induced synaptic 
vesicle release viewed by styryl amphipathic FM dyes (including FM1-43 and 
FM4- 64) and/or synapto-pHluorin has been reported at glutamatergic and dopami-
nergic presynaptic terminals [ 194 – 197 ]. More recently developed cell-based fl uo-
rescent neurotransmitter reporters, such as CNiFERs for ACh [ 198 ] and iGluSnFer 
for glutamate [ 199 ,  200 ], allow direct monitoring of neurotransmitter release at the 
synaptic terminal. Using these assays, carbachol and nicotine were shown to 
increase vesicle release (with FM1-43 and FM 2-10 as indicator) from hippocampal 
neurons [ 201 ,  202 ]. 
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 The powerful combination of pharmacological and genetic manipulations with 
both more traditional synaptosomal and electrophysiological methods, and with 
newer optogenetic or live imaging approaches is yielding an increasingly detailed 
picture of which nAChR subunit combinations are functionally important at differ-
ent synapses throughout the CNS.   

5       Part III: Signaling Mechanisms Underlying 
the Effects of Presynaptic nAChRs 

 As reviewed above ( Part II ), there is ample evidence for presynaptic action of a wide 
combination of nAChRs. Although most (perhaps all) nAChR subunits have been 
implicated in presynaptic functions, they appear to do so in different circuits and via 
different mechanisms. Elucidating what processes control the presynaptic targeting of 
different nAChRs and the mechanism by which each nAChR type functions at pre-
synaptic sites will help clarify the molecular logic of this complex modulatory sys-
tem. In the following section we review the current understanding of these two issues. 

5.1     Traffi cking of nAChRs 

 In order to maintain their remarkable functional polarity, neurons must tightly 
 regulate the targeting of proteins to specifi c subcellular compartments. How the 
targeting of nAChRs to presynaptic vs. somato-dendritic domains is differentially 
regulated in different neuronal types is largely unknown. Attempts by a number of 
groups to express functional nAChRs in various nonneuronal cell lines revealed that 
neuron specifi c chaperones are required for the effi cient assembly and traffi cking of 
nAChRs through the exocytic pathway [ 203 ,  204 ]. The identity of the full repertoire 
of chaperones acting in CNS neurons, and whether there are distinct assembly fac-
tors for axonally destined nAChRs is not known. Ric-3, a nAChR chaperone fi rst 
identifi ed in  C. elegans , is an important regulator of α7*nAChR assembly and traf-
fi cking, both in nonneuronal cells and in neurons. Ric-3 interacts with α7* via sites 
in the M3-M4 cytosolic loop adjacent to an endoplasmic reticulum (ER) retention 
signal and a dendrite targeting signal. Thus the availability of Ric-3 during 
α7*nAChR synthesis and assembly might serve to “guide” these receptors through 
the ER to dendritic targets; disrupting these interactions might be a prerequisite for 
axonal / presynaptic targeting of these nAChRs [ 51 ,  205 ,  206 ]. The α4, α3 and β2 
subunits contain intrinsic targeting domains within their M3-M4 cytoplasmic loops 
[ 51 ,  207 ], although the partners with which these signals interact are currently 
unknown. In the case of the α3 subunit, this domain targets α3* nAChRs to postsyn-
aptic subdomains in ciliary ganglion neurons, possibly by mediating interactions 
with postsynaptic density (PSDs) and cytoskeletal components [ 207 – 209 ]. Within 
the α4β2 complex, the β2 axonal signal dominates, perhaps via interactions with 
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neurexins [ 210 ], underscoring that the actual subunit combinations could also deter-
mine subcellular targeting as seen in α5 null mice [ 211 ]. 

 In micro-explant cultures from the mouse ventral hippocampus, we readily 
detect functional presynaptic α7* and α4β2* nAChRs [ 165 ,  212 ]. By relocalizing 
surface pools of α7*nAChR relative to either sites of nicotine induced increases in 
intracellular Ca 2+ , or nicotine induced vesicle fusion, we were able to demonstrate 
clusters of α7*nAChR spatially associated with presynaptic specializations. In 
 ventral  hippocampal explants the levels of functional α7*nAChRs (but not 
α4β2*nAChRs) is dependent on axonal signaling by the Type III isoforms of neu-
regulin1 (Nrg1). Mice that are heterozygous for a disruption of the Type III Nrg1 
gene have altered levels of α7 expression in the ventral hippocampus [ 213 ], and 
lack functional surface α7*nAChRs along ventral hippocampal projections in vitro 
[ 165 ] and on cortical projections to the basal lateral amygdala in vivo [ 214 ]. These 
defi cits can be rescued by stimulating Type III Nrg1 back-signaling, at least in part 
via mobilizing the traffi cking of intracellular pools of α7*nAChRs to the axonal 
surface [ 165 ,  214 ,  215 ]. 

 Berg and colleagues have also reported α7*nAChRs at presynaptic specializa-
tion in dispersed hippocampal neuronal cultures, and have used elegant single par-
ticle tracking approaches to demonstrate that the presynaptically localized pool is 
relatively immobile, most likely the result of trapping by interaction with CAST/
ELKS (calpastatin/glutamine, leucine, lysine, and serine-rich protein) or other pro-
teins in the active zone [ 216 ]. Induced clustering of these presynaptic α7*nAChRs 
results in a signifi cant enhancement of transmitter release and an increase in the size 
of the readily releasable pool of vesicles. These results, along with our fi ndings of 
clustered nAChRs at presynaptic specializations [ 165 ,  212 ,  215 ] raises questions 
about the importance of high density packing of presynaptic nAChRs and the pos-
sibility that there is a degree of cooperativity between receptors within these clus-
ters that could enhance their ability to modulate synaptic transmission.  

5.2     Mechanisms by Which Presynaptic nAChRs 
Can Alter Neurotransmitter Release 

 Most studies provide evidence that changes in intracellular calcium levels underlie 
cholinergic (endogenous and/or exogenous) activation of neurotransmitter release 
and facilitation of synaptic transmission [ 86 ,  165 ,  217 ]. In this section, we highlight 
recent advances in our understanding of the cellular mechanisms that underlie pre-
synaptic nAChR function. Fusion of synaptic vesicles and release of neurotransmit-
ter are calcium dependent events and local concentration of voltage dependent 
calcium channels at presynaptic active zones allows the translation of incoming 
action potential dependent voltage changes into neurotransmitter release. The mag-
nitude of the local rise in intracellular calcium is the major contributor in determin-
ing the probability that an electrical signal will be converted into a chemical one at 
the synapse. Local, presynaptic events that alter intracellular calcium will alter the 
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probability of neurotransmitter release, and therefore targeting proteins such as the 
nAChRs, to presynaptic or perisynaptic sites provides a powerful means of presyn-
aptic modulation of synaptic transmission. 

 Three examples are illustrated in Fig.  7.4 . Activation of nAChRs (α4β2* in 
the example in Fig.  7.4a ) localized to axonal membrane proximal to the synaptic 
bouton can result in local depolarization induced block of the incoming action 
potential thereby inhibiting action potential dependent neurotransmitter release. 
Experimentally this would affect tetrodotoxin (TTX) sensitive but not TTX resistant 
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  Fig. 7.4    Mechanisms by which activation of presynaptic nAChRs modulates transmitter release 
( a ) Modulation of TTX-sensitive transmitter release by pre-terminal nAChRs. Location of  α4β2 * 
nAChRs within pre-terminal domains ( 2 ) may cause depolarization block of action potential inva-
sion ( 1  and  3 ), thereby decreasing TTX-sensitive transmitter release. ( b ) Modulation of transmitter 
release by synaptic bouton targeted  α4β2 * nAChRs. Activation of  α4β2 * nAChRs on presynaptic 
boutons ( 1 ) elicits depolarization ( 2 ) and activation of local voltage-gated Ca 2+  channels ( 3 ). The 
consequent increase in intrasynaptic Ca 2+  ( 4 ) increases the probability of vesicular fusion and 
exocytosis, thereby increasing transmitter release ( 5 ). ( c ) Modulation of transmitter release by 
activation of synaptic bouton targeted  α7 * nAChRs. Activation of  α7 * nAChRs ( 1 ) on presynaptic 
boutons elicits Ca 2+  entry through  α7 * nAChRs ( 2 ). This increase in Ca 2+  is linked through as yet 
unidentifi ed mechanisms to the activation of PLC ( 3 ) and of CaMKII ( 4 ). A positive feedback loop 
between CaMKII activation and additional release of Ca 2+  from intracellular stores ( 5 ) supports a 
prolonged increase in the probability of vesicular fusion and exocytosis ( 6 ) and, as such, supports 
sustained enhancement of synaptic transmission ( 7 )       
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spontaneous events. In contrast, activation of presynaptic nAChRs could increase 
transmitter release via at least two mechanisms (note that these are not mutually 
exclusive possibilities). Agonist binding to nAChRs leading to local depolarization 
can activate voltage-gated Ca 2+  channels (VGCC) increasing either spontaneous 
vesicle fusion (detected experimentally as an increase in TTX resistant, or miniature 
events) or increase the probability of release in response to an incoming action 
potential (altered paired pulse facilitation), and indeed at some synapses result in 
sustained facilitation [ 162 ,  214 ]. Nicotine-induced calcium transients have been 
observed in cultured neurons and in several cell types that express nAChRs 
 [ 218 – 220 ]. Specifi c subtypes of nAChRs have been associated with defi ned Ca 2+  
signaling pathways: non-α7*nAChRs are mainly associated with Ca 2+  signals medi-
ated by activation of VGCC (Fig.  7.4b ). Different subtypes of neuronal nAChR are 
 differentially permeable to Ca 2+ , the α7*nAChR is the most permeable to Ca 2+  [ 221 , 
 222 ]. As a result, activation of presynaptic α7*nAChR can increase Ca 2+  levels in 
the bouton both by local depolarization events and by directly gating calcium. 
Indeed activation of α7*nAChRs can activate both VGCC and calcium induced cal-
cium release (CICR) from internal stores (Fig.  7.4c ) [ 122 ,  223 ,  224 ]. Studies from 
neuroblastoma cells and hippocampal astrocytes have shown that α7*nAChR- 
mediates Ca 2+  signaling primarily from ryanodine receptor dependent CICR 
 [ 225 – 227 ], whereas in ventral hippocampal axons, the inositol trisphosphate ( IP   3  ) 
receptor-dependent Ca 2+  stores rather are required for the α7*nAChR-mediated Ca 2+  
response [ 212 ].

   In a series of recent studies we have demonstrated that both mechanisms of 
 presynaptic facilitation can occur in the same system. Brief application of nicotine 
to ventral hippocampal inputs to medium spiny neurons results in a two component 
response: there is a transient increase in [Ca 2+ ]  i   and glutamate release that is medi-
ated by non-α7*nAChRs (presumably α4β2*nAChRs) and a sustained (lasting 
≥10–30 min) increase in [Ca 2+ ] i  and glutamate release that is mediated by 
α7*nAChRs [ 165 ,  212 ]. Further analysis of the α7*nAChR-dependent effect 
revealed that transient activation of presynaptic α7*nAChR triggers a sustained 
CICR from  IP   3   receptor regulated stores, and involved activation of presynaptic 
phospholipase C (PLC) and calcium calmodulin dependent kinase signaling [ 212 ]. 

 It is well documented that nicotine activates several second messenger cascades, 
involving protein kinase A (PKA) [ 224 ], protein kinase C (PKC) [ 228 ], phosphati-
dylinositol 3-kinase (PI3K) [ 229 ], mitogen-activated protein kinase (MAPK) [ 230 ] 
and calcium/calmodulin-dependent protein kinase II (CaMKII) [ 231 ,  232 ]. Of note, 
activated CaMKII has been associated with presynaptic neurotransmitter vesicles at 
synapses [ 233 ] and with the modulation of neurotransmitter release and synaptic 
transmission [ 234 ]. In our recent studies α7*nAChR-mediated calcium signaling 
and the subsequent  IP   3   receptor-mediated CICR appeared to be requisite steps in 
the nicotinic activation of CaMKII at presynaptic sites. In addition, α7*nAChR 
triggered  IP   3   receptor-mediated CICR is both an  activator  of CaMKII and a key 
 substrate  of CaMKII that is necessary for prolonged enhancement of neurotrans-
mitter release [ 212 ]. Direct interactions between α7*nAChRs and a G-protein sig-
naling complex have been reported in PC12 cells [ 235 ], raising the possibility that 
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ventral hippocampal axonal α7*nAChRs also functionally interact with a G protein 
coupled signaling complex. 

 In conclusion, activation of presynaptic nAChRs by nicotine induces calcium 
infl ux into presynaptic axons. Activation of non-α7*nAChR (low Ca 2+ -permeability) 
elicits small and short-term Ca 2+  signals along presynaptic axons and thus induces a 
short-term facilitation of neurotransmitter release and synaptic transmission [ 165 ]. 
By converting acute α7*nAChR activation into sustained cellular signaling, the 
increase in Ca 2+  signals along presynaptic axons appears to be a crucial link between 
nAChRs and the downstream processes that participate in nicotine induced neu-
rotransmitter release and potentiation of synaptic transmission [ 165 ,  212 ].   

6     Summary of Recent Advances and Remaining Challenges 

 Based on a vast number of studies over the last four decades, using an increasingly 
diverse array of technical approaches, most nicotinic receptor biologists embrace 
the physiological role of presynaptic nAChRs in regulating synaptic gain. 
Modulation of circuit excitability by activation and/or inactivation of presynaptic 
nAChRs appears to be a major mechanism by which ACh exerts its infl uence on 
CNS circuits, although it is certainly not the only means of read out of ACh signal-
ing via ligand-gated AChRs. Analysis of presynaptic nAChR subunit composition, 
pharmacology, and physiological effects has gained considerable precision over the 
last decade, as have our techniques for assessing the levels of ACh released and our 
methods for selective stimulation of cholinergic inputs. Major mysteries still remain 
in the domain of nAChR ligand interactions—such as those that inevitably govern 
the responses to ACh in a smoker compared with individuals who are and have 
always been nicotine free. The greatest areas of exploration yet to be tackled are at 
both ends of the spectrum of scientifi c inquiry: little is known of the subcellular 
mechanisms by which presynaptic nAChRs elicit sustained changes in synaptic 
plasticity or of the precise contribution of presynaptic (as opposed to postsynaptic) 
nAChRs in the modulation of complex behaviors. As we continue to develop higher 
spatial and temporal resolution methods for measuring ligand–nAChR interactions, 
for dissecting downstream signaling cascades and for visualizing nAChR activity in 
the living animal, we will get closer to intelligent design of nAChR drugs that can 
correct defi cits in cholinergic signaling in disorders as mechanistically diverse 
Alzheimer’s dementia and nicotine addiction.     
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    Chapter 8   
 Autonomic Nervous System Transmission 

                Peter     B.     Sargent     

    Abstract     Rapid synaptic transmission within mammalian autonomic ganglia is 
mediated by nicotinic receptors (nAChRs) containing both the α3 and β4 subunits. 
Some nAChRs additionally have β2 or α5 subunits, and in embryonic chicken cili-
ary ganglia some nAChRs have all four subunits. While autonomic neurons express 
multiple α3-containing nAChR types, including ones that are expressed presynapti-
cally on terminals, it is not known directly which forms are targeted to which 
domains of the cell. α7 nAChRs are expressed in both mammalian and embryonic 
chicken ganglia, but only in the chicken are they involved in synaptic transmission. 
The autonomic nervous system remains a good model system in which to study 
nAChR diversity as well as the properties of nAChRs derived from the CHRNA5/
A3/B4 cluster, which is linked to nicotine dependence.  

  Keywords     α3   •   β2   •   β4   •   α5   •   α7   •   Autonomic   •   Sympathetic   •   Parasympathetic   • 
  Enteric   •   Superior cervical ganglion   •   Ciliary ganglion   •   EPSC (excitatory postsyn-
aptic current)   •   Channel open time   •   Channel burst time  

1        Introduction 

 This chapter will focus on the role that nicotinic receptors (nAChRs) play in the 
transmission of information from the CNS to autonomic end organs (cardiac mus-
cle, smooth muscle, or glands). Unlike the somatic motor system, the autonomic 
motor system has at least one neuron, an autonomic motor neuron (aka a postgan-
glionic neuron or a ganglion cell), interposed between cholinergic preganglionic 
neurons in the CNS and the target cell. Ionotropic synaptic transmission onto these 
neurons is mediated by nAChRs, and metabotropic transmission, when present, is 
mediated by muscarinic receptors and neuropeptide receptors. Transmission onto 
autonomic target cells is mediated by a host of non-nicotinic receptors, including 
muscarinic, adrenergic, purinergic, and neuropeptide receptors. 
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 NAChRs expressed by autonomic ganglion cells were among the fi rst neuronal 
nAChRs to be studied, and they remain among the best characterized neuronal 
nAChRs; however, interest in their role in synaptic transmission has waned with the 
advent of methods that facilitate conducting functional studies in the CNS (patch 
clamp, brain slice) and with a growing interest in the role that nAChRs play in brain 
circuits, especially those that are “hijacked” by nicotine. Nonetheless, there is still 
much to learn from examining the role that nAChRs and autonomic transmission 
play in health and disease (e.g., [ 1 – 3 ]). Moreover, ganglionic nAChRs can still 
serve as a useful model for central nAChRs, especially inasmuch as variants in the 
CHRNA5/A3/B4 gene cluster are associated with increased risk for nicotine depen-
dence and lung cancer (reviewed in [ 4 ]; see also Chaps.   3    ,   16     and   17    ) and encode a 
heteromeric nAChR commonly expressed by autonomic ganglion cells. 

 Despite the fact that the autonomic nervous system was fi rst described more 
than a century ago (reviewed in [ 5 ]), transmission within the autonomic nervous 
system remains poorly characterized. What benefi ts derive from having interposed 
ganglion cells, other than the obvious transmitter switch it affords for sympathetic 
pathways? McLachlan [ 6 ] addressed this question by asking whether ganglion cells 
serve to integrate input from preganglionic neurons, to modulate it, or to distribute 
(disperse) it. At least for the sympathetic and parasympathetic divisions of the auto-
nomic nervous system, ganglion cells are usually not spontaneously active; trans-
mission must therefore rely on their ability to integrate synaptic inputs from 
preganglionic axons [ 7 – 10 ]. Paravertebral ganglion cells receive convergent inner-
vation from preganglionic neurons; in mice and in rabbits an average of about 5 and 
15 preganglionic axons innervate each ganglion cell, respectively [ 11 ]. However, 
typically only one or two of these inputs is “strong” and produces a suprathreshold 
EPSP when stimulated; the remaining inputs elicit smaller, subthreshold EPSPs 
[ 8 ]. Long-term recordings from neurons in anesthetized rats suggest that ganglion 
cells only fi re as a result of activity of the strong preganglionic inputs [ 7 ,  8 ,  10 ], 
which raises questions about the functional signifi cance of the weaker inputs (see 
[ 12 ]). While weaker inputs can drive ganglion cells to threshold [ 13 ], their ability 
to do so in vivo is likely limited by rates of preganglionic fi ring [ 8 ,  9 ,  14 ]. Thus, to 
date, we have little evidence that ganglion cells “integrate” inputs from pregangli-
onic neurons in the spatial or temporal sense; rather, they “follow” activation of 
strong inputs. 

 Long-term potentiation of fast nicotinic EPSPs has been described in the rat 
SCG (e.g., [ 15 ]), but the role that this plays in ganglionic transmission in unknown. 
Another form of modulation that exists in sympathetic ganglia is that produced by 
activation of muscarinic receptors and of receptors to neuropeptides. Activation of 
m1 muscarinic receptors leads to inhibition of potassium M-currents, which would 
be expected to increase sympathetic neuron excitability. Targeted deletion of the 
m1 muscarinic receptor yields viable mice [ 16 ], but the consequences of loss of 
the m1 receptor on ganglionic transmission has not been yet explored. A variety of 
neuropeptides are expressed by preganglionic neurons and are released in a 
frequency- dependent manner onto their targets; these peptides can alter neuronal 
excitability [ 17 ], mimicking the consequences of m1 receptor activation. 
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Exogenously supplied neuropeptides can also alter the quantal parameters of nico-
tinic synaptic transmission [ 18 ] and even the behavior of the nAChR channels [ 19 ], 
but the role of nerve- released peptides has not been systematically explored. 
Generally, we do not yet have a clear understanding of how modulation serves to 
regulate transmission at ganglionic synapses. 

 One of the more striking features about autonomic motor pathways is that gan-
glion cells greatly outnumber preganglionic neurons [ 20 ]. Purves et al. [ 11 ] counted 
the number of sympathetic preganglionic neurons and ganglion cells in a number of 
small mammals (body mass ranging from ~20 to ~2,000 g) and found that the num-
ber of preganglionic neurons did not keep pace with body size or autonomic end 
organ size. They found that ganglion cell  number  was better correlated with body/
target size, and that the divergence ratio (# of ganglion cells divided by # of pregan-
glionic neurons) steadily increased with size, reaching 25:1 in rabbits (and 200:1 in 
humans [ 20 ]). However, even ganglion cell number does not keep pace with increas-
ing body size; what does “track” body size is total ganglion cell volume [ 21 ]. When 
coupled with physiological data on convergence [ 11 ], these measurements reveal 
that each preganglionic neuron innervates an increasing number of target cells with 
increasing body size; the number may be as large as 4,000 in humans [ 6 ]. This sug-
gests that one role of ganglia in at least the sympathetic division is to “distribute” 
and concomitantly amplify the motor pathway to enable a small population of pre-
ganglionic neurons to drive the target “load” effectively [ 6 ,  11 ].  

2     Mammalian Superior Cervical Ganglion (SCG) 

 The discovery that sympathetic ganglion cells possess nicotinic receptors was made 
by Langley [ 22 ] and rooted in the very beginnings of the work that he, Elliott, 
Bernard, and others conducted on the basis of the responses of nervous tissue to 
“poisons” such as nicotine. More than a century later, we know that neonatal rat 
SCG contains mRNA corresponding to α3, α5, α7, β2, and β4 nAChR subunits 
[ 23 ,  24 ]. Newborn mice, but not rat, SCGs also have α4 mRNA [ 25 ], but α4 mRNA 
levels decline over the fi rst week after birth and have not been reported consistently 
in older rodent species (but see [ 26 ]). (In cultured embryonic  chicken  sympathetic 
neurons, Listerud et al. [ 27 ] found expression of α4 in addition to α3, α5, α7, β2, 
and β4 genes.) The presence of fi ve nAChR subunit mRNAs in the SCG (the “odd” 
αs and the “even” βs) potentially allows for the expression of several nAChR 
 pentamers; including α3β4, which should show greater sensitivity to cytisine than 
acetylcholine (ACh), and α3β2, which should show the opposite pattern [ 28 ]. 
Covernton et al. [ 29 ] found that the relative agonist potency for responses elicited 
from acutely dissociated SCG neurons in young adult rats was similar, but not iden-
tical, to that of α3β4 nAChRs expressed in  Xenopus  oocytes; agonist potency was 
also distinct from that of heterologously expressed α3β2 nAChRs. These results 
might be explained if native nAChRs on SCG neurons express nAChRs containing 
more than two distinct subunits (e.g., both β2 and β4 in addition to α3 [ 23 ]), or 
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if heterologous expression systems do not assemble native nAChR oligomers 
 correctly and/or do not appropriately posttranslationally modify nAChRs subunits 
[ 30 ,  31 ]. Krashia et al. [ 32 ] found that α3 and β4 subunits can assemble in different 
ratios (as is known for α4 and β2 [ 33 ]); the presumptive α3 3 β4 2  form had a conduc-
tance of ~33 pS and short channel bursts (~15 ms) while the α3 2 β4 3  form had a 
lower conductance (26 pS) with longer channel bursts (100 ms or more). It has yet 
to be determined if native α3β4 nAChRs exist in multiple states, but this result 
offers an explanation for why native nAChRs in SCG neurons might indeed be α3β4 
and yet not resemble α3β4 channels expressed heterologously [ 30 ]. 

 Ciuraskiewicz et al. [ 34 ] studied single channel properties in SCG neurons from 
WT animals as well as from single (α5, β2), double (α5β2), or triple (α5β2α7) KO 
mice. In WT, α5β2 KO, and α5β2α7 KO animals, the principal conductance state of 
nAChR channels was ~33 pS; this is likely to arise from α3β4 nAChRs and is simi-
lar to the conductance states for SCG cell nAChRs reported by others [ 29 ,  30 ,  35 ] 
as well as for heterologously expressed α3β4 nAChRs [ 36 ,  37 ]. α3β4α5 nAChR 
channels had a similar principal conductance state but longer channel open times 
and burst lengths, while α3β4β2 channels had a lower principal conductance state 
(15 pS) and longer open times and burst lengths. The association of α3, β4, and pos-
sibly α5 subunits is of interest given the fact that these three genes are tightly clus-
tered [ 38 ] and can be regulated by common factors, such as Sox10 [ 39 ]. Moreover, 
variants in the CHRNA5/A3/β4 gene complex are associated with increased risk for 
nicotine dependence (reviewed in [ 4 ]). 

 Both Mao et al. [ 40 ] and David et al. [ 41 ] used immunoprecipitation and blot 
methods to systematically catalogue high-affi nity  3 H-epibatidine binding to SCG 
extracts in rat and mouse, respectively. They both found that slightly more than half 
of the binding sites are due to an α3β4 species (lacking α5 and β2); the remainder of 
the binding sites were distributed between α3β4α5 (accounting for a majority of the 
remaining sites) and α3β4β2. Neither study found evidence for an α3β4α5β2 spe-
cies, which is found in the embryonic chicken ciliary ganglion (see below). 

 Mandelzys et al. [ 23 ] found no evidence for functional nicotinic currents with the 
pharmacology expected of α7 homo-oligomeric nAChRs; similar results have been 
reported by others: α7-mediated currents, if present, are small [ 41 – 44 ]. By contrast, 
Cuevas et al. [ 45 ] readily detected α7-mediated currents elicited from acutely dis-
sociated rat neonatal SCG neurons and found evidence for two types of α7-mediated 
currents: a “classical” current (α7-1) that rapidly desensitizes and that is irreversibly 
blocked by α-BuTx and a second current (α7-2) that desensitizes slowly and that is 
reversibly blocked by α-BuTx. The reason for the difference in fi ndings among 
laboratories is not known. Adult mice do not express detectable levels of α7-mediated 
nicotinic currents, even in the presence of the positive allosteric mediator PNU- 
120596 [ 32 ,  41 ]. Yu and Role [ 46 ] reported that embryonic  chick  sympathetic neu-
rons maintained in culture express α-BuTx and MLA sensitive currents, indicative 
of α7 nAChRs, and the results of antisense nucleotide knockdown experiments sug-
gested that α7 subunits form heteromeric nAChR pentamers with other α and/or β 
subunits. There is no evidence in any sympathetic ganglia that alpha7 nAChRs are 
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involved in synaptic transmission; the role of cell surface receptors binding α-BuTx 
in these ganglia [ 47 – 49 ] is not known. 

 One approach to exploring which of the three nAChRs detected in rat SCG cells 
(α3β4, α3β4α5, α3β4β2) underlie synaptic transmission is to compare the channel 
kinetics for these nAChRs with the EPSC decay for synaptic currents in the SCG, 
making the assumption that the decay is dictated largely by channel properties [ 50 ] 
and not by transmitter availability. EPSCs recorded from rat sympathetic neurons 
decay usually with one time constant in the range of 4–6 ms [ 51 ,  52 ]; Kertser et al. 
[ 53 ] detected a second component of decay at ~20 ms. EPSCs recorded from rat 
 submandibular  ganglions cells show two phases of decay: ~5 and ~35 ms [ 54 – 56 ]. 
The decay time constant(s) were found to be weakly voltage dependent, as may be 
expected if they are explained by channel gating [ 50 ]. A decay time constant of 
~5 ms for the EPSC matches well the burst durations, but not the single channel 
open times, of α3β4-containing nAChRs. Ciuraszkiewicz et al. [ 34 ] speculate that 
the EPSC decay in rat SCG could be explained by the α3β4 form, which accounts 
for 50 % of the nAChRs, given that these have burst times in the appropriate range. 
The α3β4 nAChRs may therefore be clustered at synaptic sites (Fig.  8.1a ). The 
α3β4β2 species may also be clustered at synaptic sites, since these have similar 
kinetics; however, the α3β4α5 version is not likely to be clustered at synaptic con-
tacts (Fig.  8.1a ), since they display longer openings than can be explained in the 
decay of EPSCs [ 34 ].

  Fig. 8.1    A speculative model 
of the distribution of distinct 
nAChR types on autonomic 
neurons in the neonatal 
mammalian superior cervical 
ganglion (SCG), ( a ), and the 
embryonic chicken ciliary 
ganglion, ( b ). Legends to the 
 right  indicate nAChR types. 
 Arrow  and  question mark  in  a  
represent uncertainty about 
whether α7-nAChRs are 
transported to the cell surface 
in SCG neurons. The 
representation of a “mat” of 
somatic spines in  b  is highly 
simplifi ed, for illustration 
purposes. For additional 
details refer to text       
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   Rassadi et al. [ 57 ] studied ganglionic transmission in neonatal mice in which the 
α3 gene had been deleted [ 58 ]. They found that loss of the α3 gene produced a com-
plete loss of sensitivity of dissociated SCG neurons to ACh (similar results were 
reported for β2–β4 double knockout mice [ 59 ]) and that ganglionic transmission 
was not detectable in α3 KO mice [ 57 ,  60 ]. These results are supported by Caffrey 
et al. [ 44 ], who engineered a knock-in mouse whose α3 gene was sensitive to 
α-BuTx and in which ganglionic transmission was completely blocked by α-BuTx. 
David et al. [ 41 ] examined ganglionic transmission in α5β4 double knockout ani-
mals and reported no effect on the size of the postganglionic compound action 
potential. Since the double β2β4 KO has no nAChR currents [ 59 ], this fi nding 
implies that expression of either β2 and or β4, with α3, is suffi cient to support supra-
threshold synaptic function in the ganglion. It would be interesting to examine the 
sensitivity of transmission in these KO animals to α-conotoxin MII and α-conotoxin 
Au1B, which display selectivity for nAChRs with α3/β2 interfaces or α3/β4 inter-
faces, respectively [ 61 ,  62 ]. Wang et al. [ 63 ] found only subtle phenotypic changes 
in α5 KO mice, which suggests that α5 isn’t required for autonomic function; this 
again raises questions about how mammalian autonomic neurons utilize 
α5-containing nAChR oligomers normally. One possibility is that these nAChRs are 
targeted to non postsynaptic sites (Fig.  8.1a ). 

 Kristufek et al. [ 43 ] and Fischer et al. [ 64 ] explored differences between somatic 
nAChRs on sympathetic ganglion cells and “pre-terminal” nAChRs whose activa-
tion should elicit TTX-insensitive release of preloaded  3 H-NE. Clear differences 
were detected in agonist potencies between the two nAChR types, but these results 
have yet to suggest whether nAChRs with distinct subunit composition are targeted 
to the cell body vs. the axon terminal. Cunnane, Brain, and colleagues found that 
exposure of mouse or guinea pig vas deferens, which contains a dense network 
sympathetic terminals ending on smooth muscle, to nicotinic agonists elicits cal-
cium spikes in varicosities [ 65 ] as well as postsynaptic depolarizations that resem-
ble those produced by evoked release of the transmitter ATP [ 66 ,  67 ]. These 
agonist-induced depolarizations are likely to be caused by direct action of agonists 
on terminal nAChRs and subsequent multi-quantal release of ATP via a calcium- 
induced calcium release mechanism. The effect was blocked by the nonspecifi c 
nicotinic antagonist hexamethonium but not by α-BuTx or MLA, which suggests 
that it is produced by activation of a non-α7 nAChR. It remains to be explored 
whether these nAChRs have a distinct subunit composition compared to those that 
underlie ganglionic transmission; given that the three candidate nAChRs are α3β4, 
α3β4β2, and α3β4α5, it would be revealing to examine agonist effects in vas defer-
ens in α5 KO, β2 KO, or α5β2 double KO mice. 

 In summary, in the rat/mouse SCG and in other paravertebral ganglia synaptic 
transmission is mediated by nAChRs containing both the α3 and the β4 subunit: 
either α3 2 β4 3  or α3 3 β4 2 , and also possibly by a receptor containing as well the β2 
subunit and with the possible stoichiometry α3 2 β4 2 β2 (Fig.  8.1a ). Despite the pres-
ence of α-BuTx binding sites in the ganglion, α7-nAChRs do not account for much 
or any functional current, generally, and are not involved in synaptic transmission. 
A speculative model of the distribution of nAChR types at the neonatal mammalian 
SCG synapse is shown in Fig.  8.1a .  
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3     Chick Ciliary Ganglion 

 The functional role that nAChRs play in ganglionic synaptic transmission is best 
characterized in the chick ciliary ganglion, a parasympathetic ganglion. At embry-
onic day (E) 14–15 ciliary neurons, which innervate twitch muscles in the iris, lack 
dendrites and are innervated by a single preganglionic axon that forms a calyciform 
ending similar to that made by the glutamatergic calyx of Held [ 68 ,  69 ]. In the adult 
chicken, the synapse is a mixed chemical/electrical synapse with a more conven-
tional, bouton-containing presynaptic arborization; only the embryonic synapse has 
been functionally characterized. 

 Neurons in the embryonic chick ciliary ganglion neurons express the same fi ve 
nAChR subunit mRNAs that are consistently seen in rat/mice neonatal SCG neu-
rons: α3, α5, α7, β2, and β4 [ 70 ]. These subunits associate into two major groups of 
pentameric nAChRs: those containing α7 subunits and no other known subunits 
(α7-nAChRs) and heteromeric nAChRs containing the α3, α5, and β4 subunits, and 
sometimes the β2 subunit as well (α3*-nAChRs; [ 71 – 73 ]). (The complexity of 
nAChR expression in the chick ciliary ganglion is yet increased by the discovery of 
a minor species that is recognized by both α-BuTx and by mAb 35 but that contains 
no known members of the nAChR gene family [ 74 ]). The composition of the α3*-
nAChRs in chick is similar to that in mammalian SCG in that both have α3 and β4 
subunits. In the chick ciliary ganglion all α3*-nAChRs have α5 as well, while in the 
mammalian SCG only some of them do. In both the chick and mammalian prepara-
tions, some of the α3β4-containing nAChRs have β2 and some do not. The major 
distinction between the two systems is the prominent functional role of α7-nAChRs 
in the chick; however, this difference may relate to the time of analysis (1 week 
before hatching in chick vs. 1–3 weeks after birth in rat/mice). 

 The chick ciliary ganglion was the fi rst site where activation of native α7 nAChRs 
were shown to produce increases in intracellular calcium [ 75 ], cation currents 
in response to fast application of acetylcholine [ 76 ], and fast synaptic currents in 
response to nerve-released transmitter [ 77 ,  78 ]. Blocking α7 nAChRs reduces peak 
synaptic current by more than 50 % [ 77 ,  78 ] and reduces the ability of the ganglion 
cell to follow one-to-one at elevated frequencies of preganglionic stimulation [ 79 ]. 
The consequences of blocking α7-nAChRs on ganglionic transmission is less pro-
nounced at E18/19 than at E13/14 [ 79 ], which raises the possibility that α7-nAChRs 
play an important role in transmission only during early development of the chick 
ciliary ganglion. The role that these nAChRs play generally in development is cov-
ered elsewhere in this volume by Berg. 

 At a stage when α7-nAChRs underlie most of the synaptic current in the ciliary 
ganglion (E14/15), a combination of light and electron microscopic evidence reveals 
that α7-nAChRs are not concentrated at synaptic sites: rather, they are found on col-
lections of somatic spines known as spine mats (Fig.  8.1b ) [ 80 – 83 ]. The high cal-
cium permeability of α7-nAChRs allowed Shoop et al. [ 84 ] to demonstrate that 
preganglionic stimulation elevates calcium levels in spines. Only ~10 % of synaptic 
contacts in the ganglion are located on spine mats [ 85 ], and the disparity between 
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the sites of most transmitter release and the importance of α7-nAChRs in generating 
synaptic current at these embryonic synapses led Coggan et al. [ 86 ] to postulate, 
based on MCell modeling, that ACh is released ectopically onto spines from sites 
that have no evident presynaptic specializations. This proposal has generated con-
siderable interest; there are a few well-documented examples of ectopic transmis-
sion between nerve terminals and glial cells (e.g., cerebellar climbing fi ber to 
Bergmann glial cell transmission: [ 87 ,  88 ]), but little direct evidence for ectopic 
transmission between neurons. In studying vesicle recycling at calyciform release 
sites in the ciliary ganglion, Nguyen and Sargent [ 85 ] compared synaptic contacts 
on the somatic surface with those on spine mats and found no differences between 
the number of vesicles, the distance between vesicles and the presynaptic mem-
brane at active zones, in the number of synaptic vesicles that could be fi lled by 
stimulation in the presence of tracer (HRP), or in the number that could subse-
quently be released upon re-stimulation. Conventional release sites thus do function 
at spine mats [ 85 ]; and it is diffi cult to rule out the possibility that release from these 
sites is suffi cient to explain the presence of α7-nAChR currents in the EPSC. 

 In the ciliary ganglion α3-containing nAChRs, recognized by mAb 35 or by 
neuronal-bungarotoxin (aka bungarotoxin 3.1, toxin F, κ-bungarotoxin) are located 
in clusters at synaptic contacts but they are also found distributed diffusely at spine 
mats: the sites where α7-nAChRs are located [ 82 ,  83 ,  89 – 91 ]. Thus, ACh release 
onto these sites might be expected to activate both α7-nAChRs and α3*-nAChRs, 
while release on the somatic surface of the ganglion, where ~90 % of release occurs, 
might only activate α3*-nAChRs. To examine the kinetic characteristics of quantal 
responses, Sargent [ 92 ] looked at mEPSCs produced by delayed release in stron-
tium and compared the kinetics of mEPSC populations under native conditions with 
that observed when either α7-nAChRs or α3*-nAChRs were blocked with α-BuTx 
or α-conotoxin-MII, respectively. Native populations of mEPSCs contained very 
few mEPSCs with the slow kinetics expected of α3*-nAChRs; rather they contained 
populations of fast α7-nAChR-like mEPSCs and populations of mixed mEPSCs: 
ones with intermediate rise and decay times. These events could be explained by 
release onto spines, where both receptors are present; what is unresolved is why 
populations of slowly decaying mEPSCs, expected from release at somatic sites, 
were not detected. The immunochemical work on α3*-nAChR subunit composition 
by Berg and colleagues suggests that there are two populations of α3*-nAChRs: 
those containing and those lacking the β2 subunit [ 72 ,  73 ]. For the α3β4α5 recep-
tors, the stoichiometry is presumably α3 2 β4 2 α5, and there should thus be two α3/β4 
agonist binding pockets, either of which should be recognized by α-conotoxin-
Au1B [ 62 ]. For the α3β4α5β2 receptors, the stoichiometry is presumably α3 2 β4α5β2, 
and there should be two different agonist binding pockets, α3/β2 and α3/β4; the fi rst 
of these would bind α-conotoxin-MII [ 61 ] and the second α-conotoxin-Au1B. Thus, 
the simpler of the two forms of the α3*-nAChR should be blocked by α-conotoxin- 
Au1B and the more complex form by both it and α-conotoxin-MII, assuming that 
two binding events are needed to open channels readily [ 93 ]. Nai et al. [ 94 ] found 
that both conotoxins blocked virtually all current elicited from acutely dissociated 
ganglion cells by nicotinic agonists: moreover, more than 90 % of the  α-BuTx- resistant 
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synaptic current is blocked by α-conotoxin-MII [ 92 ]. This suggests that the 
α3 2 β4α5β2 form of the α3*-nAChR in the ciliary ganglion, which may be outnum-
bered by the α3 2 β4 2 α5 form [ 72 ], nonetheless contributes more of the α3*-nAChR- 
mediated currents, principally because they have a larger P open  [ 94 ]. Interestingly, 
this same receptor, with both an α3/β4 and an α3/β2 interface, has been proposed by 
Quick et al. [ 95 ] to underlie a major functional nAChR class in medial habenula 
neurons. In the ciliary ganglion, the absence of detectable populations of slow mEP-
SCs [ 92 ] may result if the functionally “quiet” α3*-nAChR, lacking β2, is targeted 
to the PSD at synaptic contacts while the α3*-nAChR containing β2 accounts for 
the diffusely distributed α3*-nAChR on spines (Fig.  8.1b ). While the benefi t of such 
an arrangement to the organism is not immediately evident, it is worth recalling that 
these synapses are embryonic and undergo subsequent remodeling. 

 In the chick ciliary ganglion, whole cell recordings from the large calyciform 
terminal demonstrate the presence of presynaptic α7-nAChRs [ 96 ]. These nAChRs, 
while blocked functionally by α-BuTx, desensitize slowly [ 96 ] and may represent a 
novel α7-containing nAChRs, possibly heteromeric [ 46 ]. Rogers and Sargent [ 97 ] 
used optical methods and calcium indicator dyes to demonstrate that these presyn-
aptic receptors could be activated by ACh released from the calyx following ortho-
grade electrical stimulation. The consequences of this “back activation” of 
presynaptic nAChRs is to elevate calcium levels in the terminal, but the effects of 
this on subsequent ganglionic transmission are not known. 

 In summary, in the embryonic chicken ciliary ganglion, both α3*-nAChRs and 
α7-nAChRs are involved in synaptic transmission. The principal functional α3*-
nAChR likely has the stoichiometry α3 2 β4α5β2; curiously, the functionally “quiet” 
α3 2 β4 2 α5 is likely targeted to synaptic sites (Fig.  8.1b ). α7-nAChRs, which are 
located on spines and which participate in synaptic signaling (Fig.  8.1b ), may be 
important only at embryonic stages of transmission. A speculative model of the 
distribution of nAChR types at the chick calyciform synapse is shown in Fig.  8.1b .  

4     The Enteric Nervous System 

 The enteric nervous system includes numerous interconnected ganglia in both the 
myenteric plexus (between the longitudinal and circular muscle layers) and the sub-
mucosal plexus (internal to the circular muscle layer). Each set of ganglia contains 
motor neurons, sensory neurons, and interneurons. The cells of the myenteric plexus 
principally control contractility of the muscle layers, while those in the submucosal 
layer regulate secretions and water movement across the mucosa. nAChRs are 
expressed in nearly all neurons in both plexuses, but, unlike the situation elsewhere 
in the autonomic nervous system, they are not the sole ionotropic receptors in play 
(reviewed by [ 98 ,  99 ]). Circuits within the myenteric plexus underlie refl exes 
that are either ascending (orally projecting) or descending (anally projecting). 
Many of the fast EPSPs at orally projecting synapses, be they sensory-interneuron, 
interneuron- interneuron, or interneuron-motor, are mediated by nAChRs 
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(data primarily from guinea-pig and reviewed in [ 100 ]). Many of these connections 
also result in activation of metabotropic receptors. For anally-projecting refl exes, 
the situation is more complex, and generally 5HT and/or P2X receptors rather than 
nAChRs mediate fast EPSPs. In the submucosal plexus, secretomotor neurons 
receive fast EPSPs mediated by both nAChRs and by P2X receptors (reviewed in 
[ 100 ]). There have been no systematic pharmacological studies of the nAChR sub-
units involved in nicotinic transmission within the enteric nervous system, but virtu-
ally all classes of neurons express immunoreactivity for mAb 35 [ 101 ,  102 ], which 
is thought to recognize α3 and α5.     
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    Chapter 9   
 Nicotinic Receptors in the Spinal Cord 

             Boris   Lamotte d’Incamps     and     Philippe     Ascher     

    Abstract     The best known nicotinic receptors (nAChRs) of the spinal cord are the 
postsynaptic receptors of the Renshaw cells and the presynaptic receptors of the 
dorsal horn, but pre- and postsynaptic nAChRs are found all over the spinal cord. 
The subunit composition of the spinal nAChRs is very diverse: α4β2* and α7 
nAChRs are the most frequent subtypes, but evidence exists for the presence of α3*, 
α6*, and β4* receptors. Many neurons bear multiple subtypes of nAChRs: homo-
meric and heteromeric nAChRs, heteromeric nAChRs associating different sub-
units, and heteromeric receptors associating the same subunits with distinct 
stoichiometries. The various nAChRs show some differences in their kinetics and in 
their ion selectivities but these differences do not match the diversity of their molec-
ular forms. The complete determination of the subunit compositions and of the 
functional properties of spinal nAChRs is likely to require a better identifi cation of 
individual neurons (a particularly diffi cult task in the case of the spinal cord), and 
recordings from identifi ed neuronal pairs.  

  Keywords     Spinal cord   •   Motoneuron   •   Renshaw cell   •   Presynaptic receptors   • 
  Postsynaptic receptors  

1         Introduction 

 The nicotinic receptors (nAChRs) of the Renshaw cells (RCs) were the fi rst nico-
tinic receptors identifi ed in the CNS. After Renshaw [ 1 ] provided evidence that a 
specifi c group of inhibitory interneurons (INs) (which now bear his name) is excited 
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by collaterals of the motoneuron (MN) axons, Eccles et al. [ 2 ] showed that the 
 excitation of the RCs was nearly completely blocked by di-hydro-beta-erythroidine 
(DHßE), a known antagonist of ganglionic nAChRs. The “central” nAChRs identi-
fi ed on the RCs were clearly postsynaptic, and thus resembled the other nAChRs 
known at that time—the postsynaptic “peripheral” nAChRs of autonomic ganglia 
and skeletal muscle. However, in the following years, when “presynaptic” nAChRs 
were characterized both in the peripheral and the central nervous systems (see [ 3 ]), 
they were found to be particularly abundant in the dorsal horn of the spinal cord. In 
the following review we will use the postsynaptic nAChRs of the RCs and the pre-
synaptic nAChRs of the dorsal horn as models of the two main neuronal types of 
nAChRs, but we will also show that pre- and postsynaptic nAChRs are found all 
over the spinal cord. We will discuss the diversity of these receptors and the persis-
tent uncertainties about their subunit composition and their functional role, and try 
to outline how these questions could be approached in the future.  

2      The Localization of Cholinergic Fibers 
and Cholinergic Neurons 

 The cholinergic neurons in the spinal cord were fi rst identifi ed by the presence of 
AChE, but it was then realized that AChE is present in some non-cholinergic neu-
rons. A more specifi c labeling was provided by antibodies against choline acetyl-
transferase (ChAT) and against the vesicular ACh transporter (VAChT) [ 4 – 11 ], and 
more recently by the use of mice expressing eGFP under the control of the promot-
ers of these proteins [ 9 ,  12 ]. 

 There is no strong evidence for descending cholinergic pathways. Four intrinsic 
cholinergic neuron types have been described (MNs, dorsal horn neurons, central 
canal neurons, and partition cells) to which one should add the efferent pregangli-
onic autonomic neurons [ 4 ] and possibly afferent neurons since dorsal root ganglia 
(DRGs) have been shown to contain a splice variant of the ChAT found in the CNS 
(see [ 8 ,  11 ]) (Fig.  9.1 ).

    The somatic MNs  are located in lamina VIII and IX [ 5 ,  6 ]. Their axons have col-
laterals, most of which terminate on RCs and some on MNs [ 13 – 15 ]. 

  The cholinergic neurons in the dorsal horn  (DHI, Fig.  9.1 ) are mostly found in 
lamina III and IV [ 4 ,  6 ,  16 ]. Ribeiro da Silva and Cuello [ 17 ] provided the fi rst evi-
dence that in these neurons ChAT is presynaptic to sensory fi bers. Mesnage et al. [ 12 ] 
took advantage of transgenic mice expressing eGFP under the control of the ChAT 
promoter to show that, despite their low numbers (about 24 per segment), these neu-
rons can collect information over a long range and innervate the superfi cial dorsal horn 
densely. Pawlowski et al. [ 18 ] showed that these neurons are also present in Primates. 

 In the region between the ventral and the dorsal horns three groups of cholinergic 
neurons are intermingled:  preganglionic neurons, central canal neurons, and partition 
neurons . 

 Preganglionic neurons are found at the thoracolumbar levels (sympathetic) and 
at the lumbosacral levels (parasympathetic), in both the intermediolateral and the 
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intermediomedial columns (IL-PN, IM-PN, Fig.  9.1 ). They send their axons into the 
ventral roots, in contrast with central canal neurons and partition neurons, the axons 
of which remain in the cord but can establish contacts a few segments away [ 7 ]. 

 Central canal neurons encircle the central canal in lamina X and in the interme-
diomedial nucleus along the medial border of lamina VII [ 4 ,  6 ,  7 ]. Central canal 
cells receive ChAT immunoreactive fi bers and in the thoracic spinal cord they form 
the beginning of a chain of ChAT immunoreactive neurons which projects across 
the intermediate gray to the sympathetic preganglionic neurons. 

 Partition neurons (PC, Fig.  9.1 ) are distributed between the central canal and the 
lateral edge of the grey matter, thereby delineating the limit between dorsal and 
ventral horns. The fact that some of them express the gene Pitx2 [ 9 ,  10 ] (Pitx-2-PC, 
Fig.  9.1 ) has allowed to follow their axons and to show that they establish direct 
connections to motor neurons through C-boutons [ 9 ]. 

 Many cholinergic neurons of laminae III–V also contain GABA [ 12 ,  16 ,  19 ]. 
Ventral horn MNs in neonates release both ACh and glutamate [ 20 – 22 ]. In adult 
rats, the presence of VGLUT2 has been reported in some cholinergic terminals 
which did not appear to be MN axon collaterals [ 23 ].  
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  Fig. 9.1    Cholinergic neurons and neurons bearing cholinergic receptors in the spinal cord. The 
main types of cholinergic neurons are indicated on the  left side  of the drawing whereas the distribu-
tion of neurons bearing nAChRs is illustrated on the  right. DRG  dorsal root ganglion neurons,  DHI  
dorsal horn interneurons,  IIN  inhibitory interneurons,  IN  dorsal horn interneurons (excitatory or 
inhibitory),  MN  motoneurons, CCN central canal neurons,  PC  partition cells, among which those 
expressing Pitx2 project C-boutons on the MNs,  PN  preganglionic neurons from the intermedio-
lateralis (IL-PN) and the intermediomedialis columns (IM-PN),  ProN  projection neurons,  RC  
Renshaw cells,  VR  ventral root. The lamina are numbered according to Rexed [ 93 ]       
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3     Localization of the nAChR Subunits 

 The fi rst detailed maps of spinal nAChRs used autoradiography of α-bungarotoxin 
(α-Bgt) which binds to homomeric α7 and α9 nAChRs as well as to α9–α10 
nAChRs. Most of the labeling was found in the dorsal horn (see [ 24 ]) and in the 
DRGs [ 25 ,  26 ]. In 1987, Swanson et al. [ 27 ] were the fi rst to use an antibody 
against a purifi ed nAChR which was not labeled by α-Bgt and thus was likely to 
be a heteromeric nAChR. In the following years a detailed localization of the sub-
units of heteromeric nAChRs was performed, fi rst based on in situ hybridization 
and immunochemistry for individual subunits (α2, α3, α4, and β2 [ 28 ], α5 [ 29 ], α4 
[ 30 ], α2 [ 10 ,  31 ,  32 ]), and then immunochemistry for multiple subunits in con-
junction with other markers (e.g., [ 33 ,  34 ]). The presynaptic immunochemical 
labeling was massive in the dorsal horn whereas the postsynaptic localization 
dominated in the ventral horn. α3, α5, and β2 were also seen in glial cells [ 33 ,  34 ]. 
Despite the doubts concerning the selectivity of many antibodies [ 35 ] there was, 
overall, good agreement between the results of in situ hybridization and those of 
immunochemistry. 

 RT-PCR confi rmed the presence of α3, α4, α5, β2, and β4 in the spinal paren-
chyma [ 33 ] and of nearly all the “central” subunits in the DRGs, from α2 to α10 and 
β2 to β4 [ 26 ,  33 ,  36 – 38 ]. RT-PCR, however, rarely went to the single cell level, with 
the notable exception of the study of Cordero-Erausquin et al. [ 39 ] which showed 
the dominance of α4α6β2 in the dorsal horn inhibitory interneurons, and of 
α3β2α7 in the dorsal horn excitatory interneurons and projection neurons. 

 The distribution of the main neurons having been shown to bear nAChRs is 
 summarized in Fig.  9.1  (right).  

4     Pharmacological and Physiological Studies 
of Postsynaptic nAChRs 

 The characterization of postsynaptic nAChRs has been based on the analysis of 
electrical responses elicited either by the application of nicotinic agonists or by 
synaptic release of ACh. 

4.1     The Postsynaptic nAChRs of the Renshaw Cell 

 The pharmacological characterization of the nAChRs of the RC did not go very far 
in the 1960s due to the limitations of the techniques available at that time, and to the 
coexistence on the RC of nicotinic and muscarinic receptors [ 40 ]. The sensitivity of 
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the RC activation to DHßE [ 2 ] indicated the presence of heteromeric nAChRs but 
later studies showed that, at least in neonatal mice, methyllycaconitine (MLA) elim-
inates a component of the fast excitatory postsynaptic current (EPSC) due to homo-
meric nAChRs [ 22 ]. During a repetitive stimulation the fast EPSC depresses rapidly, 
whereas the heteromeric slower EPSC component builds up [ 41 ]. Pharmacological 
or genetic inactivation of acetylcholinesterase (AChE) does not affect the fast EPSC 
[ 42 ] whereas it greatly prolongs the slow EPSC [ 41 ]. 

 The subunit composition of the RC heteromeric nAChRs was fi rst proposed to be 
α4β2 by Dourado and Sargent [ 43 ] who observed labeling of the RC by antibodies 
against α4 and β2. However Ishii et al. [ 31 ] noted that α2 mRNA expression was 
sharply localized in ventral horn cells which could be RCs. This identifi cation was 
recently confi rmed [ 32 ]. Taking advantage of previous studies on recombinant 
nAChRs showing that the different subunit combinations have different sensitivities 
to DHßE, Lamotte d'Incamps and Ascher [ 44 ] compared the IC50s of DHßE on the 
non-α7 EPSCs in WT mice and in mice lacking one nAChR subunit. They observed 
a decreased sensitivity to DHßE after the deletion of β2, and an increased sensitivity 
to DHßE after deletion of β4, a subunit which had not been identifi ed in the ventral 
horn in previous studies. Overall the results suggested the presence of α4β2* and 
α2β4* nAChRs. However these two subunit associations have been reported to have 
similar affi nities for ACh and thus their coexistence did not explain the presence of 
two components in the decay of the (heteromeric) EPSC: a fast component decaying 
with a time constant of 10 ms and a slow component decaying with a time constant 
of about 100 ms [ 41 ]. It had been proposed that the fast component is due to subsyn-
aptic receptors and the slow one to extrasynaptic receptors [ 41 ]. The analysis of the 
effects of DHßE on the two components suggested that the subsynaptic and extra-
synaptic receptors may correspond to receptors having the same subunit composi-
tion but different stoichiometries and different affi nities for ACh [ 44 ]. Overall the 
results suggest a triple diversity for the nAChRs of RCs as they indicate the pres-
ence of homomeric and heteromeric nAChRs, of heteromeric nAChRs made of dif-
ferent subunits, and of heteromeric receptors made of the same subunits with distinct 
stoichiometries.  

4.2     The Postsynaptic nAChRs of MNs 

 Contacts of MN axon collaterals with MNs dendrites have been described in adult 
cats [ 13 ,  15 ], suggesting the presence of MN-MN synapses. Dourado and Sargent 
[ 43 ] reported α4 immunoreactivity in ventral MNs in young rats (P6-P10) and Khan 
et al. [ 33 ] reported labeling with antibodies against α3, α4, α5, and β2 in MNs of 
adult rats and rabbits. Ogier et al. [ 45 ] measured epibatidine binding in MNs and 
found that it was much stronger and wider in the young than in the adult. In neonatal 
mice, ACh induced in ventral MNs a current which was blocked by 1 μM DHßE [ 45 ]. 
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Comparable data are lacking for adult MNs, and until now nobody has reported 
synaptic nicotinic currents on MNs. The cholinergic partition cells regulate MN 
activity [ 9 ,  10 ] through the activation of muscarinic receptors.  

4.3     Postsynaptic nAChRs of the Sympathetic Preganglionic 
Neurons 

 Labeling by α-Bgt [ 46 ] and by antibodies against heteromeric nAChRs subunits 
[ 33 ] has been observed in the central canal and in lamina X. In the region dorsal to 
the central canal, Bordey et al. [ 47 ], Bradaia and Trouslard [ 48 ], and Bradaia et al. 
[ 49 ] recorded neurons that they initially assumed were SPNs and in later studies 
identifi ed as such by antidromic stimulation of the ventral roots. Both DMPP and 
choline induced currents blocked respectively by DHßE (1 μM) and α-Bgt. 
Curiously, however, the EPSCs evoked by local electrical stimulation were com-
pletely blocked by α-Bgt (50 nM) and insensitive to DHßE (1 μM). For additional 
information on nAChRs of the autonomic nervous system refer to Chap.   8      

4.4     Postsynaptic nAChRs in the Dorsal Horn 

 The presence of postsynaptic nAChRs on the soma and dendrites of neurons in the 
dorsal horn was suggested by the early reports of α-Bgt binding on large multipolar 
cells in lamina IV or V (e.g., [ 46 ]). Later studies with antibodies also showed the 
presence of postsynaptic heteromeric nAChRs [ 33 ]. The RT-PCR studies of 
Cordero-Erausquin et al. [ 39 ] suggested the possible presence of α7 and α3β2 on 
excitatory INs and projection neurons, and of α7 and α6β2 on inhibitory INs. 

 The pharmacological analysis of the effects of nicotine on dorsal horn neurons 
[ 39 ,  50 – 54 ] has given heterogeneous results. In acutely isolated dorsal horn neu-
rons, Genzen and McGehee [ 52 ] reported currents induced by choline and blocked 
by MLA, as well as currents induced by epibatidine and blocked by DHßE (1 μM), 
with a limited overlap. In contrast, in slices no evidence was found for the activation 
of α7 nAChRs and two different pictures emerged for heteromeric nAChRs: in sub-
stantia gelatinosa (SG) the currents induced by nicotine persisted in DHßE at 5 μM, 
suggesting that they were mediated by non-α4β2 heteromeric nAChRs [ 53 ], whereas 
in lamina V all neurons were excited by RJR-2403 (an α4β2 agonist) suggesting 
“pure” α4β2 receptors [ 54 ]. 

 The presence of a variety of postsynaptic nAChRs in the dorsal horn INs is thus 
well established, but the characterization of the receptors and of the corresponding 
EPSCs is likely to remain incomplete until one can identify and stimulate the 
 presynaptic neurons.   
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5     Pharmacological and Physiological Studies 
of the Presynaptic Nicotinic Receptors 

5.1     Presynaptic nAChRs of the Dorsal Spinal Cord 

5.1.1     Electrophysiological Recordings in Slices 

 In the dorsal horn ACh or nicotine increased the frequency of spontaneous synaptic 
excitatory and inhibitory currents (sEPSCs and sIPSCS). In most cases the effects 
were also observed after addition of TTX, i.e., on miniature synaptic currents (mEP-
SCs and mIPSCs), and were therefore attributed to “presynaptic” rather than “pre-
terminal” [ 55 ] nAChRs, with one exception [ 54 ]. 

 The increase in frequency of sEPSCs and mEPSCs induced by nicotine [ 52 ,  53 ] 
was nearly eliminated by MLA [ 52 ] and was not mimicked by an α4β2 partial ago-
nist [ 56 ]. Nicotine also increased some of the EPSCs evoked by stimulation of the 
DR entry zone [ 52 ]. 

 The increase in the frequency of sIPSCs and mIPSCs induced by nicotine was 
observed in the substantia gelatinosa (SG) of both neonatal [ 51 ] and adult rats [ 53 ]. 
In neonates the effect was blocked by DHßE at 0.3 μM [ 51 ] but in adult rats it per-
sisted in the presence of DHßE at 5 μM [ 53 ], suggesting that part of the effect in the 
adult was due to a “non-α4β2” nAChR. The presence of a non-α4β2 nAChR was 
also proposed by other authors [ 57 ,  58 ]. This non-α4β2 nAChR was suggested to be 
α3β4* by Takeda et al. [ 53 ] because cytisine, considered a good agonist of α3β4 
receptors, mimicked the effects of nicotine. But this receptor could contain an α6 
subunit, since Cordero-Erausquin et al. [ 39 ] showed that inhibitory INs of the dorsal 
horn express α4, α6, and β2. 

 DHßE decreased the frequency of mIPSCs and sIPSCs (but did not affect the 
frequency of sEPSCs) in the SG of adult mice [ 59 ]. This indicates that there is a 
“ tonic ”  activation of heteromeric nAChRs  of inhibitory INs. Such a tonic activation 
was also proposed by Cordero-Erausquin and Changeux [ 59 ] to explain the obser-
vation that DHßE increased the basal release of serotonin from the pathway descend-
ing from the raphe to the spinal cord. 

 Presynaptic α7 nAChRs were not clearly identifi ed in inhibitory INs of the SG 
[ 58 ], but mixed (α7 and non-α7) presynaptic effects of nicotine on inhibitory INs 
were seen in lamina V [ 54 ].  

5.1.2     Electrophysiological Recordings from DRG Neurons 

 DRG neurons bear α3–α10 and β2–β4 nAChR subunits [ 25 ,  26 ,  36 – 38 ,  52 ] and it is 
usually assumed that the receptors are on both the soma and on axons, as fi rst shown 
for α7 nAChRs [ 46 ]. Not surprisingly, recordings from the somas of DRG neurons 
in mice and rats revealed a great variety of functional nAChRs. Genzen et al. [ 36 ] in 

9 Nicotinic Receptors in the Spinal Cord



192

neonates identifi ed four types of responses among which two were proposed to be 
α7 and α3β4, one α4β2 like, and the fourth atypical. Fucile et al. [ 60 ] found three 
types of responses (fast, slow, and mixed) which could be attributed to α7 and α*β* 
receptors in isolation or in combination. They attributed the slow response to α3* 
nAChRs. In neonates the α7 response was very commonly seen; the slow response 
was nearly absent. The inverse was seen in adults. Rau et al. [ 61 ] identifi ed the same 
three types of nicotinic currents, and concluded that they were all expressed in noci-
ceptive neurons. They also suggested that the heteromeric nAChRs were α3*, with 
a subgroup possibly associating α5. Finally Hone et al. [ 38 ], who analyzed the 
effects of a set of conotoxins, added to the list of candidates α6β4* receptors. There 
is thus a consensus that the dominant receptors on the DRGs are α7 and α3*, but 
α4β2 and α6β4* as well as α9 and α9–α10 are also likely present in some cells.  

5.1.3     Intrathecal Administration of Nicotinic Ligands 

 The effects of nicotinic ligands on behavior have been intensively studied but are 
diffi cult to use to characterize spinal nAChRs because nAChRs are present all 
through the CNS and some of the major effects of drugs administered i.v. or i.p. 
involve the activation of descending systems (e.g., [ 62 ]). However the effects of 
intrathecal injections of nicotinic ligands have given useful information on the spi-
nal nAChRs. 

 Intrathecal injections of nicotinic agonists [ 63 – 65 ] were found to have antinoci-
ceptive effects. Conversely intrathecal injection of antagonists of heteromeric 
nAChRs induced thermal and mechanical hyperalgesia and allodynia [ 63 – 69 ] which 
indicates the presence of a tonic activation of nAChRs. The involvement of α4β2 
nAChRs was suggested by the fact that epibatidine was more effective than cytisine 
[ 63 ] and by the strong effect of A-85380, considered to be a selective α4β2 agonist 
[ 64 ]. The data of Marubio et al. [ 37 ] supported the role of α4β2 nAChRs, but the 
persistence of some nicotine antinociceptive effects in ß2-KO mice and α4-KO mice 
also suggested a role of non-α4β2 receptors. The pro-nociceptive effects of α-CTX-
MII (an antagonist of α3β2*:α6β2*) led Young et al. [ 67 ] to propose that these non-
α4β2 receptors were α3β2*. Yalcin et al. [ 68 ] compared the antinociceptive effects 
of two antagonists, one selective for α4β2 (NDNI) and the other for α3β2*:α6β2* 
(α-CTX-MII). Both were active in WT mice but not in ß2 KO mice, leading to the 
suggestion that the effects in WT were mediated by two ß2* receptors, which are 
thus likely to be α4β2* and α3β2*. These experiments are internally consistent, but 
not easy to reconcile with the electrophysiological data on DRG neurons which 
privileged α3β4* subtypes over α3β2* [ 36 ,  60 ,  61 ]. Young et al. [ 67 ] suggested that 
the α-CTX-MII sensitive receptors were on C-fi bers but there was little reduction by 
the toxin of the eEPSC evoked in lamina I–II by stimulation of the VRs [ 69 ]. 

 Intrathecal injections of nicotinic agonists also produce nociceptive and cardio-
vascular effects [ 34 ,  64 ]. In the model proposed by Khan et al. [ 34 ] the “nocifen-
sive” response involves the release of EAAs from excitatory INs, release of EAAs 
and SP from primary afferents, and excitation of ascending projection neurons. 
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 Little evidence was found for the involvement of α7 nAChRs in any of the 
 experiments described above. This contrasts with the anatomical data which have 
shown a massive presence of α7 on DRGs, and with the data indicating that activa-
tion of α7 nAChRs reduces infl ammatory pain (e.g., [ 70 ]). Many of these α7 antino-
ciceptive effects may be linked to α7 receptors present on microglial cells and 
macrophages (see [ 71 ] for recent references) but intrathecal injection of MLA 
blocked some antinociceptive effects of α7 positive allosteric modulators, which 
suggests a possible role of spinal α7 nAChRs [ 72 ].  

5.1.4     AChRs and Primary Afferent Depolarization (PAD) 

 Hochman et al. [ 73 ] and Shreckengost et al. [ 74 ] have suggested that nAChRs are 
involved in the PAD. Their main observation is that the PAD is reduced both by 
α-Bgt and by (+)-tubocurarine [ 73 ]. Among the possible interpretations of this 
observation, one is that the GABAergic INs classically assumed to produce the PAD 
can be excited by ACh released either by local cholinergic INs or by the primary 
afferents [ 73 ]. Another possibility [ 74 ] is that ACh released by DR afferents directly 
produces a PAD involving nAChRs sensitive to bicuculline (like α7 receptors) [ 75 ] 
which would constitute presynaptic autoreceptors.   

5.2     Presynaptic nAChRs in Lamina X 

 In neurons situated in lamina X and presumed to be SPNs, DMPP increased the 
frequency of glutamatergic sEPSCs [ 47 ], of glycinergic mIPSCs [ 76 ], and of 
GABAergic mIPSCs [ 77 ]. For the glycinergic mIPSCs the effect was blocked by 
(+)-tubocurarine and hexamethonium, reduced by DHßE (10 μM), and reduced by 
MLA. For the GABAergic mIPSCs the effect was blocked by DHßE (1 μM) and 
little affected by MLA. Surprisingly, in the case of the glutamatergic and GABAergic 
inputs the cholinergic agonists increased the amplitude of electrically evoked syn-
aptic currents [ 47 ,  77 ] whereas in the case of the glycinergic inputs the IPSC was 
reduced [ 76 ].  

5.3     Presynaptic nAChRs in the Ventral Spinal Cord 

 Khan et al. [ 33 ] observed presynaptic labeling in the ventral spinal cord for α3, α4, 
α5, and β2, in particular on the C-boutons, which suggests the possible presence of 
autoreceptors since C-boutons are the terminals of cholinergic partition cells [ 9 ]. 
Varicose terminals labeled by α-Bgt have been seen in the ventral horn [ 78 ], but 
have not been attributed to identifi ed neurons. 
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5.3.1     Spinal nAChRs During Development 

 The study of the early development of cholinergic spinal neurons has made great 
progress recently, in particular for MNs and for the partition cells, but the origin of 
the dorsal horn INs remains unknown [ 79 ]. The co-release of ACh and other trans-
mitters (see Sect.  2 ) may be more frequent in embryos, as shown in particular in 
Xenopus embryos [ 80 ] or tadpoles [ 81 ]. 

 The principal types of spinal nAChRs are already present in embryos, but the 
ratio of the various subunits changes during development [ 45 ,  53 ,  60 ,  82 ,  83 ]. 

 ACh released from embryonic MNs is thought to be responsible for the early 
muscle activity that in turn regulates MN survival. Keiger et al. [ 82 ] determined the 
developmental expression profi le of nAChRs subunits in the chick lumbar MNs and 
showed that subunits α1, α4, α7, α8, and β2 are regulated during naturally occurring 
MN cell death. 

 MN growth cones bear nAChRs [ 84 ] which are likely to orient them during 
development. In embryonic zebrafi sh transient application of nicotine alters axonal 
path fi nding by secondary MNs [ 85 ]. ACh is also likely involved in the survival of 
MNs: in cultured spinal MNs, activation of α7 nAChRs rescued the neurons from a 
programmed cell death induced by trophic factor deprivation [ 86 ]. In mice, Myers 
et al. [ 87 ] deleted ChAT and showed that cholinergic input is required during embry-
onic development for proper assembly of spinal locomotor circuits. Diphtheria toxin 
ablation of the cells which express the α7 subunit [ 88 ] produces defects of neural 
tube closure (spina bifi da) which could be reduced by a choline supplemented diet.    

6     Conclusions 

6.1     Postsynaptic and Presynaptic nAChRs 

 The dorsoventral asymmetry in the anatomical distribution of pre- and postsynaptic 
nAChRs in the spinal cord has led to a view in which, in the dorsal horn, small groups 
of cholinergic neurons distribute their axons over very wide target regions and acti-
vate mostly presynaptic nAChRs, while in the ventral horn the MN axon collaterals 
activate postsynaptic nAChRs and mediate a strict point-to-point transmission. The 
postsynaptic nAChRs in the ventral horn would thus resemble functionally those of 
the peripheral nervous system while those of the dorsal horn would resemble the 
presynaptic nAChRs which dominate in the higher centers of the CNS (e.g., [ 3 ]). 

 Although the dorsoventral asymmetry is undoubtedly present, the frequency and 
the functional importance of postsynaptic nAChRs in the dorsal horn of the spinal 
cord may have been underestimated. Inward currents induced by postsynaptic 
nAChRs have been observed in many dorsal horn neurons [ 47 ,  52 ,  77 ] which 
 suggests that they may mediate nicotinic EPSCs. The fact that such EPSCs have not 
been described could stem from the fact that observing such EPSCs requires that one 
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activates selectively the presynaptic neurons. This is possible in the ventral horn 
because one can use antidromic stimulation of the VRs; it is more problematic in the 
case of the dorsal horn, where the sparse cholinergic interneurons were diffi cult to 
identify until recently [ 12 ]. A similar problem is encountered in the higher centers of 
the CNS where postsynaptic nAChRs and spontaneous nicotinic EPSCs have been 
described in many neurons, but evoked nicotinic EPSCS have only been observed by 
combining optogenetic tools and specifi c molecular markers (e.g., [ 89 ,  90 ]). 

 Identifying presynaptic cholinergic neurons and stimulating them selectively is 
also likely to improve the understanding of the role of presynaptic nAChRs. Until 
now nearly all electrophysiological studies of presynaptic ACh effects have relied 
on changes of frequency of spontaneous or miniature EPSCs or IPSCs, and assumed 
that the direction of these changes predicts the changes in evoked PSCs. This 
hypothesis is plausible but not completely certain, and has only been checked in a 
few examples [ 47 ,  52 ,  77 ]. When the two changes were not in the same direction, 
preterminal nAChRs were invoked [ 76 ] but this hypothesis has rarely been submit-
ted to a thorough analysis. It would be very important to analyze the presynaptic 
cholinergic modulations of release in conditions in which one can control the fre-
quency and the duration of the fi ring of the presynaptic cholinergic neurons.  

6.2     The Subunit Composition of Native nAChRs 

 One of the main diffi culties in establishing the subunit composition of native 
nAChRs stems from the fact that the presence of a single receptor type seems the 
exception rather than the rule. A large fraction of spinal neurons seem to bear both 
a homomeric and at least one heteromeric nAChR [ 22 ,  89 ,  90 ] and one can suspect 
that, in a number of cases in which the α7 nAChRs were not detected, they were 
present but missed either because one had applied α7 antagonists like bicuculline 
[ 75 ] or strychnine [ 91 ] (to eliminate inhibitory synaptic currents) or because the 
agonist application was too slow to avoid the fast desensitization [ 92 ]. In addition 
the presence of more than one heteromeric nAChR seems extremely common. It is 
particularly striking in the case of the DRGs [ 25 ,  26 ,  36 – 38 ,  52 ] and of the RCs and 
involves both the presence of multiple α or β subunits and the coexistence at a single 
synapse of stoichiometric variants of the same receptor assembly [ 44 ]. 

 Although a complete identifi cation of the nAChR subtypes in a single neuron has 
not yet been obtained, some preferred associations of subunits have been identifi ed: 
α4β2* seem nearly ubiquitous, α3*β2* are abundant in dorsal horn projection neu-
rons and in C fi bers, α3*β4* in DRG nociceptors, α6* in dorsal horn INs and in 
DRGs, α2β4* in RCs, and α9–α10 in primary afferents. α5 may participate in many 
assemblies. Strong functional differences (in the kinetics of conductance changes 
and in the ion selectivity of the synaptic channels) have been demonstrated, in 
 particular between α7 and α*β* receptors, and between stoichiometric variants of a 
given subunit assembly. 
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 The characterization of nicotinic receptors in the nervous system has until now 
depended mostly on pharmacological compounds activating, potentiating, or block-
ing specifi c nAChRs subtypes. More recently genetic tools were introduced which 
permit the deletion of specifi c subunits. Overall, the identifi cation of the receptors 
remains very partial: there are very few subtype-specifi c compounds, and the num-
ber of functional differences identifi ed between subtypes does not match the known 
combinatorial diversity of the various α*β* assemblies. The diversity of subtypes on 
a given cell might have been overestimated by the fact that most studies were done 
on poorly identifi ed neurons or on structures possibly containing heterogeneous 
neuronal populations. 

 The identifi cation of individual neurons thus appears to be a priority for future 
studies, both for the characterization of nAChR subtypes and for the understanding of 
their functional role. This task appears more diffi cult in the case of the spinal cord 
than in laminar structures such as the cerebral cortex or the cerebellum, but it is no less 
essential. From this point of view the work of those who are attempting to fi nd molec-
ular markers for spinal neurons [ 79 ] appears as a major enterprise which could 
 completely renovate the understanding of the functions of nAChRs in the spinal cord.      

  Funding Acknowledgement   Our work is supported by the CNRS and the association française 
contre les myopathies (AFM).  

   References 

    1.    Renshaw B. Central effects of centripetal impulses in axons of spinal ventral roots. 
J Neurophysiol. 1946;9:191–204.  

     2.    Eccles JC, Fatt P, Koketsu K. Cholinergic and inhibitory synapses in a pathway from motor- 
axon collaterals to motoneurones. J Physiol. 1954;126:524–62.  

     3.    Role LW, Berg DK. Nicotinic receptors in the development and modulation of CNS synapses. 
Neuron. 1996;16:1077–85.  

       4.    Barber RP, Phelps PE, Houser CR, Crawford GD, Salvaterra PM, Vaughn JE. The morphology 
and distribution of neurons containing choline acetyltransferase in the adult rat spinal cord: an 
immunocytochemical study. J Comp Neurol. 1984;229:329–46.  

    5.    Phelps PE, Barber RP, Houser CR, Crawford GD, Salvaterra PM, Vaughn JE. Postnatal devel-
opment of neurons containing choline acetyltransferase in rat spinal cord: an immunocyto-
chemical study. J Comp Neurol. 1984;229:347–61.  

      6.    Borges LF, Iversen SD. Topography of choline acetyltransferase immunoreactive neurons and 
fi bers in the rat spinal cord. Brain Res. 1986;362:140–8.  

     7.    Sherriff FE, Henderson Z. A cholinergic propriospinal innervation of the rat spinal cord. Brain 
Res. 1994;634:150–4.  

    8.    Matsumoto M, Xie W, Inoue M, Ueda H. Evidence for the tonic inhibition of spinal pain by 
nicotinic cholinergic transmission through primary afferents. Mol Pain. 2007;3:41.  

        9.    Zagoraiou L, Akay T, Martin JF, Brownstone RM, Jessell TM, Miles GB. A cluster of cholin-
ergic premotor interneurons modulates mouse locomotor activity. Neuron. 2009;64:645–62.  

      10.    Enjin A, Rabe N, Nakanishi ST, Vallstedt A, Gezelius H, Memic F, et al. Identifi cation of novel 
spinal cholinergic genetic subtypes disclose Chodl and Pitx2 as markers for fast motor neurons 
and partition cells. J Comp Neurol. 2010;518:2284–304.  

     11.    Bellier J-P, Kimura H. Peripheral type of choline acetyltransferase: biological and  evolutionary 
implications for novel mechanisms in cholinergic system. J Chem Neuroanat. 2011;42:225–35.  

B. Lamotte d’Incamps and P. Ascher



197

       12.    Mesnage B, Gaillard S, Godin AG, Rodeau J-L, Hammer M, Von Engelhardt J, et al. 
Morphological and functional characterization of cholinergic interneurons in the dorsal horn 
of the mouse spinal cord. J Comp Neurol. 2011;519:3139–58.  

     13.    Cullheim S, Kellerth J-O, Conradi S. Evidence for direct synaptic interconnections between 
cat spinal alpha-motoneurons via the recurrent axon collaterals: a morphological study using 
intracellular injection of horseradish peroxidase. Brain Res. 1977;132:1–10.  

   14.    Alvarez FJ, Dewey DE, McMillin P, Fyffe RE. Distribution of cholinergic contacts on Renshaw 
cells in the rat spinal cord: a light microscopic study. J Physiol. 1999;515(Pt3):787–97.  

     15.    Lagerbäck P-A, Ronnevi L-O, Cullheim S, Kellerth J-O. An ultrastructural study of the synap-
tic contacts of alpha-motoneurone axon collaterals. I Contacts in Lamina IX and with identi-
fi ed alpha-motoneurone dendrites in lamina VII. Brain Res. 1981;207:247–66.  

     16.    Olave MJ, Puri N, Kerr R, Maxwell DJ. Myelinated and unmyelinated primary afferent axons 
form contacts with cholinergic interneurons in the spinal dorsal horn. Exp Brain Res. 
2002;145:448–56.  

    17.    Ribeiro-Da-Silva A, Cuello Claudio A. Choline Acetyltransferase-Immunoreactive Profi les 
Are Presynaptic to Primary Sensory Fibers in the Rat Superfi cial Dorsal Horn. J Comp Neurol. 
1990;295:370–84.  

    18.    Pawlowski SA, Gaillard S, Ghorayeb I, Ribeiro-da-Silva A, Schlichter R, Cordero-Erausquin 
M. A novel population of cholinergic neurons in the macaque spinal dorsal horn of potential 
clinical relevance for pain therapy. J Neurosci. 2013;33:3727–37.  

    19.    Todd AJ, Spike RC. The localization of classical transmitters and neuropeptides within neu-
rons in laminae I-III of the mammalian spinal dorsal horn. Prog Neurobiol. 1993;41:609–45.  

    20.    Nishimaru H, Restrepo CE, Ryge J, Yanagawa Y, Kiehn O. Mammalian motor neurons core-
lease glutamate and acetylcholine at central synapses. Proc Natl Acad Sci U S A. 
2005;102:5245–9.  

   21.    Mentis GZ, Alvarez FJ, Bonnot A, Richards DS, Gonzalez-Forero D, Zerda R, et al. 
Noncholinergic excitatory actions of motoneurons in the neonatal mammalian spinal cord. 
Proc Natl Acad Sci U S A. 2005;102:7344–9.  

      22.    Lamotte d’Incamps B, Ascher P. Four excitatory postsynaptic ionotropic receptors coactivated 
at the motoneuron-Renshaw cell synapse. J Neurosci. 2008;28:14121–31.  

    23.    Liu TT, Bannatyne B, Jankowska E, Maxwell DJ. Cholinergic terminals in the ventral horn of 
adult rat and cat: evidence that glutamate is a cotransmitter at putative interneuron synapses 
but not at central synapses of motoneurons. Neuroscience. 2009;161:111–22.  

    24.    Coggeshall RE, Carlton SM. Receptor localization in the mammalian dorsal horn and primary 
afferent neurons. Brain Res Brain Res Rev. 1997;24:28–66.  

      25.    Haberberger RV, Bernardini N, Kress M, Hartmann P, Lips KS, Kummer W. Nicotinic acetyl-
choline receptor subtypes in nociceptive dorsal root ganglion neurons of the adult rat. Auton 
Neurosci Basic Clin. 2004;113:32–42.  

       26.    Lips KS, Pfeil U, Kummer W. Coexpression of alpha 9 and alpha 10 nicotinic acetylcholine 
receptors in rat dorsal root ganglion neurons. Neuroscience. 2002;115:1–5.  

    27.    Swanson LW, Simmons DM, Whiting PJ, Lindstrom J. Immunohistochemical localization of 
neuronal nicotinic receptors in the rodent central nervous system. J Neurosci. 1987;7:3334–42.  

    28.    Wada E, Wada K, Boulter J, Deneris E, Heinemann S, Patrick J, et al. Distribution of alpha 2, 
alpha 3, alpha 4, and beta 2 neuronal nicotinic receptor subunit mRNAs in the central nervous 
system: a hybridization histochemical study in the rat. J Comp Neurol. 1989;284:314–35.  

    29.    Wada E, McKinnon D, Heinemann S, Patrick J, Swanson LW. The distribution of mRNA 
encoded by a new member of the neuronal nicotinic acetylcholine receptor gene family (alpha 5) 
in the rat central nervous system. Brain Res. 1990;526:45–53.  

    30.    Dineley-Miller K, Patrick J. Gene transcripts for the nicotinic acetylcholine receptor subunit, 
beta 4, are distributed in multiple areas of the rat central nervous system. Brain Res Mol Brain 
Res. 1992;16:339–44.  

     31.    Ishii K, Wong JK, Sumikawa K. Comparison of alpha 2 nicotinic acetylcholine receptor sub-
unit mRNA expression in the central nervous system of rats and mice. J Comp Neurol. 
2005;493:241–60.  

9 Nicotinic Receptors in the Spinal Cord



198

     32.   Gezelius H. Studies of spinal motor control networks in genetically modifi ed mouse models. 
Acta Universitatis Upsaliensis 2009, ISBN 1651-6206, pp 47.  

           33.    Khan I, Osaka H, Stanislaus S, Calvo RM, Deerinck T, Yaksh TL, et al. Nicotinic acetylcholine 
receptor distribution in relation to spinal neurotransmission pathways. J Comp Neurol. 
2003;467:44–59.  

       34.    Khan IM, Wart CV, Singletary EA, Stanislaus S, Deerinck T, Yaksh TL, et al. Elimination of 
rat spinal substance P receptor bearing neurons dissociates cardiovascular and nocifensive 
responses to nicotinic agonists. Neuropharmacology. 2008;54:269–79.  

    35.    Moser N, Mechawar N, Jones I, Gochberg-Sarver A, Orr-Urtreger A, Plomann M, et al. 
Evaluating the suitability of nicotinic acetylcholine receptor antibodies for standard immuno-
detection procedures. J Neurochem. 2007;102:479–92.  

        36.    Genzen JR, Van Cleve W, McGehee DS. Dorsal root ganglion neurons express multiple nico-
tinic acetylcholine receptor subtypes. J Neurophysiol. 2001;86:1773–82.  

    37.    Marubio LM, Del Mar A-JM, Cordero-Erausquin M, Léna C, Le Novère N, De Kerchove 
d’Exaerde A. Reduced antinociception in mice lacking neuronal nicotinic receptor subunits. 
Nature. 1999;398:805–10.  

       38.    Hone AJ, Meyer EL, McIntyre M, McIntosh JM. Nicotinic acetylcholine receptors in dorsal 
root ganglion neurons include the α6β4* subtype. FASEB J. 2012;26:917–26.  

       39.    Cordero-Erausquin M, Pons S, Faure P, Changeux J-P. Nicotine differentially activates inhibi-
tory and excitatory neurons in the dorsal spinal cord. Pain. 2004;109:308–18.  

    40.    Curtis DR, Ryall RW. Nicotinic and muscarinic receptors of Renshaw cells. Nature. 
1964;203:652–3.  

       41.    Lamotte d’ Incamps B, Krejci E, Ascher P. Mechanisms shaping the slow nicotinic synaptic 
current at the motoneuron-Renshaw cell synapse. J Neurosci. 2012;32:8413–23.  

    42.    Farar V, Mohr F, Lamotte d’Incamps B, Legrand M, Cendelin M, Leroy J, et al. Near-complete 
adaptation of the PRiMA knockout to the lack of central acetylcholinesterase. J Neurochem. 
2012;122:1065–80.  

     43.    Dourado M, Sargent PB. Properties of nicotinic receptors underlying Renshaw cell excitation 
by alpha-motor neurons in neonatal rat spinal cord. J Neurophysiol. 2002;87:3117–25.  

      44.   Lamotte d’Incamps B, Ascher P. Subunit composition and kinetics of the Renshaw cell hetero-
meric nicotinic receptors. Biochem Pharmacol. 2013;86:1114–21.  

      45.    Ogier R, Liu X, Tribollet E, Bertrand D, Raggenbass M. Identifi ed spinal motoneurons of 
young rats possess nicotinic acetylcholine receptors of the heteromeric family. Eur J Neurosci. 
2004;20:2591–7.  

      46.    Ninkovic M, Hunt SP. Alpha-bungarotoxin binding sites on sensory neurones and their axonal 
transport in sensory afferents. Brain Res. 1983;272:57–69.  

        47.    Bordey A, Feltz P, Trouslard J. Nicotinic actions on neurones of the central autonomic area in 
rat spinal cord slices. J Physiol. 1996;497(Pt 1):175–87.  

    48.    Bradaïa A, Trouslard J. Fast synaptic transmission mediated by alpha-bungarotoxin-sensitive 
nicotinic acetylcholine receptors in lamina X neurones of neonatal rat spinal cord. J Physiol. 
2002;544:727–39.  

    49.    Bradaïa A, Seddik R, Schlichter R, Trouslard J. The rat spinal cord slice: Its use in generating 
pharmacological evidence for cholinergic transmission using the alpha7 subtype of nicotinic 
receptors in the central autonomic nucleus. J Pharmacol Toxicol Methods. 2005;51:243–52.  

    50.    Urban L, Willetts J, Murase K, Randić M. Cholinergic effects on spinal dorsal horn neurons 
in vitro: an intracellular study. Brain Res. 1989;500:12–20.  

     51.    Kiyosawa A, Katsurabayashi S, Akaike N, Pang ZP. Nicotine facilitates glycine release in the 
rat spinal dorsal horn. J Physiol. 2001;536:101–10.  

           52.    Genzen JR, McGehee DS. Short- and long-term enhancement of excitatory transmission in the 
spinal cord dorsal horn by nicotinic acetylcholine receptors. Proc Natl Acad Sci U S A. 
2003;100:6807–12.  

         53.    Takeda D, Nakatsuka T, Papke R, Gu JG. Modulation of inhibitory synaptic activity by a non- 
alpha4beta2, non-alpha7 subtype of nicotinic receptors in the substantia gelatinosa of adult rat 
spinal cord. Pain. 2003;101:13–23.  

B. Lamotte d’Incamps and P. Ascher



199

       54.    Takeda D, Nakatsuka T, Gu JG, Yoshida M. The activation of nicotinic acetylcholine receptors 
enhances the inhibitory synaptic transmission in the deep dorsal horn neurons of the adult rat 
spinal cord. Mol Pain. 2007;3:26.  

    55.    Léna C, Changeux JP, Mulle C. Evidence for “preterminal” nicotinic receptors on GABAergic 
axons in the rat interpeduncular nucleus. J Neurosci. 1993;13:2680–8.  

    56.    Cheng L-Z, Han L, Fan J, Huang L-T, Peng L-C, Wang Y. Enhanced inhibitory synaptic trans-
mission in the spinal dorsal horn mediates antinociceptive effects of TC-2559. Mol Pain. 
2011;7:56.  

    57.    Genzen JR, McGehee DS. Nicotinic modulation of GABAergic synaptic transmission in the 
spinal cord dorsal horn. Brain Res. 2005;1031:229–37.  

     58.    Gao B, Hierl M, Clarkin K, Juan T, Nguyen H, van der Valk M, et al. Pharmacological effects 
of nonselective and subtype-selective nicotinic acetylcholine receptor agonists in animal mod-
els of persistent pain. Pain. 2010;149:33–49.  

     59.    Cordero-Erausquin M, Changeux JP. Tonic nicotinic modulation of serotoninergic transmis-
sion in the spinal cord. Proc Natl Acad Sci U S A. 2001;98:2803–7.  

      60.    Fucile S, Sucapane A, Eusebi F. Ca2+ permeability of nicotinic acetylcholine receptors from 
rat dorsal root ganglion neurones. J Physiol. 2005;565:219–28.  

     61.    Rau KK, Johnson RD, Cooper BY. Nicotinic AChR in subclassifi ed capsaicin-sensitive and 
-insensitive nociceptors of the rat DRG. J Neurophysiol. 2005;93:1358–71.  

    62.    Iwamoto ET, Marion L. Adrenergic, serotonergic and cholinergic components of nicotinic 
antinociception in rats. J Pharmacol Exp Ther. 1993;265:777–89.  

      63.    Damaj MI, Fei-Yin M, Dukat M, Glassco W, Glennon RA, Martin BR. Antinociceptive 
responses to nicotinic acetylcholine receptor ligands after systemic and intrathecal administra-
tion in mice. J Pharmacol Exp Ther. 1998;284:1058–65.  

     64.    Khan IM, Stanislaus S, Zhang L, Taylor P, Yaksh TL. A-85380 and epibatidine each interact 
with disparate spinal nicotinic receptor subtypes to achieve analgesia and nociception. 
J Pharmacol Exp Ther. 2001;297:230–9.  

    65.    Rashid MH, Ueda H. Neuropathy-specifi c analgesic action of intrathecal nicotinic agonists 
and its spinal GABA-mediated mechanism. Brain Res. 2002;953:53–62.  

   66.    Rashid MH, Furue H, Yoshimura M, Ueda H. Tonic inhibitory role of alpha4beta2 subtype of 
nicotinic acetylcholine receptors on nociceptive transmission in the spinal cord in mice. Pain. 
2006;125:125–35.  

     67.    Young T, Wittenauer S, McIntosh JM, Vincler M. Spinal alpha3beta2* nicotinic acetylcholine 
receptors tonically inhibit the transmission of nociceptive mechanical stimuli. Brain Res. 
2008;1229:118–24.  

    68.    Yalcin I, Charlet A, Cordero-Erausquin M, Tessier L-H, Picciotto MR, Schlichter R, et al. 
Nociceptive thresholds are controlled through spinal β2-subunit-containing nicotinic acetyl-
choline receptors. Pain. 2011;152:2131–7.  

     69.    Napier IA, Klimis H, Rycroft BK, Jin AH, Alewood PF, Motin L, et al. Intrathecal α-conotoxins 
Vc1.1, AuIB and MII acting on distinct nicotinic receptor subtypes reverse signs of neuro-
pathic pain. Neuropharmacology. 2012;62:2202–7.  

    70.    Rowley TJ, McKinstry A, Greenidge E, Smith W, Flood P. Antinociceptive and anti- 
infl ammatory effects of choline in a mouse model of postoperative pain. Br J Anaesth. 
2010;105:201–7.  

    71.    Loram LC, Taylor FR, Strand KA, Maier SF, Speake JD, Jordan KG, et al. Systemic adminis-
tration of an alpha-7 nicotinic acetylcholine agonist reverses neuropathic pain in male Sprague 
Dawley rats. J Pain. 2012;13:1162–71.  

    72.    Freitas K, Carroll FI, Damaj MI. The antinociceptive effects of nicotinic receptors α7-positive 
allosteric modulators in murine acute and tonic pain models. J Pharmacol Exp Ther. 
2013;344:264–75.  

      73.    Hochman S, Shreckengost J, Kimura H, Quevedo J. Presynaptic inhibition of primary affer-
ents by depolarization: observations supporting nontraditional mechanisms. Ann N Y Acad 
Sci. 2010;1198:140–52.  

9 Nicotinic Receptors in the Spinal Cord



200

     74.    Shreckengost J, Calvo J, Quevedo J, Hochman S. Bicuculline-sensitive primary afferent 
 depolarization remains after greatly restricting synaptic transmission in the mammalian spinal 
cord. J Neurosci. 2010;30:5283–8.  

     75.    Demuro A, Palma E, Eusebi F, Miledi R. Inhibition of nicotinic acetylcholine receptors by 
bicuculline. Neuropharmacology. 2001;41:854–61.  

      76.    Bradaïa A, Trouslard J. Nicotinic receptors regulate the release of glycine onto lamina X 
 neurones of the rat spinal cord. Neuropharmacology. 2002;43:1044–54.  

       77.    Seddik R, Schlichter R, Trouslard J. Modulation of GABAergic synaptic transmission by ter-
minal nicotinic acetylcholine receptors in the central autonomic nucleus of the neonatal rat 
spinal cord. Neuropharmacology. 2006;51:77–89.  

    78.    Shelukhina IV, Kryukova EV, Lips KS, Tsetlin VI, Kummer W. Presence of alpha7 nicotinic 
acetylcholine receptors on dorsal root ganglion neurons proved using knockout mice and 
selective alpha-neurotoxins in histochemistry. J Neurochem. 2009;109:1087–95.  

     79.    Alaynick WA, Jessell TM, Pfaff SL. SnapShot: spinal cord development. Cell. 2011;146:
178–178.e1.  

    80.    Borodinsky LN, Root CM, Cronin JA, Sann SB, Gu X, Spitzer NC. Activity-dependent 
homeostatic specifi cation of transmitter expression in embryonic neurons. Nature. 2004;429: 
523–30.  

    81.    Li W-C, Soffe SR, Roberts A. Glutamate and acetylcholine corelease at developing synapses. 
Proc Natl Acad Sci U S A. 2004;101:15488–93.  

     82.    Keiger CJH, Prevette D, Conroy WG, Oppenheim RW. Developmental expression of nicotinic 
receptors in the chick and human spinal cord. J Comp Neurol. 2003;455:86–99.  

    83.    Zoli M, Le Novère N, Hill JA, Changeux JP. Developmental regulation of nicotinic ACh 
receptor subunit mRNAs in the rat central and peripheral nervous systems. J Neurosci. 
1995;15:1912–39.  

    84.    Zheng JQ, Felder M, Connor JA, Poo MM. Turning of nerve growth cones induced by neu-
rotransmitters. Nature. 1994;368:140–4.  

    85.    Menelaou E, Svoboda KR. Secondary motoneurons in juvenile and adult zebrafi sh: axonal 
pathfi nding errors caused by embryonic nicotine exposure. J Comp Neurol. 2009;512: 
305–22.  

    86.    Messi ML, Renganathan M, Grigorenko E, Delbono O. Activation of alpha7 nicotinic acetyl-
choline receptor promotes survival of spinal cord motoneurons. FEBS Lett. 1997;411:32–8.  

    87.    Myers CP, Lewcock JW, Hanson MG, Gosgnach S, Aimone JB, Gage FH, et al. Cholinergic 
input is required during embryonic development to mediate proper assembly of spinal locomo-
tor circuits. Neuron. 2005;46:37–49.  

    88.    Rogers SW, Tvrdik P, Capecchi MR, Gahring LC. Prenatal ablation of nicotinic receptor 
alpha7 cell lineages produces lumbosacral spina bifi da the severity of which is modifi ed by 
choline and nicotine exposure. Am J Med Genet A. 2012;158A:1135–44.  

     89.    Ren J, Qin C, Hu F, Tan J, Qiu L, Zhao S, et al. Habenula “cholinergic” neurons co-release 
glutamate and acetylcholine and activate postsynaptic neurons via distinct transmission modes. 
Neuron. 2011;69:445–52.  

     90.    Bennett C, Arroyo S, Berns D, Hestrin S. Mechanisms generating dual-component nicotinic 
EPSCs in cortical interneurons. J Neurosci. 2012;32:17287–96.  

    91.    Matsubayashi H, Alkondon M, Pereira EF, Swanson KL, Albuquerque EX. Strychnine: a 
potent competitive antagonist of alpha-bungarotoxin-sensitive nicotinic acetylcholine 
receptors in rat hippocampal neurons. J Pharmacol Exp Ther. 1998;284:904–13.  

    92.    Bouzat C, Bartos M, Corradi J, Sine SM. The interface between extracellular and  transmembrane 
domains of homomeric Cys-loop receptors governs open-channel lifetime and rate of desensi-
tization. J Neurosci. 2008;28:7808–19.  

    93.    Rexed B. A cytoarchitectonic atlas of the spinal cord in the cat. J Comp Neurol. 1954;100: 
297–379.    

B. Lamotte d’Incamps and P. Ascher



201© Springer Science+Business Media New York 2014 
R.A.J. Lester (ed.), Nicotinic Receptors, The Receptors 26,
DOI 10.1007/978-1-4939-1167-7_10

    Chapter 10   
 Slow Synaptic Transmission in the Central 
Nervous System 

             A.     Rory     McQuiston     

    Abstract     New types of nicotinic connections with much slower kinetics than 
 previously described have recently been discovered in several regions of the central 
nervous system (CNS). Slow nicotinic responses have been reported in the interpe-
duncular nucleus, hippocampus, neocortex, striatum, spinal cord, and thalamus. 
Studies have suggested that α4β2 containing nicotinic receptors may be the receptor 
subtype mediating the slow nicotinic synaptic events. These slow nicotinic excit-
atory postsynaptic potentials (EPSPs) appear to be the predominant nicotinic synap-
tic event in regions of the CNS (hippocampus and neocortex) that previously were 
thought to be dominated by α7 nicotinic receptors. Depending on the region of the 
CNS, slow nicotinic events may be mediated by classical synaptic transmission or 
volume transmission. Although the slow nicotinic EPSPs may vary subtly in kinet-
ics and possible mechanisms of transmission, all known neuronal types that respond 
with slow nicotinic EPSPs are inhibitory. Thus slow nicotinic EPSPs may play an 
important role in controlling local and global network function through feedforward 
and feedback inhibition.  

  Keywords     α4β2 nicotinic receptor   •   Volume transmission   •   Synaptic transmission   
•   Optogenetics   •   Inhibitory interneuron   •   Acetylcholine  

1        Introduction 

 During the late nineteenth and early twentieth century there was much debate on the 
mechanisms by which the nervous system processed and relayed information among 
different neural structures. It was not until 1921 that Otto Loewi showed that electri-
cal activation of the vagus nerve resulted in the liberation of a chemical substance 
that produced a slowing of the heartbeat [ 1 ]. This substance was subsequently 
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identifi ed as acetylcholine—the fi rst known neurotransmitter [ 2 ]. Although this fi rst 
demonstration of neurotransmitter action was modulatory in nature, subsequent 
studies of the action of acetylcholine at the neuromuscular junction were undertaken 
to investigate the general principles of synaptic transmission [ 3 – 5 ]. This early work 
indicated that fast responses could also be produced by synaptically released acetyl-
choline onto nicotinic receptors. In this chapter, we will examine synaptically medi-
ated nicotinic responses in the central nervous system (CNS) and in particular 
nicotinic postsynaptic responses that are more than an order of magnitude slower 
than those observed at the neuromuscular junction. 

 Much is known about the synaptic activation of nicotinic receptors in the periph-
ery. At the neuromuscular junction, both stimulated and spontaneous nicotinic post-
synaptic responses have rapid kinetics with 1–2 ms rise times and only 3–4 ms half 
decay times [ 4 ,  5 ]. In autonomic ganglia, fast nicotinic synaptic transmission also 
occurs by the release of acetylcholine from preganglionic fi bers. The kinetics of the 
nicotinic excitatory postsynaptic responses (EPSPs) in autonomic ganglia are some-
what slower with rise times of approximately 10–15 ms and decay times to half 
maximal amplitude of approximately 20–30 ms [ 6 – 8 ]. Both of these types of nico-
tinic synaptic transmission are capable of exciting their postsynaptic neurons on the 
time course of milliseconds and relay temporally important information regarding 
an organism’s need to respond to sensory or visceral information. 

 Although there is an abundance of nicotinic receptors in the CNS, much less is 
known about their physiological activation and function at the synaptic level in the 
brain. Until recently, measurements of fast nicotinic excitatory synaptic events had 
remained elusive and had been detected in only a few areas of the CNS that receive 
signifi cant cholinergic innervation and express different subsets of nicotinic recep-
tors [ 9 – 16 ]. All of these studies demonstrated synaptic responses that were inhibited 
by α7 nicotinic receptors antagonists and had similar kinetics to the neuromuscular 
junction. However, despite the wide distribution of α4β2 subunit containing receptors 
(α4β2*) throughout the brain, none of these studies observed a nicotinic synaptic 
event that could be blocked by inhibition of these receptors. Because of the limited 
evidence for synaptic activation of several nicotinic receptor subtypes in the brain, it 
had been suggested that cholinergic activation of nicotinic receptors in the CNS was 
mainly modulatory rather than synaptic [ 17 ].  

2     Technological Issues with Eliciting the Release 
of Acetylcholine in Brain Tissue 

 Measuring the impact of endogenously released acetylcholine has been limited by 
the available techniques used to stimulate release and record responses in intact 
nervous tissue. Most studies have used extracellular stimulating electrodes to excite 
fi ber tracts while recording synaptic responses using intracellular electrophysiologi-
cal techniques from select neurons [ 9 – 12 ,  15 ,  16 ]. However, these methods are lim-
ited when evaluating cholinergic synaptic transmission because of the diffuse 
projection of these axons in many areas of innervation. The stimulating electrode 
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has to be positioned in close proximity to activate the cholinergic axon(s) that inner-
vates the recorded neuron. Thus extracellular    activation of cholinergic axons can be 
technically challenging and require many trials to detect a connection between pre-
synaptic axons and postsynaptic neurons. Furthermore, because extracellular stimu-
lation in brain tissue results in the release of other neurotransmitters, pharmacological 
methods (nonspecifi c receptor antagonists) are required to isolate cholinergic 
responses in individual neurons. 

 Recently, a transgenic mouse approach has been used to improve the success in 
fi nding cholinergic synaptic connections in mouse brain slices [ 12 ]. By expressing 
fl uorescent proteins in cholinergic neurons, cholinergic axons can be identifi ed near 
postsynaptic neurons in slices of brain tissue. A small glass pipette can then be 
placed next to the cholinergic axon for local stimulation and postsynaptic nicotinic 
responses recorded from adjacent neurons using whole cell patch clamp methods. 
While these approaches have provided important insights into which types of neu-
rons respond to acetylcholine release by producing nicotinic EPSPs, these tech-
niques are limited to individual cellular responses and provide little information on 
overall network function. Thus more rigorous and extensive studies of cholinergic 
synaptic transmission in the mammalian CNS have awaited a method to selectively 
activate cholinergic elements in intact neural tissue.  

3     Optogenetics and Nicotinic Synaptic Transmission 
in the Mammalian Central Nervous System 

 The development of optogenetics during the fi rst decade of the twenty-fi rst century 
[ 18 – 22 ] permitted the selective control of specifi c neuronal subtypes in intact ner-
vous tissue. This was done by expressing microbial opsins, light-gated ion channels 
or pumps, in select neuron populations. The expression of different microbial opsins 
(optogenetic proteins) produces depolarizations or hyperpolarizations through the 
illumination of specifi c wavelengths of light in cells expressing the opsin. Thus, 
neurons could be either excited to produce action potentials [ 18 ,  21 ] or prevented 
from producing action potentials [ 19 ,  20 ,  22 ] on a millisecond timescale. 

 To control acetylcholine release in the central nervous system, two strategies have 
been used to express the excitatory optogenetic proteins channelrhodopsin or 
oChIEF in cholinergic neurons. The fi rst strategy used a transgenic mouse model in 
which channelrhodopsin expression was controlled by the choline acetyltransferase 
(Chat) promoter allowing cell-type-specifi c (i.e., cholinergic) activation via fl ashes of 
blue light [ 23 ,  24 ]. This animal model was used to investigate cholinergic inputs from 
the medial habenula to the interpeduncular nucleus (IPN) [ 23 ]. However, in this 
transgenic model, channelrhodopsin expression in cholinergic neurons in brain regions 
other than the habenula was low and light-driven acetylcholine release directly from 
axon terminals in other regions of the brain has not be observed or reported. 
Therefore, to examine nicotinic EPSPs in other regions of the CNS, a second strategy 
was used that combined adeno-associated viral (AAV) vectors and Crerecombinase-
dependent expression of channelrhodopsin or oChIEF in cholinergic neurons 
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[ 25 – 30 ]. The coding sequence for the optogenetic protein was inserted into an AAV 
in reverse orientation and fl anked by two pairs of incompatible lox sites [ 31 ,  32 ]. 
After viral infection, Crerecombinase  fl ips  the coding sequence and  excises  two 
incompatible lox ( FlEx ) sites locking the coding sequence in the correct orientation 
and allowing transcription and translation to proceed [ 33 ]. Using this strategy, inves-
tigators have been able to study the effect of acetylcholine release on neural network 
properties both in vivo and in brain slices [ 25 ,  26 ,  28 – 30 ]. Interestingly, some opto-
genetic studies have suggested that acetylcholine release may primarily produce 
slow α4β2*nicotinic receptor-mediated EPSPs in CNS neurons rather than the fast 
α7 EPSPs that were previously observed in electrical stimulation studies [ 25 – 27 ]. 

3.1     Slow Nicotinic Excitatory Postsynaptic Potentials 
in the Central Nervous System 

 As previously outlined above, the fi rst study to investigate cholinergic synaptic trans-
mission in the CNS using optogenetics examined inputs from the medial habenula to 
the interpeduncular nucleus (IPN) [ 23 ]. Surprisingly, the primary response in IPN 
neurons was a fast glutamatergic EPSP. However, following blockade of the iono-
tropic glutamatergic responses, small slow depolarizing current responses could be 
recorded from IPN neurons that were inhibited by the nonselective nicotinic receptor 
antagonists hexamethonium and mecamylamine. This slow nicotinic response could 
only be observed when habenular axon terminals were stimulated for prolonged peri-
ods of time at relatively high frequencies of blue light fl ashes (20 s at >20 Hz). The 
nicotinic currents did not display excitatory postsynaptic current-like waveforms and 
instead appeared as a slow ramp of postsynaptic inward current over 20 s. The time 
for the nicotinic current to decay following stimulation was approximately 5 s. 
Despite the requirement for prolonged activation of habenular axon terminals, the 
slow nicotinic depolarization appeared to contribute to action potential fi ring in IPN 
neurons ex vivo. The specifi c receptor subtypes mediating the slow nicotinic EPSP 
were not explored with subtype- specifi c antagonists and could have involved α2–6 
and β2–4 subunits based on anatomical and expression studies [ 34 ,  35 ]. Interestingly, 
colocalization studies suggest that both glutamate and acetylcholine are found within 
the same habenular terminals. Thus, these studies suggest that cholinergic and gluta-
matergic synaptic transmission at habenular-interpeduncular synapses occur through 
varying synaptic mechanisms and over different temporal scales [ 23 ]. 

 Optogenetics has also been used to study cholinergic synaptic transmission in the 
hippocampus [ 26 ,  29 ,  30 ]. In these experiments, excitatory optogenetic proteins 
oChIEF or channelrhodopsin were expressed in cholinergic neurons of the medial 
septum/diagonal band of Broca (MS/DBB) complex using AAV-mediated Cre- 
dependent expression in genetically modifi ed mice. This permitted the use of brief 
blue light fl ashes to elicit the release of acetylcholine from MS/DBB terminals 
throughout hippocampal CA1. Studies that focused on nicotinic synaptic transmission 
in hippocampal CA1 produced unexpected fi ndings [ 26 ,  29 ]. Instead of observing 

A.R. McQuiston



205

α7-mediated nicotinic EPSPs, slow nicotinic EPSPs not affected by α7 nicotinic 
receptor antagonists were detected in hippocampal CA1 interneurons [ 26 ]. These slow 
synaptic events had slow rise (33 ms) and decay time constants (138 ms) that were 
much slower than α7 nicotinic excitatory responses observed in electrical stimulation 
studies (Fig.  10.1 ) [ 9 ,  11 ]. The optogenetically stimulated nicotinic EPSPs were medi-
ated by α4β2* nicotinic receptors, had small amplitudes (mean approximately 3 mV), 
and rarely produced action potentials [ 26 ]. The interneurons displaying α4β2* nico-
tinic EPSPs primarily had dendrites confi ned to the distal dendritic layers of hippo-
campal CA1 pyramidal neurons. Consistent with anatomical data, voltage-sensitive 
dye imaging showed that the slow α4β2* nicotinic responses were largest in the stra-
tum lacunosum-moleculare of CA1 [ 26 ] where inputs from the entorhinal cortex and 
nucleus reuniens of the thalamus project. Importantly, the voltage-sensitive dye 
responses were specifi cally and completely blocked by α4β2* receptor antagonists 
(100 nM dihydro-beta-erythroidine DHβE) but not by other subtype-selective antago-
nists. Because the voltage-sensitive dyes bind to all membranes in the hippocampal 
slice, the membranes of all cells and processes in the slice will contribute to the volt-
age-sensitive dye signal. Therefore, any membrane capable of responding to acetyl-
choline release with a nicotinic receptor-mediated depolarization would contribute to 

  Fig. 10.1    Acetylcholine release produces α4β2* nicotinic receptor-mediated excitatory responses 
that have much slower kinetics than α7 nicotinic receptor-mediated synaptic responses in hippo-
campal CA1 interneurons. ( a ) Optogenetic ACh release ( blue lines , ten blue    light fl ashes (1 ms) at 
50 ms intervals) activated α4β2* nicotinic receptors ( red trace ) that produced a much slower rise 
time and decay time constant ( dotted blue line ) relative to α7 synaptic responses ( black trace ) 
recorded from different CA1 interneurons. ( b ) Magnifi cation (5×) of traces in ( a ) illustrates that 
the decay time constant of α7 responses ( green dotted line ) is >100-fold faster than α4β2* 
responses ( blue dotted line  in ( a )). Scale bars: Vertical α7 = 0.5 mV, α4β2* = 3 mV; horizontal 
( a ) = 500 ms, ( b ) = 100 ms. A.R. McQuiston unpublished observations       
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the signal. Because the voltage- sensitive dye nicotinic signal was completely blocked 
by α4β2* nicotinic receptor antagonists and not α7 receptor antagonist, the most 
 prevalent nicotinic receptor subtype that produces membrane depolarizations in 
 hippocampal CA1 are α4β2* receptors that produce slow excitatory responses.

   Optogenetic methods have also been used to study nicotinic synaptic transmis-
sion in the primary sensorimotor neocortex of mice [ 25 ,  27 ]. Slow nicotinic synaptic 
responses were detected in specifi c subsets of inhibitory interneurons of neocortical 
layers 1 and 2/3. Every interneuron examined in layer 1 and all interneurons in layer 
2/3 that either had a late spiking electrophysiological phenotype or expressed Chat 
produced a nicotinic synaptic response [ 25 ]. In contrast, fast spiking interneurons 
never displayed nicotinic synaptic responses. Similar to fi ndings in the hippocam-
pus, interneurons in the neocortex displayed nicotinic synaptic events with slow rise 
times (35 ms) and decay time constants (176–234 ms, depending on the interneuron 
subtype). In contrast to the hippocampus, 50 % of Chat-expressing and late spiking 
interneurons had fast nicotinic EPSPs in addition to slow nicotinic EPSPs. The fast 
nicotinic EPSPs were mediated by α7 nicotinic receptors whereas the slow nicotinic 
EPSPs were inhibited by 500 nM DHβE suggesting that they may be mediated by 
α4β2* receptors. Importantly, the neocortical interneuron nicotinic EPSPs were fre-
quently capable of producing barrages of action potentials [ 25 ,  27 ] unlike nicotinic 
responses in the hippocampus [ 26 ]. Therefore, like the hippocampus, specifi c sub-
sets of interneurons primarily produce slow nicotinic EPSPs in response to acetyl-
choline release possibly via the activation of α4β2* nicotinic receptors. 

 Another region of the brain in which optogenetic methods were used to study 
nicotinic synaptic transmission is the dorsal striatum [ 28 ]. Using AAV-mediated 
and Cre-dependent expression of channelrhodopsin, striatal cholinergic interneu-
rons were shown to produce slow nicotinic EPSPs in inhibitory interneurons of the 
striatum. One particular inhibitory interneuron subtype that received nicotinic syn-
aptic inputs was the NPY-expressing neurogliaform cell. Striatal neurogliaform 
interneurons function by producing slow GABA A -mediated IPSPs that suppress fi r-
ing of projection neurons of the striatum, the medium spiny neurons [ 36 ]. The nico-
tinic EPSPs in the neurogliaform interneurons were slower than EPSPs in the 
periphery but faster than those measured in the IPN, hippocampus, and neocortex 
(rise time 17 ms and decay time constant 60 ms). However, like the hippocampus 
and neocortex, the nicotinic EPSPs could be inhibited by the selective antagonist 
DHβE at 100 nM, suggesting that the EPSP may be mediated by α4β2* receptors. 
Finally, single nicotinic EPSPs generated by a population of cholinergic interneurons 
were in some cases suffi cient to generate action potentials in postsynaptic neuro-
gliaform neurons and in turn produce large slow IPSPs in medium spiny neurons. 
Therefore, like the IPN, hippocampus, and neocortex, nicotinic EPSPs in the striatum 
may preferentially activate inhibitory neurons. 

 Following optogenetic studies that identifi ed slow nicotinic synaptic transmis-
sion in the CNS, studies using electrical stimulation have isolated slow nicotinic 
EPSPs in the spinal cord and thalamus [ 37 – 39 ]. In neonatal mouse spinal cord, 
Renshaw cells receive multicomponent EPSCs with biphasic decay time constants 
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[ 38 ]. Using minimal stimulation, slow nicotinic EPSCs could be isolated with rise 
times of 13 ms and decay time constants of 132 ms that could be blocked by high 
concentrations of DHβE [ 38 ]. Subsequent studies using nicotinic receptor knockout 
mice have suggested that the slow nicotinic EPSP in Renshaw cells was mediated 
by α4β2* and/or α2β4* receptor subtypes [ 37 ]. Thus, neurons in the spinal cord also 
have slow nicotinic EPSPs similar in decay kinetics to those observed in the hip-
pocampus and neocortex but with rise times that were more similar to the striatum. 

 Slow nicotinic responses were also observed in neurons of the thalamic reticular 
nucleus (TRN) elicited by electrical stimulation and pharmacological isolation [ 39 ]. 
The kinetics of the thalamic nicotinic excitatory responses (rise time 11 ms and 
decay time constant 124 ms) were similar to the nicotinic responses observed in the 
spinal cord [ 38 ]. These slow nicotinic synaptic events were inhibited by 300 nM 
DHβE suggesting that they may be mediated by α4β2* nicotinic receptors similar to 
the hippocampus, neocortex, striatum, and spinal cord [ 25 ,  26 ,  28 ,  38 ]. Interestingly, 
the nicotinic EPSPs were capable of producing either single or bursts of action 
potentials depending on the resting membrane potential of the cell [ 39 ]. 

 Although there are caveats in comparing voltage clamp data to current clamp data, 
it appears that the properties of slow nicotinic synaptic transmission in the CNS are 
not uniform between different cell types and regions of the CNS (Table  10.1 ). All 
regions displaying slow nicotinic synaptic responses had slower decay time constants 
than those measured either at the neuromuscular junction or in autonomic ganglia 
[ 5 – 8 ]. However, the rise times of the slow nicotinic events in the CNS can be divided 
into two broad categories. The fi rst group had rise times shorter than 20 ms (striatum, 
spinal cord, and thalamus) and had kinetics similar to those measured in autonomic 
ganglia (10–15 ms) [ 6 – 8 ]. The second group had rise times longer than 30 ms (medial 
habenula, hippocampus, and cortex) and had kinetics more than twofold slower than 
nicotinic EPSPs measured in the periphery. Therefore, although most slow nicotinic 
EPSPs in the CNS may be mediated by α4β2* nicotinic receptors, it is likely that 
acetylcholine release that produces slow nicotinic EPSPs utilizes different transmis-
sion methods in different cell types and different regions of the CNS.

   Table 10.1    Kinetics of slow synaptic nicotinic responses in the CNS   

 Region of CNS  Rise time (ms)  Decay time constant (ms)  Citation 

 Medial habenula  ND  >5,000 (vc)  [ 23 ] 
 Hippocampus  33 (cc)  138 (cc)  [ 26 ] 
 Neocortex  35 (vc)  190 (vc)  [ 27 ] 
 Striatum  17 (cc)  60 (cc)  [ 28 ] 
 Spinal cord  13 (vc)  132 (vc)  [ 38 ] 
 Thalamus  11 (vc)  124 (vc)  [ 39 ] 

  Kinetics recorded in voltage clamp (vc) or current clamp (cc) 
  ND  not determined  
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3.2        Mechanisms Responsible for Kinetics of Slow Nicotinic 
Excitatory Postsynaptic Potentials 

 A common feature of all the slow nicotinic EPSPs described in the previous section 
is their slow decay rate. However, the different rise times of the slow nicotinic EPSPs 
observed in different cell types and regions of the brain suggest that the slow nico-
tinic EPSPs may be a result of varying methods of chemical transmission. Some 
possible explanations include synaptic transmission versus volume transmission, the 
types of postsynaptic receptors, and the possible presence of accessory proteins. 

 Although striatal interneurons, TRN neurons, and Renshaw cells have relatively 
long nicotinic EPSP decay time constants, their rise times are not signifi cantly dif-
ferent than those that occur in autonomic ganglia. Because autonomic preganglionic 
axons form traditional synapses with postsynaptic specializations, it is probable that 
cholinergic terminals in the striatum, TRN, and spinal cord release acetylcholine at 
a classical synapse where nicotinic receptors reside either across the synaptic cleft 
or perisynaptically from the release site [ 40 ]. However, it remains unclear what 
mediates the long decay rates of the nicotinic EPSPs. It is well known that nicotinic 
receptors have different kinetics of response [ 17 ,  38 ]. Although α4β2* receptors 
likely mediate the slow nicotinic EPSPs in the striatum, TRN, and spinal cord, the 
precise makeup of the postsynaptic receptors remains unknown. Furthermore, it is 
unclear whether postsynaptic nicotinic receptor kinetics can be modulated by 
unknown accessory proteins as has been demonstrated for ionotropic glutamate 
receptors [ 41 ,  42 ]. If such accessory proteins do exist, they could dramatically slow 
the rise time and decay rates of nicotinic synaptic events. 

 Slow nicotinic EPSPs with rise times longer than 30 ms have been described in 
the IPN [ 23 ], hippocampus [ 26 ], and neocortex [ 25 ,  27 ]. To date there has been no 
description of a classical synapse that activates a ligand-gated ion channel with such 
slow rise time kinetics. Perhaps the most parsimonious explanation for the slow rise 
time is the requirement for acetylcholine to diffuse a signifi cant distance to bind to 
nicotinic receptors. This process, called  volume transmission , can either occur from 
synaptic spillover activating extrasynaptic receptors or release from synaptic vari-
cosities that are not adjacent to a postsynaptic specialization [ 43 ]. Anatomical evi-
dence supports the hypothesis that slow nicotinic synaptic transmission in the 
hippocampus and neocortex is mediated by volume transmission. Studies in rodent 
have suggested that only 7 % of cholinergic varicosities in the hippocampus and 
15 % in the neocortex are opposite postsynaptic membrane specializations [ 44 ,  45 ]. 
However, others have reported that 66 % of cholinergic terminals in the neocortex 
form classical synapses with postsynaptic partners [ 46 ]. Furthermore, estimating 
the number of varicosities that form classical synapses is often underestimated 
when using electron microscopy with single ultrathin sections. This may result in 
the postsynaptic specialization being absent from that particular section. Therefore, 
the extent to which cholinergic terminals in the hippocampus and neocortex form 
classical synaptic connections remains unclear. 

 Recent physiological studies have added support for volume transmission as the 
mechanism mediating slow nicotinic EPSPs in the neocortex [ 27 ]. More specifi cally, 
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inhibition of acetylcholinesterases (resulting in an increase in extracellular acetyl-
choline) has been shown to increase the amplitude and decay time constant of slow 
nicotinic responses in the neocortex without affecting the kinetics of the fast α7 
responses [ 27 ]. In contrast, application of exogenous acetylcholinesterase (decreas-
ing extracellular acetylcholine) decreased the amplitude and decay rate of neocortical 
slow nicotinic EPSCs, again without affecting the α7 response [ 27 ]. Together these 
data suggest that volume transmission is likely the method used for slow nicotinic 
EPSPs in the neocortex. What is unknown is whether volume transmission in the 
cortex (and possibly the hippocampus) occurs via synaptic spillover to extrasynaptic 
receptors or by terminal release of acetylcholine into the extracellular space lacking 
postsynaptic specializations. 

 Unfortunately, there are no studies to indicate the method by which slow nicotinic 
responses are transmitted in the IPN. However, it has been shown that acetylcholine 
and glutamate are both localized to the same synaptic terminals in the IPN. When 
these terminals are stimulated, IPN neurons respond with fast glutamatergic post-
synaptic responses [ 23 ] consistent with a classical synaptic connection. However, 
slow nicotinic responses in the IPN are likely mediated by volume transmission 
considering their very slow rise times and decay time constants. Therefore, if acetyl-
choline is released from the same terminals as glutamate then the volume transmit-
ted nicotinic responses must occur via synaptic spillover to extrasynaptic receptors. 

 In summary, the methods by which slow nicotinic responses are transmitted in 
the different regions of the CNS remains incompletely understood. Some nicotinic 
connections may transmit through classical synaptic connections whereas others 
likely work through volume transmission.  

3.3     Function of Slow Nicotinic Receptors 
in the Central Nervous System 

 The function of slow nicotinic synaptic transmission in the CNS depends on the 
region and cell types that respond to acetylcholine release. However, all neurons 
that produce slow nicotinic responses inhibit their downstream target cells through 
the release of γ-aminobutyric acid (GABA) (medial habenula, hippocampus, neo-
cortex, striatum, thalamus) or glycine (spinal cord). Thus, the ultimate effect of slow 
nicotinic EPSPs in various regions in the CNS may be to either inhibit or disinhibit 
local or global network activity. 

 In the IPN, the neurons responding with slow nicotinic excitatory events were 
not anatomically identifi ed [ 23 ]. However, the IPN has a relatively large proportion 
of GABAergic neurons [ 47 ] that have been shown anatomically to receive choliner-
gic input [ 48 ]. In turn, the IPN projects to a number of limbic structures (e.g., hip-
pocampus and entorhinal cortex) and neuromodulatory regions (ventral tegmental 
nucleus and raphe nuclei) suggesting that the slow nicotinic EPSPs in the IPN may 
play a role in controlling affective states and learning and memory [ 49 ]. 

 In the hippocampus, no interneuron subtype was identifi ed from post hoc ana-
tomical reconstruction of neurons that displayed slow α4β2* nicotinic EPSPs [ 26 ]. 
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However, more recent studies from our lab have shown that 78 % of interneurons that 
express vasoactive intestinal peptide (VIP) respond with slow α4β2* nicotinic EPSPs 
(unpublished observations). Furthermore, anatomical reconstruction of these inter-
neurons showed morphologies consistent with interneuron-selective interneurons 
that exclusively innervate other inhibitory interneurons in CA1 [ 50 ]. Thus, slow nico-
tinic EPSPs may act to disinhibit the hippocampal CA1 network. Unpublished data 
from our lab supports this assertion because synaptic activation of α4β2* nicotinic 
receptors resulted in barrages of inhibitory postsynaptic currents (IPSCs) in interneu-
rons but not in pyramidal neurons. However, other studies have suggested that hip-
pocampal CA1 pyramidal neurons are directly activated by small fast α4β2* 
receptor-mediated synaptic responses [ 29 ], and synaptic activation of nicotinic recep-
tors produced a barrage of IPSCs in pyramidal neurons [ 30 ]. Both of these studies did 
not electrophysiologically characterize the neurons from which the recordings were 
obtained nor were the neurons anatomically identifi ed by post hoc reconstruction. 
Thus, this leaves open the possibility that the neurons with direct and indirect 
responses to synaptically activated α4β2* receptors were interneurons and not pyra-
midal cells. Therefore, the synaptic activation of α4β2* nicotinic receptors on pyra-
midal neurons and interneurons that innervate pyramidal cells requires further study. 

 Inhibitory interneurons also appear to be the primary target for synaptic activa-
tion of slow nicotinic responses in the neocortex [ 25 ,  27 ]. However, unlike the hip-
pocampus, slow nicotinic responses could be observed in different subtypes of 
interneurons. In particular, slow nicotinic responses were observed in interneurons 
that innervated pyramidal neurons and other interneurons. However, a subclass of 
fast spiking interneurons was not among the subtype that displayed slow nicotinic 
EPSPs. Because fast spiking interneurons primarily inhibit the somata of pyramidal 
neurons, slow nicotinic responses may have a larger infl uence on integration within 
pyramidal cell dendritic trees and general disinhibition of the network in neocortical 
layers 1 through 3. However, these hypotheses remain to be tested. Furthermore, the 
presence or absence of slow nicotinic responses has not yet been investigated in 
deeper neocortical layers 4 through 6. Therefore, the effect of slow nicotinic EPSPs 
on neocortical function is likely to be more complicated. 

 The function of slow nicotinic EPSPs in the dorsal striatum is understood better 
than any other region of the CNS [ 28 ]. Local cholinergic interneurons of the stria-
tum innervate inhibitory interneurons that can be excited by slow nicotinic EPSPs. 
These inhibitory interneurons in turn potently inhibit the principal cells of the stria-
tum, the medium spiny neurons. In vivo studies have shown that when an animal is 
presented with an unexpected reward, or an expected reward is absent following its 
predictive cue, cholinergic interneurons briefl y stop fi ring action potentials and 
often produce a burst of excitation following the pause in activity [ 51 ]. The rebound 
excitation following the pause of cholinergic interneuron fi ring can cause a disyn-
aptic inhibition of medium spiny stellate cells that may be important for processing 
information of important valence [ 28 ]. 

 Renshaw cells in the gray matter of the spinal cord are well known to be involved 
in controlling alpha motor neuron activity. Renshaw cells receive axon collaterals 
from motor neurons of the same motor unit and thus feedback to control motor unit 
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activity. Motor neurons likely excite Renshaw cells in part through slow nicotinic 
EPSPs [ 37 ,  38 ] and thus aid in coordinating muscle contraction. 

 The TRN receives cholinergic input from tegmental nuclei of the brainstem. 
Stimulation of cholinergic inputs to the TRN produced slow nicotinic EPSPs 
that were capable of exciting postsynaptic TRN projection neurons [ 39 ]. TRN pro-
jection neurons are GABAergic and play crucial roles in generating behaviorally 
relevant rhythms such as sleep spindles [ 52 ]. Indeed, rhythmic activation of 
slow nicotinic EPSPs can entrain TRN neurons to rhythmically burst [ 39 ]. 

  Fig. 10.2    Slow nicotinic excitatory postsynaptic potentials (EPSPs) affect central nervous system 
network activity through activation of different types of inhibitory neurons. ( a ) Cholinergic affer-
ents (green axon) produce slow nicotinic EPSPs and activate GABAergic principal neurons 
(P,  blue  neuron) in the reticular nucleus of the thalamus and possibly the interpeduncular nucleus. 
( b ) Cholinergic afferents or local cholinergic interneurons ( green  axons) produce slow nicotinic 
EPSPs in inhibitory GABAergic interneurons (I,  black  neuron) that in turn suppress principal 
neuron activity (P,  blue  neuron) of the neocortex and dorsal striatum. ( c ) Cholinergic afferents 
( green  axons) produce slow nicotinic EPSPs in interneuron-selective interneurons (IS,  black  neu-
ron) that suppress other inhibitory interneurons (I,  black  neuron) resulting in disinhibition of prin-
cipal neurons (P,  blue  neuron) of the neocortex and hippocampus       
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Therefore, slow nicotinic EPSPs in TRN neurons may contribute to the generation 
of behaviorally relevant rhythms in the thalamus. 

 In summary, depending on the CNS region, slow nicotinic EPSPs can either have 
effects primarily on the local circuitry (hippocampus, neocortex, striatum, and spi-
nal cord) or have a broader impact on behavioral states within the CNS (IPN and 
TRN). Global effects with broader impact occur through direct slow nicotinic EPSP 
activation of GABAergic projection or principal neurons of the TRN and possibly 
the IPN (Fig.  10.2a ). In contrast, slow nicotinic EPSPs can affect local CNS 
circuitry through different mechanisms. One mechanism involves inhibiting the 
output and processing in principal cells of the neocortex and striatum through slow 
nicotinic EPSP activation of local inhibitory interneurons (Fig.  10.2b ). Another 
mechanism involves disinhibition of principal cells in the hippocampus and neocor-
tex through slow nicotinic EPSP activation of interneurons that are specialized to 
suppress other local inhibitory interneurons (Fig.  10.2c ). Nevertheless, the common 
feature of slow nicotinic EPSP responsive neurons is that they are inhibitory in 
nature. Regardless of whether these neurons act locally within a single CNS struc-
ture or project to other regions of the brain, slow nicotinic EPSPs may act primarily 
to elicit feedforward or feedback inhibition.

4         Conclusions 

 With the development of optogenetics, investigating cholinergic synaptic transmis-
sion in the CNS has become much more tractable. Although we are just beginning 
such studies, already we have exciting and unexpected fi ndings. Many of the nico-
tinic excitatory events in the CNS are much slower than nicotinic synapses that have 
been observed in the periphery. In regions of the CNS previously thought to primar-
ily utilize postsynaptic α7 nicotinic receptors (such as the hippocampus and cortex), 
recent studies suggest that α4β2* receptor-mediated slow nicotinic responses are 
more prevalent. For some regions of the CNS, nicotinic chemical communication 
between cholinergic terminals and responsive neurons appears to occur through vol-
ume transmission. And importantly, to date all the CNS neurons that display slow 
nicotinic responses are inhibitory. This puts slow synaptic nicotinic EPSPs in a 
powerful position where they can control local circuits and broader networks 
through feedforward and feedback inhibition.     
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    Chapter 11   
 The Effects of Nicotine on Learning 
and Memory 

             Thomas     J.     Gould     

    Abstract     Acetylcholine is involved in cognitive processes, and the ability of 
 nicotine to modulate nicotinic acetylcholinergic receptor function contributes to the 
effects of tobacco on learning and other cognitive processes. The capacity of nico-
tine to alter learning and cognition may facilitate the development and maintenance 
of nicotine addiction. Nicotine may enhance the formation of strong but yet mal-
adaptive drug-stimuli associations that can trigger cravings and drug-seeking behav-
ior upon reexposure to the stimuli. In addition, defi cits in cognition during periods 
of abstinence may contribute to smoking relapse. Nicotine may initially alter cell- 
signaling cascades involved in learning and synaptic plasticity to facilitate cogni-
tion, but continued use may lead to compensatory adaptations in nicotinic receptor 
function, such as receptor desensitization and upregulation that contribute to toler-
ance and withdrawal defi cits in cognition. The effects of nicotine on cognition are 
infl uenced by the brain regions involved in the cognitive tasks and by both genetics 
and developmental stage.  

  Keywords     Acetylcholine   •   Learning   •   Memory   •   Hippocampus   •   Plasticity   • 
  Addiction   •   Nicotine   •   Smoking  

1        Introduction 

 Acetylcholine is attributed as the fi rst neurotransmitter identifi ed, largely through 
the research of Henry Dale and Otto Loewi [ 1 ,  2 ]. Their pioneering work focused on 
the ability of acetylcholine, originally called Vagusstoff (or vagus stuff) by Loewi 
and later identifi ed to be the same acetyl derivative of choline that Dale was research-
ing, to modulate cardiovascular function [ 3 ]. Since these studies revolutionize phys-
iology and pharmacology and garnered Dale and Loewi the 1936 Nobel Prize in 
Physiology or Medicine, acetylcholine has been identifi ed to be involved in multiple 
processes including cognition. 
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 Numerous studies have identifi ed a wide variety of cognitive processes that ace-
tylcholine is essentially involved with or that are modulated by acetylcholine [ 4 – 6 ]. 
Some of those processes include spatial learning and working memory [ 7 – 9 ]. In 
fact, the role of acetylcholine in cognition is so important that Perry and colleagues 
[ 10 ] suggested that acetylcholine may be the basis of consciousness. Acetylcholine 
binds to two broad classes of receptors, muscarinic and nicotinic. Both receptors are 
involved in cognitive processes but differ across multiple dimensions. Muscarinic 
acetylcholinergic receptors are metabotropic receptors that are critically involved in 
cognitive processes such as long-term memory formation and retrieval [ 11 – 13 ], 
whereas nicotinic acetylcholinergic receptors (nAChRs) are ionotropic receptors 
that may be critically involved in some cognitive processes but may more often 
modulate cognitive processes [ 14 ]. While acetylcholine is involved in numerous 
cognitive processes, it is beyond the scope of this review to cover all of them and 
instead the review will focus on the role of nAChRs in learning and memory. 

 Even though nAChRs are largely ubiquitous throughout the central nervous sys-
tem, they differ in location on neural processes and subtype localization. Nicotinic 
acetylcholinergic receptors are pentameric ligand-gated receptors composed of α2, 
α3, α4, α5, α6, α7, α8, α9, α10, β2, β3, or β4 subunits (discussed in greater detail in 
other chapters of this book). The receptors can be either homomeric or heteromeric 
with α7 nAChRs and α4β2* nAChRs (* designates potential additional subunit) two 
of the most common types of nAChRs [ 15 – 20 ]. Both α7 and α4β2* nAChRs are 
commonly found in areas involved in learning and memory but can differ in the type 
of neuron they are localized to and location of the nAChR on the neuron (e.g., pre-
synaptic versus postsynaptic location). For example, in the hippocampus, an area 
involved in declarative learning and memory processes [ 21 ,  22 ], α7 nAChRs and 
α4β2*nAChRs differentially modulate GABAergic input to CA1 [ 23 ], and another 
study found that CA1 interneurons differed in the types of nAChRs they express [ 24 ]. 
These studies suggest different cellular locations for different nAChR subtypes. 

 Presynaptic and postsynaptic nAChRs may have vastly different effects on learn-
ing and memory. Presynaptic nAChRs have been shown to facilitate the release of a 
wide range of neurotransmitters, which include acetylcholine, serotonin, dopamine, 
norepinephrine, GABA, and glutamate [ 25 – 32 ]. The ability of nAChRs to regulate 
neurotransmitter release may contribute to the ability of nicotine and acetylcholine 
to modulate learning processes. For example, nAChR-stimulated release of gluta-
mate or norepinephrine during learning processes that involve glutamate and/or nor-
epinephrine could lead to greater synaptic activation and associated plasticity 
resulting in a stronger memory. Postsynaptic nAChRs could also facilitate ongoing 
processes or could directly activate cell-signaling cascades involved in learning and 
memory. For example, NMDA receptors are involved in both learning and synaptic 
plasticity as measured by long-term potentiation (LTP), and this is thought to occur 
by NMDA receptor-mediated gating of calcium infl ux [ 33 ,  34 ]. Similar to NMDA 
receptors, nAChRs can also gate calcium and can contribute to internal calcium 
release [ 35 ,  36 ]. Thus, nAChR-mediated calcium infl ux may facilitate calcium cell- 
signaling processes involved in learning and synaptic plasticity or directly activate 
them. In support, behavioral studies have shown that during learning, NMDA recep-
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tors and nAChRs mediate similar processes [ 37 ,  38 ], and LTP studies have shown 
that nicotine can directly induce LTP [ 39 – 41 ]. 

 Learning is not a singular process but instead multiple types of learning exist that 
involve different brain regions and cell-signaling processes. Therefore, the assump-
tion cannot be made that nicotinic agonists will similarly affect all types of learning. 
In addition, patterns of nicotine administration may produce variability in the effects 
of nicotine on learning, with acute effects of nicotinic agonists not necessarily identi-
cal to the effects of chronic nicotine on learning and withdrawal effects potentially 
being different than both acute and chronic effects. Thus, the following sections will 
review the effects of nicotine on various types of learning, whether those effects 
change as nicotine administration transitions from acute to chronic to withdrawal 
from chronic nicotine treatment, and when possible the underlying neural substrates. 

 Multiple studies suggest that learning processes that involve the hippocampus 
may be sensitive to the effects of nicotinic agonists [ 42 – 44 ]. The hippocampus is 
well suited to facilitate the formation and long-term storage of associations that 
involve multiple information streams and the processing of temporal information. 
The hippocampus receives input from multiple cortical regions via the entorhinal 
cortex and projects back to the cortex. In the hippocampus, information fl ows from 
the dentate gyrus to CA3 and then to CA1, which send efferents to the entorhinal 
cortex [ 45 ,  46 ]. This trisynaptic circuitry is strengthened via direct entorhinal corti-
cal afferents to each subdivision. The trisynaptic circuitry, with redundant entorhi-
nal cortical input, may allow the hippocampus to produce long-term spatial and 
contextual memories. The hippocampus also contains reverberating circuits in the 
CA3 region that may allow the hippocampus to maintain memory traces of stimuli 
after the stimuli are no longer present [ 47 ]. The primary focus of this chapter will 
be on the effects of nicotine on learning processes that involve the hippocampus, 
such as contextual learning, spatial learning, and working memory. Other learning 
processes will also be examined, often as comparisons with hippocampus- dependent 
processes. Themes reoccurring throughout the chapter include: (1) the effects of 
nicotine on learning are not universal; (2) the effects vary as administration duration 
varies such that, although not always, acute nicotine produces enhancement whereas 
withdrawal from chronic nicotine produces defi cits; (3) the effects are infl uenced by 
multiple factors that include age and genetics; and (4) in general there are limited 
effects on baseline learning associated with nAChR antagonists and nAChR subunit 
KO mice. The majority of the review will focus on laboratory animal studies fol-
lowed by a summary of human studies.  

2     Fear Conditioning 

 Fear conditioning is a form of Pavlovian classical conditioning in which an aversive 
stimulus (unconditioned stimulus, US) is presented either during or after presenta-
tion of an initially neutral stimulus (conditioned stimulus, CS). If the CS becomes 
associated with the US, the CS will evoke a conditioned response (CR) that is often 
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similar to the unconditioned response (UR) evoked by the US. In fear conditioning, 
an auditory stimulus such as a tone or white noise is often the CS and a mild foot-
shock is often the US. In addition to forming an association between the  auditory 
CS and the foot-shock US (cue conditioning), subjects can also form an association 
between the training context and the foot-shock US. Thus, during fear conditioning, 
two types of learning occur, cue and context fear conditioning, and these types of 
learning involve different brain substrates. Context fear conditioning involves the 
hippocampus and the amygdala (among other brain regions), whereas for cue fear 
conditioning, the hippocampus is not critically involved but the amygdala is [ 48 –
 50 ]. While standard cue fear conditioning does not critically involve the hippocam-
pus, cue fear conditioning can be changed to a form of learning that is hippocampus 
dependent, trace fear conditioning. In trace fear conditioning, a temporal delay is 
inserted between the offset of the auditory CS and the onset of the US. This delay 
necessitates that a memory trace of the CS must remain viable in the brain in order 
to form an association with the US. The hippocampus and frontal cortex may be 
involved in maintenance of the memory trace, a process that has similarities to 
working memory [ 51 ,  52 ]. The effects of a drug on these three forms of fear condi-
tioning can suggest what brain areas the drug may be altering. For example, if a 
drug enhances cue, context, and trace fear conditioning, the drug may be acting in 
the amygdala, but if a drug only enhances context and trace fear conditioning, the 
drug may be acting in the hippocampus. 

 Acute nicotine has been consistently shown to enhance context and trace fear 
conditioning, but not cue fear conditioning in mice [ 44 ,  53 – 56 ]; however, one study 
in Wistar rats reported nicotine-associated defi cits in context fear conditioning [ 57 ], 
while another study in Sprague-Dawley found that nicotine enhanced context mem-
ory reconsolidation [ 58 ]. Because both trace and context fear conditioning, but not 
cue fear conditioning, involve the hippocampus, this suggests that nicotine is acting 
in the hippocampus to enhance learning, and direct drug infusion studies have con-
fi rmed this. Context fear conditioning but not cue fear conditioning was enhanced 
by nicotine infusion into the hippocampus [ 59 ], and interestingly, this effect was 
specifi c for the dorsal hippocampus. Whereas infusion of nicotine into the dorsal 
hippocampus enhanced context fear conditioning, infusion into the ventral hippo-
campus disrupted context fear conditioning [ 60 ]. This suggests that the effects of 
nicotine in the dorsal and ventral hippocampus are in competition for behavioral 
outcome and that the dorsal hippocampus and ventral hippocampus are discrete 
brain regions and not divisions of a functionally homogenous hippocampus. 
Increasing evidence indicates that the dorsal and ventral hippocampus are function-
ally, physiologically, and even genetically distinct areas; for review, see [ 61 ]. The 
dorsal hippocampus may be more involved in contextual and spatial information 
processing while the ventral hippocampus may be more involved in anxiety [ 61 ]. 

 Direct drug infusion studies suggest that while trace fear conditioning may be 
more similar to context fear conditioning than cue fear conditioning in regard to the 
brain regions involved, trace fear conditioning is distinct from context fear condi-
tioning. Similar to context fear conditioning, infusion of acute nicotine into the 
dorsal hippocampus enhanced trace fear conditioning and infusion into the ventral 
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disrupted trace fear conditioning [ 62 ]. Trace fear conditioning and context fear con-
ditioning, however, were differently affected by infusion of nicotine into the medial 
prefrontal cortex; nicotine infusion enhanced trace but not context or cue fear 
 conditioning. These results are in line with numerous studies demonstrating a criti-
cal involvement of the frontal cortex in trace fear conditioning [ 63 ,  64 ]. 

 Although the hippocampus and the frontal cortex are rich in both of the two pre-
dominant nAChRs of the CNS, α7 and α4β2*, the effects of acute nicotine on con-
text and trace fear conditioning may be largely mediated by α4β2* nAChRs. Both 
pharmacological and genetic studies suggest that α4β2* nAChRs are essential for 
the acute effects of nicotine on context fear conditioning but are largely nonessential 
for context or cue fear conditioning in the absence of nicotine. Alone, the general 
nAChR antagonist mecamylamine had no effect on context or cue fear conditioning 
but did block nicotine enhancement of context fear conditioning [ 44 ,  54 ]. Similarly, 
systemic administration of dihydro-beta-erythroidine (DHβE, an antagonist of 
high- affi nity nAChRs with highest selectivity for α4β2 nAChRs [ 65 ]) did not dis-
rupt baseline context or cue fear conditioning but did prevent enhancement of con-
text fear conditioning by acute systemic nicotine; the α7 nAChR antagonist 
methyllycaconitine (MLA) [ 66 ,  67 ] had no effect [ 68 ]. 

 Studies with nAChR subunit-selective knockout (KO) mice also suggest that 
nAChR may in large not be critical for contextual fear conditioning but may modu-
late it. The α7 nAChR does not appear to be essentially involved in context or cue 
fear conditioning or the enhancement of contextual fear conditioning by nicotine as 
neither learning nor the effects of nicotine on learning were altered in α7 KO mice 
[ 69 – 71 ]. Knockout studies suggest that neither the β3 nAChR subunit nor the β4 
nAChR subunit is not involved in contextual fear conditioning or the enhancement 
of contextual fear conditioning by nicotine [ 71 ]. However, another study found a 
sex difference in the effects of the β4 KO on cue fear conditioning with male β4 KO 
showing a defi cit [ 72 ]. The α2 nAChR subunit overall does not appear to be involved 
in context fear conditioning or nicotine effects on it, but female α2 KO mice may 
have lower levels of cue fear conditioning, especially when compared to wild-type 
mice given with nicotine [ 73 ]. The β2 nAChR subunit is critically involved in the 
enhancement of context fear conditioning by acute nicotine [ 69 ,  71 ], but in young 
mice, this subunit may not be critically involved in context or cue fear conditioning 
in the absence of drug [ 69 ,  74 ], though another study found decreased context fear 
conditioning in β2 KO mice [ 71 ]. Age may increase sensitivity to the effects of 
altered β2 nAChR subunit function on learning as aged β2 KO mice had defi cits in 
both context and cue fear conditioning [ 74 ]. Overall, these studies strongly suggest 
that β2-containing nAChRs are critically involved in the enhancement of contextual 
fear conditioning by acute nicotine and that nAChRs may not be essential for con-
textual or cue fear conditioning in most cases, but age may contribute to variability 
in the effects of the β2 subunit on fear conditioning. The KO studies demonstrate 
how genetic differences can lead to phenotypic differences; this is further high-
lighted by a study that demonstrated the infl uence of background genotype of inbred 
mice on the effects of acute nicotine and nicotine withdrawal on context fear condi-
tioning [ 75 ], which suggests that comparisons across KO studies should consider 
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the genetic background and the number of backcrosses of the KO mice (i.e., the 
background genetic variability). In addition, even within the same genetic 
 background, the effects of nicotine change with age as young C57BL/6 mice were 
more sensitive to the effects of acute nicotine on context fear conditioning than 
adult C57BL/6 mice [ 76 ]. 

 Fewer studies have examined the nAChR receptor subtypes involved in trace fear 
conditioning, but those studies largely point to a similar involvement of β2 nAChRs 
in the enhancement of trace fear conditioning by acute nicotine. Studies in KO mice 
suggest that α2, α7, and β2 nAChR subunits are not needed for normal trace fear 
conditioning [ 69 ,  73 ] but that the β2 subunit is critically involved in the enhance-
ment of trace fear conditioning by acute nicotine [ 69 ]. The effects of direct infusion 
of the high-affi nity nAChR antagonist DHβE and the α7 nAChR antagonist MLA 
suggest a more complex pattern of nAChR involvement in trace fear conditioning in 
the absence of nicotine. Infusion of DHβE into the dorsal hippocampus disrupted 
trace, but not context, fear conditioning, MLA infusion had no effect on either type 
of fear conditioning, and infusion of either drug into the ventral hippocampus had 
no effect [ 62 ]. Infusion of either DHβE or MLA into the medial prefrontal cortex 
enhanced trace but not context fear conditioning. These results demonstrate that 
trace and context fear conditioning are different neurobiological processes involv-
ing different brain regions and nAChRs and that nicotine may enhance trace fear 
conditioning through activation nAChRs in the dorsal hippocampus and desensitiz-
ing nAChRs in the medial prefrontal cortex. Differences in results between the 
antagonist infusion study, which showed involvement of nAChRs in trace fear con-
ditioning, and the KO study, which suggested nAChRs are not critically involved in 
trace fear conditioning, could be due to differences between transiently disrupting 
function with an antagonist and permanently knocking-out function and/or selectiv-
ity of antagonists versus genetic knockout techniques. 

 The genetic and pharmacology studies largely suggest that nicotine is modulat-
ing hippocampus-dependent context learning and that nAChRs are not necessary for 
learning to occur under most circumstances. Studies examining the cell-signaling 
cascades involved in the nicotine enhancement of context fear conditioning support 
this. Both nAChR and NMDA receptors can gate calcium infl ux, which is critically 
involved in synaptic plasticity and learning [ 34 ,  77 ,  78 ]. Studies have shown that 
during context fear conditioning, NMDA receptors and nAChRs mediate similar 
processes and may interact functionally [ 38 ,  79 ]. This may in part explain why 
many studies have not found a critical involvement of nAChRs in context fear con-
ditioning; that is, disrupting nAChR function could have minimal effect on learning 
because NMDA receptors can compensate, but if NDMA receptor function is com-
promised, as may occur with aging [ 80 ], defi cits might emerge with decrements in 
nAChR function. 

 While nicotine may interact with NMDA receptor-mediated processes to enhance 
context fear conditioning, it also appears that nicotine activates cell-signaling path-
ways that normally are not involved in learning and that these pathways are criti-
cally involved in the enhancement of the hippocampus-dependent learning by 
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nicotine. Acute nicotine enhancement of context fear conditioning produced a dif-
ferent pattern of gene expression in the hippocampus than nicotine administration 
alone or context fear conditioning without nicotine. Nicotine and learning  interacted 
to increase expression of  Jnk1  in the hippocampus. This change in  Jnk1  expression 
was mediated by β2-containing nAChRs and involved CREB binding to the  Jnk1  
promoter region in the hippocampus [ 81 ,  82 ]. Calcium-associated cell- signaling 
cascades can activate CREB [ 83 ], and thus, it is possible that increased intracellular 
calcium concentrations mediated by nAChRs led to CREB activation of  Jnk1 . 
Inhibition of the JNK1 protein during the consolidation phase of context fear 
 conditioning disrupted the nicotine enhancement of the hippocampus- dependent 
learning [ 81 ]. JNK1 phosphorylates microtubule-associated proteins [ 84 ] and JNK1 
activates transcription factors, such as the JUN family, ATF-2, and ELK-1 [ 85 ,  86 ], 
processes that could modify and strengthen synaptic signaling. 

 The effects of nicotine on context and trace fear conditioning change with 
chronic treatment and subsequent withdrawal of chronic treatment. Chronic nico-
tine administration produces tolerance for the cognitive enhancing effects of nico-
tine on trace and context fear conditioning in mice and cessation of treatment results 
in defi cits in both context and trace fear conditioning but not cue fear conditioning 
[ 87 – 91 ]. The effects of nicotine withdrawal on learning are sensitive to age with 
younger mice expressing less withdrawal defi cits in learning than older mice [ 76 ]. 
Similar to acute nicotine, the withdrawal effects involve β2-containing nicotinic 
receptors in the hippocampus. Cessation of chronic nicotine infused directly into 
the dorsal hippocampus produced defi cits in context fear conditioning, but similar 
infusions into the cortex or thalamus had no effect [ 92 ]. In addition, this study also 
found that acute infusion of DHβE, but not MLA, into the dorsal hippocampus of 
mice treated chronically with systemic nicotine precipitated withdrawal defi cits in 
context fear conditioning. In another study, α7 KO mice showed normal nicotine 
withdrawal defi cits in context fear conditioning, but withdrawal effects in context 
fear conditioning were absent in β2 KO mice, suggesting that chronic nicotine has 
to act on β2-containing receptors for withdrawal defi cits in hippocampus-dependent 
learning to emerge [ 93 ]. Similarly, for trace fear conditioning, systemic DHβE pre-
cipitated withdrawal defi cits in trace fear conditioning, and spontaneous nicotine 
withdrawal did not produce trace fear conditioning defi cits in β2 KO mice; MLA 
did not precipitate withdrawal defi cits in learning [ 90 ]. 

 The neurobiological change underlying the withdrawal defi cit in hippocampus- 
dependent learning is unknown, but chronic nicotine is associated with both desen-
sitization and upregulation of nAChRs [ 94 – 96 ] and this may contribute to withdrawal 
defi cits. A study that examined the duration of nicotine withdrawal-associated defi -
cits in context fear conditioning and the duration of nAChR upregulation in the 
cortex, hippocampus, and cerebellum found that the duration of the withdrawal defi -
cits in learning paralleled the duration of high-affi nity nAChR upregulation in the 
hippocampus but not the cortex or cerebellum [ 97 ]. In addition, lines of mice that 
did not develop withdrawal defi cits in hippocampus-dependent learning also did not 
show nAChR upregulation in the hippocampus [ 98 ]. This study also further demon-
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strated differences in the effects of nicotine between the dorsal and the ventral hip-
pocampus with upregulation of nAChRs found in the dorsal hippocampus of mice 
that showed withdrawal defi cits, but no change in ventral hippocampal nAChRs was 
seen in the same mice. Finally, in young mice that did not show withdrawal defi cits 
in hippocampus-dependent learning, hippocampal nAChR upregulation was not 
observed [ 76 ]. Thus, nAChR upregulation in the hippocampus may be necessary for 
learning-related withdrawal defi cits to emerge. It has been theorized that during 
nicotine withdrawal, upregulated nAChRs resensitize and that this increase in cho-
linergic tone contributes to withdrawal defi cits [ 99 ]. In support, a persistent increase 
in CA1 pyramidal cell excitability was recorded after withdrawal from chronic nic-
otine [ 100 ], and a recent study suggests that during withdrawal, there may be 
increased sensitivity to the effects of nicotine on learning [ 101 ]. This may explain 
why varenicline and bupropion are able to ameliorate nicotine withdrawal defi cits in 
hippocampus-dependent learning [ 102 ,  103 ]. Both varenicline, a partial α4β2 
nAChR agonist [ 104 ], and bupropion, a norepinephrine reuptake inhibitor that is 
also a α4β2 nAChR antagonist [ 105 ], could dampen cholinergic signaling [ 106 ].  

3     Object Recognition 

 Object recognition is a form of incidental or exploratory learning in which mice and 
rats will demonstrate memory for a previously encountered object by decreased 
exploration of the familiar object and increased exploration of the novel object. Two 
types of object recognition are commonly used, novel object recognition and spatial 
object recognition. In novel object recognition, subjects explore an arena that con-
tains two unique objects; at a later time point, the subjects are returned to the arena 
but one of the original objects is replaced by a novel object. If subjects remember 
the original objects, they should explore the novel object more. Spatial object rec-
ognition is similar to novel object recognition with two differences: the arena is 
surrounded by external spatial cues and on test day the original objects remain but 
one is moved to a new spatial location. If subjects remember the spatial position of 
the objects, they should explore the displaced object more. Spatial object recogni-
tion critically involves the hippocampus whereas novel object recognition does not 
[ 107 ,  108 ]. Similar to results from fear conditioning studies, acute nicotine enhanced 
the hippocampus-dependent spatial object recognition; however, nicotine also dis-
rupted the hippocampus-independent novel object learning [ 109 ]. The same study 
found that withdrawal from chronic nicotine disrupted spatial but not novel object 
recognition. These results further support the contention that acute nicotine prefer-
entially modulates hippocampus-dependent learning. However, in cases where there 
are defi cits in baseline novel object recognition learning, nicotine is able to switch 
the conditions from a non-learning situation to a learning situation [ 110 ,  111 ]. This 
may occur through recruitment of the hippocampus as direct infusion of nicotine 
into the perirhinal cortex and hippocampus changed a training procedure that did 
not produce object recognition to one that resulted in learning [ 112 ].  
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4     Spatial Learning: Morris Water Maze and Barnes Maze 

 Spatial learning requires subjects to integrate information about environmental 
stimuli and the relationship between themselves, the environmental cues, and the 
behavioral goal or object. The necessity to form multimodal associations engages 
the hippocampus, and in fact the hippocampus has cells that are specifi cally tuned 
to spatial locations [ 113 ,  114 ]. In addition to spatial object recognition, other tests 
of spatial learning exist that include the Morris water maze and the Barnes maze. In 
the Morris water maze, rodents must fi nd a platform submerged in opaque water; 
environmental cues surround the pool and can be used to form effi cient paths to the 
platform over trials [ 115 ]. Similarly, the goal of the Barnes maze is to fi nd an escape 
from the maze. The Barnes maze consists of a circular platform with evenly spaced 
holes along the circumference with one of those holes providing an escape pathway. 
The maze, which is usually white and in a well-lit environment, takes advantage of 
rodents’ aversion to open and exposed areas as subjects will use external spatial 
cues to fi nd and remember the exit location across trials [ 116 ]. 

 Limited studies have examined nicotine and nAChR function using the Barnes 
maze. Those that did found that male β4 KO mice tended to use spatial strategies 
less often to solve the Barnes maze [ 72 ], and another study reported no disruption 
in the Barnes maze in α7 KO mice [ 117 ]. Similarly, Morris water maze performance 
was normal in α7 KO mice [ 70 ]. Results from studies of the effects of acute nicotine 
on Morris water maze learning are variable. Two studies using different time courses 
for drug administration found enhanced learning in the Morris water maze with 
acute nicotine administration [ 118 ,  119 ]; however, one study found no effect [ 120 ] 
and another found a defi cit in learning with acute nicotine administration [ 121 ]. 
These studies are diffi cult to compare because of differences across studies in the 
number of doses used, the doses used in single-dose studies, and the species and 
strains tested; all of these factors can infl uence results. 

 Multiple studies have examined the effects of chronic nicotine on Morris water 
maze learning and have also reported varying results. A study comparing young and 
aged rats reported that once a day injections of nicotine for 3 days improved acquisi-
tion in the aged rats and memory retention in the young rats [ 122 ]. Another study 
found that twice a day injections of nicotine for 10 days enhanced learning the 
Morris water maze in rats [ 118 ], and a study in mice similarly found that once daily 
injections of nicotine starting 5 days before training and continuing for 4 days dur-
ing training enhanced learning [ 121 ]. However, a study using minipumps to chroni-
cally deliver nicotine for 10 days found a defi cit in acquisition and retention in rats 
[ 123 ]. An important difference exists between the Scerri and colleagues study that 
found a learning defi cit and the other three studies that found enhancement; the 
three studies that found enhancement used repeated injections to administer nico-
tine, whereas in the Scerri study, nicotine was continually administered. This is an 
issue because the half-life of nicotine in rodents is substantially shorter than in 
humans [ 124 ], and thus, it is not clear whether a single or even twice daily injection 
of nicotine in rodents models human chronic tobacco use or refl ects more acute use. 
Thus, the studies that found enhancement of Morris water maze learning may be 
more refl ective of the effects of acute nicotine on spatial learning.  
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5     Radial Arm Maze 

 The 8-arm radial maze is a spatial learning task that assesses both reference memory 
and working memory [ 125 ]. Reference memory is tested when a subset of arms is 
consistently baited across sessions and rodents must remember the location of the 
baited arms across sessions. Working memory is equated to the ability of rodents to 
remember within a session which arms they have already extracted the food reward 
from. Studies suggest that working memory may depend more on the hippocampus 
than reference memory [ 126 ,  127 ]. Nicotine modulates working memory in rodents 
but the effects can vary. Multiple studies have shown that acute nicotine enhances 
working memory [ 37 ,  128 – 132 ]. However, one study found that age may mediate 
some of the effects of acute nicotine on working memory as enhancement was seen 
in aged but not young rats [ 133 ] and two studies found no effect on working mem-
ory [ 134 ,  135 ]. 

 With chronic nicotine treatment, the majority of studies in rats report enhanced 
working memory. Some of these studies suggest that the effects of chronic nicotine 
on working memory may be long-lasting. Two studies found that chronic nicotine 
treatment enhanced working memory and that this enhancement remained up to 
2 weeks after cessation of nicotine treatment [ 136 ,  137 ]. The enhancement of work-
ing memory by chronic treatment may be affected by age as enhancement was seen 
in young but not aged rats [ 133 ]. Another study examined working memory after 
cessation of chronic treatment and also found enhanced working memory [ 138 ]. 
However, two studies found that enhancement of working memory was only present 
during chronic nicotine treatment [ 139 ,  140 ] and two studies found no effect of 
chronic treatment [ 141 ,  142 ]. These studies were conducted in Sprague-Dawley rats 
and suggest that at least for this strain of rat, withdrawal from chronic nicotine does 
not disrupt spatial working memory. 

 Multiple studies have examined the neural substrates underlying the effects of 
nicotine on working memory. Both α7 and α4β2* nAChRs may be involved in 
working memory but α4β2* nAChRs may play a more signifi cant role. Infusion 
of the α7 nAChR antagonist MLA or the α4β2* nAChR antagonist DHβE into 
the ventral hippocampus both disrupted working memory [ 143 ], but in another 
study, chronic infusion of DHβE, but not MLA, into the ventral hippocampus 
disrupted working memory [ 144 ]. In addition, systemic administration of an α7 
agonist improved working memory in primates tested at intermediate doses but 
disrupted working memory at doses above and below [ 145 ]. The effects of 
chronic nicotine on working memory may be through high-affi nity nAChRs as 
systemic chronic nicotine reversed defi cits in working memory associate with 
infusion of DHβE, but not MLA, into the ventral hippocampus [ 141 ,  142 ]. Thus, 
similar to other hippocampus- dependent learning processes [ 146 ,  147 ], nicotine 
may modulate working memory through α4β2 nAChRs, but in contrast, both α7 
and α4β2 nAChRs may be critically involved in working memory in the absence 
of nicotine. 
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 The ability of nicotine to modulate working memory may occur through interact-
ing with processes mediated by NMDA receptor. Nicotine reversed the defi cits in 
both working and reference memory induced by the NMDA receptor antagonist 
dizocilpine [ 37 ]. Similarly, acute nicotine ameliorated the defi cits in working mem-
ory produced by ketamine, another NMDA receptor antagonist [ 148 ]. Further dem-
onstrating a link between NMDA receptors and nAChRs, dizocilpine increased α7 
nAChR binding in the hippocampus but chronic nicotine reversed this effect [ 149 ]. 
Nicotine may also have an indirect effect on NMDA receptor function during work-
ing memory by modulating the noradrenergic system. The α2-noradrenergic antag-
onist idazoxan blocked the ability of nicotine to reverse dizocilpine-induced defi cits 
in working and reference memory [ 150 ]. In sum, these studies strengthen the con-
vention that nAChR and NMDA receptor processes may interact to support and 
modulate learning processes.  

6     Other Cognitive Processes 

 While the major focus of this chapter is on hippocampus-dependent learning, it 
should not be interpreted as indicating that nicotine only affects hippocampus- 
mediated cognitive processes. The following section will briefl y review some of the 
other cognitive processes nicotine can modulate. Attention is an important and 
adaptive cognitive process that can increase awareness of vital environmental stim-
uli and increase learning. Multiple studies have examined the effects of nicotine on 
attention, many of them using the 5-choice serial reaction time task (5CSRT). The 
5CSRT is an operant task used to assess attention and impulsivity. Commonly, there 
are fi ve ports each with a light. Rodents must attend to the ports to see which one is 
illuminated and then perform a nose-poke or lever press at that port. Stimuli param-
eters such as the duration the port is lit or the addition of a distracter stimulus can be 
modifi ed to tax attention and delays between port light offset, and permissible 
response can be added to assess impulsivity [ 151 ,  152 ]. Mice with the α7 gene 
knockout had defi cits in the 5CSRT [ 153 ,  154 ] and α5 KO mice had reduced accu-
racy [ 155 ]. Acute and chronic nicotine treatment improves performance in the 
5CSRT, and cessation of chronic nicotine was associated with defi cits in attention 
[ 156 – 161 ]. The ability of nicotine to enhance performance in the 5CSRT may be 
mediated by α4β2* nAChRs as DHβE blocked the effects of nicotine on the task 
[ 162 ]. The effects of chronic nicotine on the performance of 5CSRT appear to be 
mediated by the prelimbic area of the prefrontal cortex and not the dorsal hippocam-
pus as nicotine infusion into the former but not the latter improved attention [ 163 ]. 
In addition, other cognitive processes that involve the prefrontal cortex may be 
modulated by nicotine. Tests that measure cognitive fl exibility were enhanced by 
acute nicotine [ 164 ] and disrupted with chronic nicotine treatment [ 165 ], and tasks 
that require response inhibition were disrupted by deletion of the α7 gene [ 166 ] and 
enhanced with acute but not chronic nicotine treatment [ 167 ].  
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7     Human Cognition 

 The ability of nicotine to alter cognitive processes in smokers may substantially 
contribute to nicotine addiction. This may occur through multiple mechanisms. In 
humans, nicotine has been shown to enhance cognitive processes; for review, see 
[ 168 ,  169 ]. The ability of nicotine to enhance cognitive processes could contribute 
to addiction through facilitating the development of strong yet maladaptive drug- 
cue and drug-context associations that lead to cravings and drug-seeking behavior 
[ 170 ]. In support, smokers showed large activation of the hippocampus and cravings 
when exposed to smoking-related cues; this activation was absent in nonsmokers 
[ 171 – 173 ]. In addition, a major symptom of abstinence from tobacco products is 
detrimental changes in cognition; for review, see [ 174 ]. Attention and working 
memory are two of the most commonly examined cognitive processes in abstinent 
smokers. Multiple studies have shown that nicotine withdrawal is associated with 
disrupted attention [ 175 – 178 ]. Similarly, working memory defi cits, including spa-
tial working memory, emerge during abstinence [ 179 – 184 ]. These symptoms may 
be particularly important as changes in working memory during periods of absti-
nence were associated with relapse to smoking [ 185 ]. As in rodent studies, chronic 
nicotine exposure was associated with upregulated hippocampal nAChRs in the 
postmortem brains of smokers; the degree of upregulation was correlated with the 
average number of packs smoked per day [ 186 ]. Upregulated β2-containing nAChRs 
in the brains of smokers were maintained for at least 1 week post cessation of smok-
ing and were associated with levels of craving [ 187 ,  188 ]. Thus, the maintained 
upregulation of high-affi nity β2-containing nAChRs may be an important contribut-
ing factor to nicotine withdrawal defi cits in cognition.  

8     Summary 

 Nicotine initially has procognitive effects. These effects may support continued 
nicotine use in an attempt to maintain the benefi cial effects of nicotine on cognition 
while also facilitating the development of maladaptive drug-cue and drug-context 
associations that can later trigger cravings and drug-seeking behavior. With contin-
ued nicotine administration, adaptations occur in brain function that can result in 
tolerance to the procognitive effects of nicotine and produce withdrawal defi cits in 
cognition during abstinence. The neural changes responsible for withdrawal defi cits 
in cognition are not well understood, but studies in both humans and rodents suggest 
nAChR upregulation may be a contributing factor. While not all cognitive processes 
are modulated by nicotine administration, learning and other cognitive tasks that 
involve the frontal cortex and the hippocampus may be particularly susceptible. The 
effects of nicotine on learning and other cognitive tasks are infl uenced by both 
genetics and the age of the subject. Because changes in cognition are the hallmark 
of nicotine addiction, understanding how nicotine modulates these processes should 
facilitate development of more effective treatments for this addiction.     
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    Chapter 12   
 Nicotinic Receptors as Targets for Novel 
Analgesics and Anti-infl ammatory Drugs 

                   M.     Imad     Damaj      ,     Kelen     Freitas    ,     Deniz     Bagdas     , and     Pamela     Flood    

    Abstract     Nicotine and nicotinic receptors have been explored for the past three 
decades as a strategy for pain control. These receptors are widely expressed through-
out the central and peripheral nervous system as well as immune cells. Despite 
encouraging results with many selective α4β2* agonists in animal models of pain, 
human studies showed a narrow therapeutic window between analgesic effi cacy and 
toxicity is associated with the use of these agonists as analgesics. α4β2 positive allo-
steric modulators are being developed with the aim to increase the potency or thera-
peutic window of these agonists. However, several recent developments have 
potentially opened new windows of opportunity in the use of nicotinic agents for 
analgesia. Accumulating evidences suggest that α7 agonists and positive allosteric 
modulators hold a lot of promise in the treatment of chronic infl ammatory pain con-
ditions. In addition, recent animal studies suggest the therapeutic potential of ligands 
acting at other subtypes of nicotinic receptors. The current review will attempt to 
highlight these recent developments and outline some important fi ndings that demon-
strate further potential for the development of nicotinic ligands as novel analgesics.  
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  Abbreviations 

   nAChRs    Nicotinic acetylcholine receptors   
  CNS    Central nervous system   
  PAM    Positive allosteric modulator   

1           Introduction 

    Current pharmacological treatment approaches to pain include classical analgesics 
such as opiates and nonsteroidal anti-infl ammatory drugs (NSAID) and other agents 
such as tricyclic antidepressants, local anesthetics, and anticonvulsants. Although 
there    have been improvements to these analgesic mainstays in terms of formulation, 
and selectivity, there have been few analgesic drugs which have made a signifi cant 
impact on analgesic treatment. Many patients suffer acute pain after surgery and 
persistent pain syndromes (e.g., arthritis pain, migraine, cancer pain, and neuro-
pathic pains) represent a signifi cant unmet need in terms of analgesic drug therapy. 
Thus, NSAIDs exhibit only little if any effi cacy for many types of persistent pain, 
and the long-term use of opioids in patients with nonmalignant pains, for example, 
remains controversial because of tolerance and sensitization. Moreover, both classes 
of analgesic drugs upon long-term use produce serious side effects. Accordingly, 
safer and more effi cacious analgesic agents are needed. A target currently under 
development for analgesic treatment are the nicotinic acetylcholine receptors 
(nAChRs), which have been found to play a role in modulating pain transmission in 
the central nervous system (CNS). As originally demonstrated by Davis et al. [ 1 ], 
nicotine and its congeners have been shown to reduce responses to noxious stimuli 
in experimental animals using a variety of nociceptive tests. Nicotine produces anal-
gesia in humans but its use as a therapeutic is limited by side effects. Nonetheless, 
interest in a nicotinic cholinergic approach to pain control has been rekindled by the 
discoveries of epibatidine, a novel nicotinic agonist isolated from the skin of 
 Edpipedobates tricolor , an Ecuadoran frog [ 2 ] and its synthetic analog ABT-594 
[ 3 ], both of which exhibit antinociceptive activity with a potency at least two orders 
of magnitude greater than as well as an effi cacy equal to that of morphine. 
Furthermore, rapid advances in the understanding of the molecular biology, physi-
ology, and biochemistry of nAChRs, which have occurred over the last decade, have 
led to the creation of a vast array of novel and more selective nicotinic ligands that 
was essential in exploring the role of these receptors in pain and infl ammation. 

 This chapter (1) reviews the distribution of nicotinic cholinergic receptors along 
the neuraxis, emphasizing the identities and locations of those that appear to be 
most important in terms of pain and analgesia; (2) reviews the effects of agonist, 
partial agonist, and allosteric modulators of α4β2* neuronal nicotinic acetylcholine 
receptors in animal models of pain; (3) discusses the new fi ndings of agonists and 
allosteric modulators of α7 neuronal nicotinic acetylcholine pain and infl ammatory 
pain models; (4) describes the emergence of new nicotinic agents acting on other 
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nicotinic receptor subtypes; and (5) reviews the clinical development of nicotine 
and nicotinic agonists, with an eye toward the prospects for the ultimate develop-
ment of one or more clinically viable nicotinic analgesic drugs.  

2     Nicotinic Receptor Expression in Pain Pathways 

 Nicotinic receptors are expressed in many pain pathways including primary afferents 
[ 4 ], spinal cord excitatory and inhibitory interneurons and projecting neurons [ 5 ,  6 ], 
and many areas important for pain perception such as the midbrain [ 7 ], the medial 
habenula [ 8 ,  9 ], the medulla [ 10 ], the nucleus raphe magnus [ 11 ], the thalamus, the 
pedunculopontine tegmental nucleus [ 12 ], and the spinal cord [ 13 – 16 ]. However, the 
various nicotinic subtypes are not homogenously distributed between these different 
peripheral and central regions. Moreover, individual neurons can express multiple 
subtypes of nAChRs. The most common CNS subtype α4β2* (asterisk indicates 
assembly with other nAChR subunits) is found in thalamus, dorsal raphe nucleus, 
nucleus raphe magnus, and locus coeruleus [ 17 – 21 ]. In addition, α3, α5, α6, β3, and 
β4 subunits are expressed in the locus coeruleus small cells while the larger cells 
projecting to the hippocampus expressed only α4, α6, β2, and β3 subunits [ 22 ]. 
Many of these areas are thought to play a major role in descending monoaminergic 
inhibitory pain pathway. α4β2* subtypes are also present in the midbrain periaque-
ductal gray (PAG), a major component of the descending inhibitory pathway [ 23 ]. 
Multiple subtypes of nAChRs are additionally expressed in the spinal dorsal horn, 
which is the fi rst site in the CNS where somatosensory information is processed and 
integrated. For instance, multiple subtypes of nAChRs (α4β2* and α5) are expressed 
on both inhibitory and excitatory interneurons in the spinal dorsal horn [ 24 ].  

3     α4β2 nAChRs as Targets 

 As the most widely distributed receptor subtype in the brain, the α4β2* heteromeric 
nAChR has been strongly implicated in antinociception and has been a focus of pain 
modulation research for more than a decade [ 25 – 27 ]. Studies have utilized various 
preclinical models and techniques to establish α4β2 nAChRs as a target for pain 
management in animal and human studies. These studies support potential thera-
peutic benefi t of modulating the activity of CNS α4β2 nAChRs to treat chronic pain. 
Recent studies showed that α4β2 nAChRs exist in alternate stoichiometries: 
(α4β2)2β2 has high sensitivity to activation by ACh (HS α4β2 nAChRs) and 
(α4β2)2α4 has lower ACh sensitivity (LS α4β2 nAChRs). Functional and biochemi-
cal studies suggest that both HS and LS α4β2 nAChRs coexist in the brain. In addi-
tion, α4β2 nAChRs can co-assemble with other nicotinic subunits such as α5, α6, 
and β3. This section will overview recent fi ndings with respect to these specifi cs and 
defi ne the current status of α4β2 nAChRs as targets for analgesia. 
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3.1      α4β2 nAChRs Agonism 

 The antinociceptive action of α4β2 agonists has been evidenced by the effects of 
several compounds that interact with the receptor with various levels of effi cacy and 
selectivity. Selective agonists such as Sazetidine-A [ 28 ,  29 ], ABT-594 [ 30 ], NS3956 
[ 31 ], A-366833 [ 32 ,  33 ], A-85380 [ 34 ], RJR-2403 (metanicotine) [ 35 ], and ABT- 
894 [ 36 ] have been shown to produce antinociceptive effects in rodents. Newer 
α4β2-selective agonists have also been found to have antinociceptive properties, 
such as NS3956, which has shown a strong alleviation of formalin-induced pain 
[ 31 ], and A-366833, which has dose dependently attenuated mechanical hyperalge-
sia in a complete Freund’s adjuvant-induced infl ammatory pain model in rats. 
A-366833 also produced signifi cant antihyperalgesic effects in partial sciatic nerve 
ligation, chronic constriction injury, and spinal nerve ligation models in rats as well 
as analgesic effects in writhing pain models in mice and spinal nerve ligation and 
formalin pain models in rats [ 32 ,  33 ]. In an interesting series of studies with various 
nicotinic agonists tested in rat formalin and complete Freund’s adjuvant models of 
pain coupled with in vitro functional evaluation, Gao et al. [ 37 ] concluded that the 
activation of α4β2 nAChRs is necessary but not suffi cient to produce analgesia in 
these pain models. They suggested that activation of an α3 containing nAChR might 
be an additional requirement for an antinociceptive effect in these tests. This was 
also shown with varenicline in the mouse formalin test [ 29 ]. In addition, the effi cacy 
in preclinical pain models of some partial agonists of α4β2* (varenicline [ 29 ,  37 ], 
sazetidine [ 28 ,  29 ,  38 ], and TC-2559 [ 39 ]) but not others (ABT-089 [ 40 ], TC-1734 
[ 37 ], and A-424274 [ 41 ]) raises concerns about the role of selective α4β2* agonists 
in pain modulation. 

 It is possible that the activity of these various agonists at the different subtypes 
of α4β2* nAChRs could explain the discrepancies reported above. Indeed, it is well 
known that nicotinic subunits such as α5, α6, and β3 can associate with α4β2 
nAChRs to form functional nicotinic receptors. Therefore, various agonists may 
have different sensitivity toward the different α4β2 nAChRs subtypes such as 
α4β2α5* or α4β2α6* subtypes. The involvement of α5 containing nAChRs receptor 
in pain modulation was shown by studies using α5 knockout mice in acute pain tests 
[ 42 ] and knockdown of α5 subunit in the rat with spinal nerve ligation [ 43 ]. Recently, 
testing a set of compounds with various activities to different forms and subtypes of 
human α4β2 nAChRs (LS, HS, and α4β2α5), Zhang et al. [ 36 ] showed that α4β2α5 
subtypes played an important role in the analgesic activity of the compounds in the 
formalin test. Currently, the role of nAChRs containing α6 and β3 subunits is 
unclear. Finally, the desensitization of α4β2 receptors may drive part of the antino-
ciceptive outcome of nicotinic agonists. For example, Zhang et al. [ 36 ] reported that 
compounds that more potently desensitize α4β2 nAChRs display better scores of 
analgesia in the formalin test. This raises the possibility that α4β2* nicotinic antag-
onists may exert some analgesic properties on their own. However, many studies 
including our own showed that selective and nonselective α4β2* nicotinic antago-
nists caused an increase or no change in pain behaviors in chronic pain rodent 
 models [ 28 ,  34 ,  49 ,  55 ,  56 ,  105 ,  106 ]. 
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 The proof-of-concept for α4β2 agonists in the treatment of chronic pain, namely 
diabetic peripheral neuropathic pain, was established with the relatively selective 
α4β2* agonist, ABT-594. ABT-594’s ability to produce antinociception has been 
particularly successful in preclinical models of pain, such as the formalin injection, 
chronic constriction injury, and spinal nerve ligation [ 41 ,  44 – 46 ]. ABT-594 was also 
found to exert potent antinociception in rat disease models, such as using cyclo-
phosphamide to induce bladder infl ammation, or cystitis [ 47 ]. In a rat chemotherapy- 
induced pain model, ABT-594 was found to have potent anti-allodynic effects [ 48 ]. 
Even inactive doses of ABT-594 were found to potentiate gabapentin-mediated 
antinociception in the rat formalin test [ 45 ]. Distinct from epibatidine, which pro-
duces coinciding motor and antihyperalgesic effects, ABT-594 has been found to 
produce distinct motor and antihyperalgesic effects in models of persistent infl am-
matory and neuropathic pain, supporting the possibility that ABT-594 could have an 
improved therapeutic window compared to epibatidine [ 49 ]. In a randomized, 
double- blind, placebo-controlled phase II clinical trials, ABT-594 has produced 
promising results in patients with diabetic peripheral neuropathic pain. ABT-594 
improved pain, though adverse effects were frequently reported [ 50 ,  51 ]. These side 
effects are probably mediated by activation of α3β4* nAChRs peripheral receptors. 
Indeed, ABT-594 is functionally only 2.4 times more selective for α4β2 over α3β4 
nicotinic subtypes [ 30 ]. 

 ABT-894 a more highly selective α4β2 agonist that has also demonstrated effi -
cacy in preclinical animal models of neuropathic pain [ 33 ] was tested in humans. 
While ABT-894 was well tolerated, and no signifi cant safety issues were identifi ed, 
it failed however to improve pain levels in patients with diabetic peripheral neuro-
pathic pain [ 52 ], suggesting that defi ning a therapeutic window for neuropathic pain 
by selectively targeting the α4β2 nAChR subtypes remains a major challenge and 
thus a better understanding of the therapeutic profi le of this receptor subtype in 
humans is needed. Bertrand and colleagues recently argued that if indeed α4β2 
receptor activation by the above compounds is needed for an analgesic effect to 
manifest, then relatively high therapeutic doses to achieve brain concentrations nec-
essary for robust activation of α4β2 nAChRs are required. Since the “functional” 
selectivity of most α4β2 nAChRs agonists is relatively modest, then these high brain 
concentrations will possibly interact with non-α4β2 nAChRs resulting in a narrow 
therapeutic index [ 53 ]. This could partially explain why the development of α4β2 
agonists for pain has been so challenging.  

3.2     α4β2 nAChR Positive Allosteric Modulators 

 Targeting the modulation of α4β2 nAChRs to produce analgesia in animal models is 
not limited to agonists. Allosteric modulators, namely positive allosteric modula-
tors, have been shown to produce or enhance analgesia on their own or in concert 
with an agonist in various rodent models of pain. For example, the analgesic effect 
of α4β2 agonist ABT-594 has been shown to be augmented by the positive allosteric 
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modulator (PAM) NS9283 [ 54 ] in the carrageenan-induced thermal hyperalgesia 
test and a model of postoperative pain [ 41 ,  44 ]. It was also found that PAM NS9283 
did not potentiate the α4β2 agonist ABT-594’s adverse effects [ 44 ]. Similarly, the 
PAM NS9283 was also found to dramatically potentiate the α4β2 nAChR selective 
agonist NS3956 without potentiating adverse effects [ 31 ]. Clinical research investi-
gating the effects of NS9283 in humans would help clarify the therapeutic profi le 
and potential of the PAM NS9283. A greater understanding of how and where α4β2 
nAChR agonists as well as PAMs act could better inform the transition from pre-
clinical to clinical studies of the analgesic effi cacy of these compounds.  

3.3     α4β2 nAChR Sites of Action 

 As described above, α4β2 nAChRs are found throughout the central nervous sys-
tem, and preclinical studies have found that α4β2 agonists predominantly act spi-
nally or, more often, supraspinally. The agonist ABT-594 has been shown to be 
largely centrally acting [ 47 ,  55 ]. It was also found that ABT-594’s analgesic effects 
may involve the activation of the nucleus raphe magnus, suggesting a supraspinal 
contribution of ABT-594’s mechanism [ 17 ]. However, other groups have argued 
that the spinal cord is a key site where the molecular action of α4β2 nAChRs pro-
duces analgesia [ 37 ]. Whole-cell patch-clamp experiments in spinal cord prepara-
tions from adult mice showed that the α4β2 nAChR subtype could tonically inhibit 
nociceptive transmission through presynaptic facilitation of inhibitory neurotrans-
mission in the substantia gelatinosa [ 56 ]. However, there is also some evidence for 
the involvement of peripheral α4β2 nAChRs. The α4β2 nAChR antagonist chlor-
isondamine was shown    to partially block ABT-594’s effect and have no effect on 
agonist A-85380’s antinociceptive effects when administered intraperitoneally 
while it blocked ABT-594’s and A-85380’s effects completely when administered 
intracerebroventricularly [ 34 ,  48 ,  57 ]. Accordingly, A-85380 was found to act at 
sites both within and outside the nucleus raphe magnus, potentially suggesting cen-
tral sites of action for α4β2 agonist A-85380 [ 58 ]. Evidence supports a supraspinal, 
or at least a central, action of compounds that activate the α4β2 nAChR, though 
peripheral sites are probably involved to a lesser degree. A better understanding of 
the mechanism of these compounds may explain this discrepancy.   

4      α7 nAChRs as Targets 

 The α7 subtype of homomeric nAChRs is a well-characterized member of the 
ligand-gated ion channel superfamily [ 59 ]. nAChR α7 subtypes are distinguished 
by their high calcium permeability and their rapid desensitization during ago-
nist stimulation [ 60 ] compared to other nAChR subtypes. This α7 nAChR subtype 
is ubiquitously expressed in both the central and peripheral nervous system [ 59 ]. 
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The involvement of α7 nAChRs in cognition and their therapeutic potential for 
 cognitive disorders has been extensively described ([ 61 ]; see also    Chap.   11    ). Ever 
since it has been shown by Pedigo et al. [ 62 ] that the activation of receptors by ACh 
modifi es nociception, the nicotinic cholinergic system has been known to play an 
important role in pain transmission. Numerous studies suggest that activation of α7 
nAChR subtypes by an endogenous cholinergic tone or α7 nAChR agonists has a 
potential role in pain management [ 60 ,  63 ,  64 ]. 

 These receptors are present in supraspinal and spinal pain-transmission path-
ways [ 65 ,  66 ]. Autoradiographic analyses revealed that α7 nAChR binding sites 
were numerous within the substantia gelatinosa (equivalent to Rexed’s lamina II) in 
rat [ 67 ] and human [ 68 ] spinal cord, and in the rat, these sites were reduced follow-
ing dorsal rhizotomy [ 69 ]. They are also expressed on immune and nonimmune 
cytokine-producing cells, such as macrophages microglia and keratinocytes [ 66 ]. 
α7 nAChRs are expressed on macrophages which are key immune cells involved in 
the initiation, maintenance, and resolution of infl ammation [ 66 ,  71 ]. In addition, 
other types of immune cells such as T-cells, B-cells, microglia, and monocytes den-
dritic cells express α7 nAChR subtypes. It is possible that ACh is closely associated 
with controlling immune cell functions, attenuation of pro-infl ammatory cytokines 
production, and inhibition of the infl ammatory process via activation of α7 nAChRs 
[ 70 ,  71 ]. This neurophysiological mechanism reduces infl ammation by decreasing 
cytokine synthesis via release of ACh in organs of the reticulo-endothelial system, 
such as the lungs, spleen, liver, kidneys, and gastrointestinal tract [ 72 ]. It has been 
revealed that α7 nAChRs are implicated in modulating tumor necrosis factor, inter-
leukin- 1, interleukin-6, interleukin-18, high mobility group box 1, and some other 
pro-infl ammatory cytokines without affecting the anti-infl ammatory cytokine inter-
leukin- 10 [ 66 ,  70 ,  73 ]. A study with α7 subunit knockout mice has demonstrated a 
critical role for the α7 nAChRs as a peripheral component in cholinergic anti- 
infl ammatory pathway [ 65 ]. Hence, these receptors present an alternative therapeu-
tic approach for modulation of infl ammation-based pain syndromes [ 71 ,  72 ]. 

 Taken together, these studies suggest that α7 nAChRs represent a signifi cant 
potential for infl ammation-related pain. α7 nAChRs have been seen a new target for 
infl ammation and infl ammatory pain and α7 receptor agonists are more effi cient than 
ACh at inhibiting the infl ammatory signaling [ 71 ,  72 ]. Studies have shown that α7 
nAChR agonists such as choline, CDP-choline, compound B, JN403, PHA- 543613, 
and AR-R17779 were found to exhibit anti-infl ammatory effects in various infl am-
mation and pain models in rodents [ 60 ,  63 ,  74 – 80 ]. Furthermore, targeting α7 
nAChRs in the treatment of chronic neuropathic pain associated with infl ammation 
and nerve injury was used in several preclinical studies [ 77 ,  80 – 82 ]. Importantly, data 
indicate a long-lasting neuroprotective effect of nAChR activation, involving mainly 
α7nAChR subtypes. For example, repeated administration of a selective α7 agonist is 
able to decrease allodynia in a chronic neuropathic rat model and reverse signs of 
neuroinfl ammation and neurodegeneration (macrophagic infi ltrate, decrease in axon 
compactness and diameter together with a signifi cant loss of myelin sheaths) [ 82 ]. 
Modulation of the infl ammatory response with α7 nicotinic agonists might open new 
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strategies to cure diseases with important infl ammatory component such as ulcerative 
colitis, sepsis, acute pancreatitis, and asthma. 

 In addition to agonists, allosteric modulators of α7 nAChRs also afford new tar-
get area for rational drug design and discovery [ 59 ]. α7 nAChR-selective allosteric 
modulators could modulate the activity of endogenous ACh in cholinergic neuro-
transmission without directly activating α7 nAChRs. The α7 nAChR PAMs have 
typically been divided into two types based on their electrophysiological properties. 
Type I PAMs increase agonist response amplitudes with little or no effect on desen-
sitization, whereas type II PAMs increase agonist response amplitudes and decrease 
rate of desensitization [ 59 ]. Furthermore, in contrast to α7 agonists, upregulation 
of α7 nAChRs in the brain does not occur with the α7 nAChR PAMs in vivo [ 83 ]. 
In recent studies, α7 nAChR-selective PAMs have been reported to have anti-
infl ammatory, antinociceptive, antihyperalgesic, and anti- allodynic effects in exper-
imental pain models [ 80 ,  84 ,  85 ]. In rats, PNU-120596, a type II α7 nAChRs PAM, 
signifi cantly reduced mechanical hyperalgesia and weight-bearing defi cits in the 
carrageenan infl ammatory test through a reduction of TNF-α and IL-6 within the 
hind paw edema [ 79 ]. In recent studies, it has been shown that PNU-120596 
reduced nociception dose dependently [ 80 ], while also enhancing synergistically 
the effects of α7 receptor agonists such as choline to elicit antinociceptive effects in 
the formalin pain model in mice [ 85 ]. Furthermore, tolerance to PNU-120596’s 
antinociceptive effects did not develop after sub-chronic treatment in mice. 
Additionally, it has been found that the activation of spinal extracellular signal- 
regulated kinase-1/2 pathways is the likely mechanism of the antinociceptive effect 
of PNU-120596 in the formalin test. PNU-120596 also reduced paw edema and 
thermal hyperalgesia induced by intraplantar injection of carrageenan in mice [ 80 ]. 
Finally, the neuropathic pain model of chronic constriction injury (CCI model), a 
dose-dependent antihyperalgesic and anti-allodynic effect of PNU-120596 for up to 
6 h, was observed after systemic administration in mice. However NS-1738, a type 
I α7 nAChRs PAM, failed to have any effect in the CCI model. This is in contrast to 
rodent models of cognition and memory, where both type I and type II PAMs for the 
α7 nAChRs showed cognitive enhancement. Interestingly, the long-acting effects of 
α7 nAChRs PAMs in both cognitive and pain models were in discordance with their 
pharmacokinetic profi le in rodents, which suggests the involvement of post-receptor 
signaling mechanisms and raises the possibility that α7 nAChRs PAMs may actu-
ally exert their behavioral and pharmacological activity in an ion channel-independent 
signaling process [ 86 ]. Further studies will surely increase our understanding of the 
similarities and differences in the analgesic and anti-infl ammatory properties of 
type I and type II α7 receptor PAMs. 

 The recent discovery and characterization of α7 nAChR PAMs in animal models 
of pain and infl ammation has created new opportunities for targeting these recep-
tors as anti-infl ammatory and analgesic agents. Further behavioral studies that mea-
sure the effects of allosteric modulators for nAChRs will certainly be a necessary 
part of preclinical studies of these compounds, and such studies will generate 
important information about these compounds that can infl uence their further 
 clinical development.  
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5     Other Nicotinic Receptor Subtypes 

 The α9 and α10 nicotinic subunits have also become of interest as novel targets for 
treatment of chronic pain and infl ammation [ 87 ]. Gene transcripts for α9α10 have 
been identifi ed in diverse yet limited numbers of tissues such as auditory system, but 
importantly not in the brain. These subunits are also expressed in immune cells that 
are involved in the infl ammatory response. Interestingly nicotine and other nicotinic 
agonists such as cytisine and epibatine are antagonists of α9 and α9α10 nAChRs. The 
α-conotoxins RgIA and Vc1.1. are selective antagonists of α9α10 nAChRs and were 
found to be effective in rat models of neuropathic and chronic infl ammatory pain 
[ 87 – 90 ], an effect that is possibly mediated via immunological mechanisms. Recently   , 
non-peptide, small molecule antagonists of α9α10 nAChRs were reported to be active 
in rat models of neuropathic and tonic infl ammatory pain [ 91 ]. Additionally, a lead 
analog, ZZ1-61c, was found to be effective in reversing mechanical allodynia in a rat 
model of neuropathy induced by administration of vincristine [ 92 ]. At the doses 
tested, ZZ1-61c did not cause motor dysfunction or muscular weakness.  

6     Analgesic Effects of Nicotine and Other Nicotinic 
Agonists: Clinical Studies 

 Nicotine, the prototypical broad spectrum nicotinic antagonist, has been known to 
have antinociceptive properties in animal models since the 1970s [ 93 ]. Nicotine was 
tested in a human volunteer trial and found to have analgesic properties in response 
to a cold pressor stimulus in abstinent smokers and long-term ex-smokers [ 94 ]. The 
analgesic response to transdermal nicotine may be modality or route dependent, 
however, because analgesic activity was not found using a pressure stimulus in a 
trial of female nonsmokers [ 95 ]. 

 Intranasal nicotine (3 mg) was fi rst tested for analgesic activity in a clinical set-
ting in a double-blind randomized control trial in 20 nonsmoking women emerging 
from anesthesia after gynecological surgery [ 96 ]. Visual analog scores for pain were 
signifi cantly lower 1 h after surgery in the patients treated with nicotine (VAS 
7.6 ± 1.4 vs. 5.3 ± 1.6). The reduction in reported pain was in spite of a reduction by 
half in patient-controlled administration of morphine in the patients treated with 
nicotine. More recently opioid sparing was demonstrated with the use of intranasal 
nicotine in a larger trial of female nonsmokers [ 97 ]. Several trials have documented 
effi cacy of nicotine delivered by a transcutaneous route for postoperative pain in 
male nonsmokers having prostatectomy [ 98 ], female nonsmokers undergoing gyne-
cological surgery [ 99 ], and a mixed gender group of nonsmokers after third molar 
surgery [ 100 ]. Prolonged exposure to nicotine is well known to result in desensitiza-
tion, inactivation, and internalization of many subtypes of nicotinic receptors. As 
such, it is perhaps not surprising that transcutaneous nicotine was not effective 
 however, as an analgesic adjuvant in smokers after gynecological surgery [ 101 ]. All 
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of the above noted clinical trials that demonstrated analgesic effi cacy in the groups 
treated with nicotine also found an increase in the incidence of nausea. Cardiovascular 
complications were not observed in clinical trials. 

 The diversity in the neuronal nicotinic receptors was suspected on the basis of 
pharmacological studies and was demonstrated with cloning [ 102 ] and expression of 
cDNA [ 103 ] for different rat nicotinic acetylcholine receptor subunits. As discussed 
above, receptors comprised of different nicotinic acetylcholine subunits have been 
found to be expressed in peripheral and central neurons that contribute to pain path-
ways. With nausea as a dose-limiting side effect of nicotine itself, the search for 
clinically useful nicotinic analgesic drugs has focused on subtype-specifi c nicotinic 
agonists, partial agonists, and positive allosteric modulators (PAM), many of which 
have antinociceptive and anti-infl ammatory effects in animal models,  described in 
detail above  ( Sect.    4  ). Of the subtype-selective nicotinic agonists, only ABT-594 and 
ABT-894 which are selective for α4β2 subunit containing nicotinic acetylcholine 
receptors have been tested in clinical trials. The less selective ABT-594 had dose-
dependent effi cacy in patients with painful diabetic neuropathy in two trials, although 
the patients reported side effects including nausea, vomiting, dizziness, headache, 
and abnormal dreams [ 50 ,  51 ]. As discussed in Sect.  3.1 , surprisingly, the more 
α4β2* selective ABT-894 was not effective as an analgesic in patients with painful 
diabetic neuropathy [ 52 ]. The authors concluded that the therapeutic index may not 
be suffi cient for clinical use of α4β2 selective agonists as analgesics. The naturally 
occurring α7 nAChR selective agonist choline has effi cacy in preclinical models of 
acute and infl ammatory pain. Only one clinical trial has evaluated choline supple-
mentation for acute postoperative pain. Unfortunately, oral perioperative dosing of 
20 g of choline did not achieve elevated plasma choline concentration or a reduction 
in postoperative pain or opioid utilization [ 104 ]. The reduced oral absorption com-
pared to that found in previous studies of nutritional supplementation with choline 
may have been a result of decreased bowel function in the perioperative period.  

7     Conclusion 

 Activation of neuronal nicotinic acetylcholine receptors has clear antinociceptive 
properties in preclinical models and the broad-spectrum agonist, nicotine, has effi -
cacy as an analgesic adjuvant in the treatment of postoperative pain. The moderately 
selective α4β2* agonist ABT-594 has effi cacy for the treatment of painful diabetic 
neuropathy. All of the above agonists have in common side effects of nausea and 
vomiting. It is likely that this side effect is not mediated by α4β2* subtype-selective 
receptors as treatment with the more α4β2* selective ABT-894 was not    associated 
with excess nausea or vomiting not analgesic effi cacy. Future trials with positive 
allosteric modulators of α4β2* nicotinic receptors hold promise. Selective activa-
tion of α7 containing nicotinic receptors is particularly interesting, as they seem to 
also have anti-infl ammatory activity in preclinical models. The one clinical trial 
with choline, an α7 subtype-selective nicotinic agonist, failed at its primary 
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endpoint, a reduction in postoperative pain; however a signifi cant increase in plasma 
choline concentrations was not achieved with oral perioperative dosing. As such 
activation of α7 containing nicotinic receptors remains a viable approach to the 
treatment of pain and infl ammation. Antagonism of α9α10 nAChRs by α-conotoxins 
RgIA and Vc1.1 was effective in a rodent model of neuropathic and chronic infl am-
matory pain although to date no α9α10 nAChRs have been identifi ed in the brain. 
An important challenge facing the development of new nicotinic analgesics candi-
dates is the limitations of the current animal models of pain. They appear to have 
worked well for mechanistic studies, but poorly as a basis for selecting new analge-
sic candidates. Most of the animal models of pain rely on detecting a change in the 
threshold or response to an applied stimulus or injury and the absence of verbal 
communication in animals is undoubtedly an obstacle to the evaluation of pain. 
Also, the neurobiology of nociceptive systems differs between species and this lim-
its the extrapolation of fi ndings from animal studies to man. New models that 
directly measure the affective component of pain are currently being developed. It 
will be important to test nicotinic ligands in these models since they will ultimately 
provide better markers to the natural disease state. 

 The diversity in subunit composition, cellular localization, and pharmacology 
of the nicotinic acetylcholine receptor family has made it a complicated target for 
analgesic drug development. However, the potency and selectivity of some of the 
pharmacological agents available hold forth the promise of important and much 
needed additions to our pharmacological armamentarium against pain. The reader is 
referred to Chaps.   5    ,   9    , and   21     for further discussion of the involvement of nAChRs 
in pain transmission.     
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    Chapter 13   
 Nicotinic Acetylcholine Receptors 
and the Roles of the Alpha7 Subunit 

             Michael     Paolini     ,     Mariella   De Biasi     , and     John     A.     Dani     

    Abstract     Nicotinic acetylcholine receptors (nAChR) are members of the Cys-loop 
superfamily of ligand-gated ion channels that includes glycine, γ-aminobutyric acid 
(GABA A ), and serotonin receptor channels. The members of the family are defi ned 
by a similar pentameric structure with fi ve membrane- spanning subunits surround-
ing a central water-fi lled, cation-selective pore. The nAChRs are further divided into 
muscle and neuronal types. Muscle nAChRs comprise α1, β1, γ, and δ or ε subunits 
in a 2:1:1:1 stoichiometric ratio. Neuronal type nAChRs are composed of differing 
combinations of α and β subunits, with nine genes encoding α subunits (α2–10) and 
three encoding β subunits (β2–4). This review focuses on the α7 subunit, which was 
cloned from the chicken in 1990 and from the rat in 1993. α7 has received waning 
and waxing attention as its involvement in diseases, including Alzheimer’s disease 
and lung cancer, has been defi ned and redefi ned. For example, recent reports pro-
vide increasing evidence for α7’s involvement in the pathogenesis of Alzheimer’s 
disease, suggesting that further work is warranted to understand the roles of the α7 
subunit normally and in pathophysiology.  
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1         Structure 

 The structure of Cys-loop receptors, and nAChRs in particular, has been extensively 
reviewed [ 1 – 5 ]. Therefore, we will focus on a basic overview and the structural 
characteristics of the α7 subunit. The α7–α9 subunits of the nAChR can form homo-
meric channels [ 6 – 10 ], but all the other subunits form heteromeric channels com-
monly with (α*) 3 (β*) 2  stoichiometry. Each nAChR subunit has a large N-terminal 
extracellular domain, four transmembrane regions (TM1–TM4), and a large intra-
cellular loop between TM3 and TM4. The N- and C-terminals of nAChRs are extra-
cellular, as is the loop between TM2 and TM3. TM2 of each subunit makes up much 
of the lining of the channel pore. 

 Currently, the highest resolution for an intact nAChR is at 4 Å accomplished with 
electron microscopy examining the  Torpedo  nAChR [ 11 ]. Despite ample supply of 
muscle-type and electric organ nAChRs, full 3-D crystallization attempts have not 
been completely successful. Unfortunately, heterologous expression of nAChRs 
does not produce the receptor in quantities suffi cient for crystallization [ 2 ]. A break-
through in the structural understanding of nAChRs occurred when the crystal struc-
ture was obtained for a soluble acetylcholine-binding protein (AChBP) from snails 
[ 12 ]. Although it does not function as an ion channel and does not contain a trans-
membrane region, the AChBP is a functional and structural homologue of the 
ligand-binding domain of Cys-loop receptors and shares high homology (24 % 
sequence identity) with the N-terminal ligand-binding domain of the α7 subunit. 
The study of this structure and that of two other AChBPs [ 13 ,  14 ] coupled with 
structure-function and mutational analyses [ 15 ,  16 ] have provided detailed informa-
tion for the ligand-binding properties and for the potential gating mechanisms of 
nAChRs. Agonists bind at the interface between an α subunit and an adjacent sub-
unit. Therefore, a heteromeric (α4) 2 (β2) 3  receptor contains two binding sites. 
Although α7 subunits are capable of forming heteromeric receptors [ 17 ], the more 
common homomeric α7 receptors have fi ve potential binding sites [ 18 – 20 ]. 

 The N-terminal of the α7 nAChR subunit, as with other nAChR subunits, pro-
vides the extracellular ligand-binding domain [ 21 ]. The extracellular ligand-binding 
domain consists of six loops: three on the principal side of the α subunit (loops a–c) 
and three on the adjacent subunit (loops d–f) (Fig.  13.1a, b ). Since α7 is expressed 
as a homomeric receptor, the interface of these two sets of loops is between identical 
subunits. Two important loops in the N-terminal extracellular domain are the c-loop 
and the Cys-loop (Fig.  13.1a, b ). The c-loop is the loop between β9 and 10. The cys-
loop, for which the superfamily is identifi ed, is found in the β6-7 loop. In the crystal 
structure of the α1 subunit extracellular domain, the Cys-loop is a 13 amino acid 
sequence linked by a cysteine disulfi de bond. It is located at the bottom of the beta-
barrel, lying in close proximity to the TM2–TM3 loop, which is extracellular in a 
functional receptor (Fig.  13.1a ). When an agonist, such as nicotine or ACh, enters 
the binding site, the c-loop moves and caps the ligand [ 22 ] (Fig.  13.1c, d ). Ligand 
binding also has been shown to require a series of aromatic residues whose architec-
tural structure is shared by all members of the Cys-loop family of channels [ 23 ].
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   The TM2 segment lines the ion channel along the axis of symmetry so that 
each one of the fi ve nAChR subunits is arranged like the staves in a barrel. The 
channel contributes to three fundamental aspects of nAChR function: gating (i.e., 
opening and closing), ion permeation, and ion selectivity. The gate, which is 
thought to be located in the middle–upper part of the channel, is allosterically 
coupled with the agonist binding [ 21 ]. It comprises three rings of hydrophobic 

  Fig. 13.1    Model structures of the α7 nAChR subunit and receptor. ( a ) The folded structure for one 
α7 subunit is represented, including the extracellular loops, the transmembrane alpha helixes, and 
the cytoplasmic phosphorylation sites. ( b ) A schematic representation of the ACh-binding site. 
The binding site is composed of amino-acid residues that make up loops a, b, and c (the principal 
component from 1 subunit) and loops d, e, and f (the complementary component from another 
subunit). ( c ) A top view looking down on the nAChR with its central water-fi lled pore showing fi ve 
nicotine molecules ( dark grey ) in binding sites. ( d ) A side view of the nAChR. The model struc-
tures were obtained by comparative modeling by Taly et al., 2009, based on homology to the ACh- 
binding protein from  Erwinia chrysanthemi . The panels were adapted with permission from Taly 
A. et al., Nat Rev Drug Discov, 2009. 8:733-50       
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residues that prevent passage of permeant ions when the channel is in the closed 
state [ 11 ,  24 ]. The analysis of bacterial protein homologue to nAChRs has 
 suggested that channel opening is produced by the concerted tilting of the TM2 
helices, the TM2–TM3 loop, and the TM3 segment [ 25 ]. 

 nAChRs are nonselective cationic channels permeable to many cations, and for 
biological purposes the main permeants are Na + , K + , and Ca 2+  [ 26 ]. The selectivity 
fi lter contains three rings of negatively charged residues and is located at the cyto-
plasmic border of the TM2 segment, with key contributions from the cytoplasmic 
end of the TM2 segment, as well as from the loop linking the TM1 and TM2 seg-
ments [ 27 – 31 ]. Characteristic of α7 nAChR is the high permeability to divalent over 
monovalent cations, with a ratio of calcium to sodium of about 10:1 [ 8 ,  32 ,  33 ]. The 
high calcium permeability of the α7 nAChR is similar to that of NMDA glutamate 
receptor [ 32 ,  34 – 37 ], and this defi ning feature is critical to the α7 subunit’s role in 
neuronal function. Site-directed mutagenesis experiments in TM2 or neighboring 
residues have revealed the amino acids that modulate Ca 2+  infl ux into the channel 
[ 32 ,  36 ,  38 ,  39 ]. For example, when a glutamate residue found in the cytoplasmic 
portion of TM2 is mutated to an alanine, calcium permeability is signifi cantly 
decreased [ 32 ,  40 ]. 

 Desensitization of nAChRs arises most commonly after prolonged exposure to 
suffi cient ACh or other nicotinic ligands to cause a decrease in the activation of the 
nAChRs over a time course ranging from milliseconds to minutes. The phenomenon 
leads to a high-affi nity, desensitized state in which the receptor’s binding sites are 
occupied by agonist but the channel pore is closed [ 41 ]. When a tryptophan residue 
located in the β2 subunit strand of the extracellular domain is mutated to an alanine, 
the rate of desensitization decreases by >30-fold [ 3 ,  42 ]. Studies of α7 nAChRs 
expressed in oocytes have also shown that a Leu250-to-Thr substitution (L250T) in 
the channel domain increases agonist affi nity and decreases the rate of desensitization, 
creating a gain-of-function α7 nAChR [ 43 – 45 ]. Hippocampal neurons from mice 
homozygous (T/T) for the α7-L250T nAChR “knock-in” mutation have properties 
consistent with those observed for α7-L250T nAChRs in oocytes [ 45 ]. Homozygosity 
for the L250T mutation leads to perinatal death while partial gain of function in het-
erozygous (+/T) mice is compatible with normal growth and life-span.  

2     Assembly and Traffi cking 

 The assembly and traffi cking of nAChRs are tightly regulated processes that are 
critically important for a properly functioning cholinergic system. This regulation 
can be demonstrated by the diffi culty with heterologous expression of the α7 
nAChRs in cell lines that do not endogenously express α7 [ 46 ]. Although the nico-
tinic receptor was the fi rst ion channel to be cloned and characterized, the progress 
was relatively slow toward understanding the mechanisms responsible for the traf-
fi cking of the receptor to the plasma membrane. Most of the initial work was con-
ducted on muscle-type nAChRs and showed that nAChRs are folded and assembled 
in the rough endoplasmic reticulum (ER) [ 47 – 51 ]. The process of folding and 
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pentameric assembly is a prerequisite for exit from the ER [ 52 ]. Unassembled or 
incompletely assembled subunits are retained in the ER and are ultimately degraded 
through the process of ER-associated degradation (ERAD). The receptors are sub-
sequently transported to the Golgi apparatus where they are segregated into vesicles 
for delivery and insertion into the plasma membrane [ 53 ]. 

 Throughout the process, a number of signals have been discovered that are neces-
sary for proper delivery of the fully assembled receptor to the cell surface. An α-helix 
located at the N-terminal is necessary for expression of the receptor in the membrane 
of  Xenopus  oocytes [ 54 ]. Fully assembled receptors mask an ER retention signal 
contained within the TM1 domain. Although nAChR subunits capable of forming 
homomeric channels do not contain this motif, the TM1 region is still important for 
export from the ER [ 55 ]. The C-terminal domain is also important for the export 
process as α7-5HT3A chimeras are retained in the ER without this domain [ 56 ]. 

 Correct folding of individual subunits allows for the large intracellular loop 
(TM3–TM4) to be exposed to the cytoplasm. While all nAChR subunits are highly 
homologous, the TM3–TM4 loop shows the highest degree of divergence [ 57 ], sug-
gesting its involvement in the determination of some nAChR subtype-specifi c prop-
erties. The large intracellular loop contains a signal targeting the assembled receptor 
for coat protein II (COPII)-mediated ER to Golgi transport [ 58 ]. The intracellular 
loop also contains a signal that targets the receptor for COPI-mediated Golgi to ER 
retrograde traffi cking [ 59 ]. This signal must be masked in order for transport to 
continue out of the Golgi and to the cell surface. In α7* nAChRs, the large intracel-
lular loop is important for targeting the receptor to its proper location in vivo. In 
normal chick ciliary ganglia, α7 homopentamers are targeted to perisynaptic sites 
and are excluded from synaptic locations whereas α3* nAChRs can be expressed at 
the synapse. However, α7 chimeras containing the large intracellular loop of the α3 
subunit are effi ciently targeted to the synapse in vivo [ 60 ]. 

 The large intracellular loop is also a binding site for adaptor proteins/chaperones 
that infl uence receptor traffi cking and degradation [ 61 ,  62 ]. The most well- 
characterized molecular chaperone for α7 nAChRs is RIC-3. RIC-3 is a single-pass 
transmembrane protein found in the endoplasmic reticulum that interacts with 
unfolded and folded α7 to facilitate its assembly and traffi cking to the cell surface 
[ 63 – 66 ]. In cultured mammalian cell lines that do not endogenously express α7, 
transfection of α7 cDNA leads to rapid degradation of protein and no functional 
channels at the cell surface [ 67 ]. However, co-transfection with RIC-3 is suffi cient 
to detect functional homomeric α7 nAChRs [ 64 ,  68 ]. The nature of this facilitation 
is dependent on RIC-3 expression levels. At low levels, RIC-3 indeed increases 
surface expression of α7; however, at higher levels assembled α7 receptors are 
retained in the ER. In cultured neurons, this retention process is associated with 
traffi cking of α7 to dendrites along the ER-restricted pathway and preventing trans-
port to axons [ 69 ]. Thus, RIC-3 assists in the folding, assembly of pentamers, and 
localization of α7 nAChRs. 

 A common property of neurotransmitter receptors is high-density clustering at a 
controlled location in the cell. α7 nAChRs are maintained in clusters at the cell sur-
face through interactions with various scaffolding proteins and cytoskeletal elements 
[ 70 ]. In the spines of chick ciliary ganglion neurons, α7 forms discrete clusters. 
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Upon depolymerization of actin fi laments, these clusters dissipate and α7 becomes 
undetectable [ 71 ]. Among the proteins that interact with α7 and may be important for 
clustering are rapsyn and PDZ-domain proteins such as PICK1 [ 46 ,  72 ,  73 ]. 
Postsynaptic density (PSD)-95, another PDZ-domain-containing protein, is a scaf-
folding protein that is important for the postsynaptic localization of NMDA recep-
tors [ 74 ]. α7 nAChRs are found in close proximity to NMDA receptors postsynaptically 
[ 75 ], and PSD-95 can be detected after immunoprecipitation of α7 [ 76 ]. Therefore, 
scaffolding by PSD-95-containing complexes may contribute for the postsynaptic 
localization of α7. 

 Posttranslational modifi cations are also critical for the proper function of α7 
nAChRs. Palmitoylation is the covalent attachment of the fatty acid palmitate to 
cysteine residues and is required for the formation of α-BTX-binding properties of 
α7 [ 69 ,  77 ]. This modifi cation occurs in the ER leading to highly palmitoylated 
receptors that undergo a pruning process as the receptor travels to the membrane. 
Although glycosylation does not affect surface expression of the receptor, expres-
sion of glycosylation-defi cient α7 causes changes in whole-cell currents [ 78 ,  79 ]. 

 Another factor regulating the surface expression of nAChRs is long-term repeated 
exposure to agonist, as commonly occurs with nicotine during tobacco use. The 
usual response to overstimulation by an agonist is downregulation of that receptor. 
On the contrary, chronic nicotine exposure upregulates nAChRs in a subtype- 
specifi c manner. Although high-affi nity β2-containing nAChRs are most potently 
upregulated, in some locations of the brain α7 nAChRs also increase [ 80 – 82 ]. 
A variety of mechanisms have been proposed to explain the phenomenon. Chronic 
nicotine induces long-term desensitization of a signifi cant proportion of nAChRs, 
particularly of the high-affi nity subtypes. Therefore, a homeostatic response to 
desensitization is to increase nAChR levels to make up for the decreased availability 
of receptors [ 83 ,  84 ]. This homeostatic reaction occurs because nAChRs that reach 
the surface remain there longer when chronically exposed to nicotine owing to 
decreased turnover rates of receptors [ 85 ]. Nicotine also acts as a pharmacological 
chaperone for its own receptor, stabilizing nAChRs during assembly and traffi cking 
them to the surface [ 86 ]. Increased levels of chaperones can account for increased 
surface expression of nAChRs. Upregulation is also aided by a decreased receptor 
degradation rate. Nicotine inhibits proteasomal activity [ 82 ] and by doing so 
increases the stability of many synaptic proteins, including nAChR subunits [ 87 ].  

3     Brain α7* nAChRs 

 Nicotinic acetylcholine receptors are expressed throughout the brain and can be 
found on neurons as well as astrocytes, microglia, and vascular endothelial cells 
[ 88 – 90 ]. α7 homomers and α4β2 heteromers represent the two major subtypes of 
nAChRs found in the mammalian brain [ 88 ]. High levels of the α7 mRNA transcript 
are found via in situ hybridization in the olfactory lobes, cerebral cortex, hippocam-
pus, hypothalamus, and amygdala [ 8 ]. α7 can also be detected with α-bungarotoxin 
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(α-BTX), a toxin that binds to α1 nAChR subunits at the neuromuscular junction as 
well as neuronal subunits α7–α10 [ 91 – 93 ]. In the rat brain, α-BTX-binding sites 
contain primarily α7 subunits [ 94 ], and their distribution is similar to that of α7 
mRNA in the adult rat brain [ 95 ]. However, α-BTX also binds to and inhibits 
GABA A  receptors containing the GABA A -β3 subunit [ 92 ], but the extent to which 
this binding is refl ected in vivo has yet to be determined. Immunohistochemistry is 
also commonly used to detect α7* nAChRs. However, because commercially avail-
able antibodies may not always be specifi c [ 96 ,  97 ] a combination of techniques is 
advisable for the detection of brain nAChRs, especially in the mouse. Despite these 
limitations, the overall expression pattern of α7 has been extensively examined [ 88 ] 
and is summarized in Table  13.1  for the human brain.  

 The α7 nAChR subunit is detected at pre- and postsynaptic locations, as well as 
dendrites, axons, and somas of neurons [ 40 ,  99 – 103 ]. Like other nAChRs, α7* 
nAChRs are commonly localized to the presynaptic membrane, where a basic func-
tion is to modulate the release of neurotransmitters [ 103 ]. As stated earlier, the cal-
cium permeability through α7 homomers relative to that of sodium ( P  Ca / P  Na ) is 
estimated near 10, which is comparable to that of NMDA receptors [ 6 ,  8 ,  32 ,  104 ]. 
As infl ux of Ca 2+  into the presynaptic terminal is a critical driver of neurotransmitter 
vesicle fusion and consequent release [ 105 ,  106 ], α7* nAChRs are positioned to 
infl uence the effi cacy of synaptic transmission. As action potentials reach the syn-
aptic terminal, voltage-gated calcium channels open to provide increased intracel-
lular calcium, and temporal summation of repeated action potentials can lead to 
calcium-induced calcium release, all of which produce neurotransmitter release 
[ 107 ]. Activation of presynaptic α7* nAChRs in concomitance with the arrival of an 
action potential contributes to cell membrane depolarization, thereby lowering the 
threshold for neurotransmitter release. For example, the frequency of miniature 
excitatory postsynaptic potentials induced by glutamatergic neurons from the hip-
pocampus or the medial habenula is increased after inducing nicotinic currents in 
those cells [ 101 ,  103 ,  108 ]. In the CA3 region of the hippocampus, exposure to 
nicotine in concentrations achievable by smoking leads to increases in the intracel-
lular calcium concentration in mossy fi ber presynaptic terminals. This effect is 
blocked by α7 nAChR antagonists such as methyllycaconitine (MLA) and α-BTX, 
indicating that presynaptic α7 nAChRs are at least partly responsible [ 103 ]. 
Therefore, activation of α7 nAChRs found presynaptically may be suffi cient to 
induce neurotransmitter release even without the appearance of action potentials. As 
presynaptic nAChRs make the release of neurotransmitter more likely, a stimulus 
reaching presynaptic terminals is more likely to induce a postsynaptic depolariza-
tion and, thus, long-term potentiation (LTP) [ 109 ]. Additionally, given that some 
synapses in the CA1 region express the α7 nAChR [ 40 ,  75 ], nicotinic activation in 
that region can also enhance the induction of long-term potentiation, depotentiation, 
or long-term depression [ 110 – 112 ]. 

 Although not as common in the mammalian brain, α7* nAChRs are found in post-
synaptic membranes and agonists can induce fast synaptic transmission at these sites. 
α7 nAChRs are most abundant in the hippocampus and neocortex [ 113 ], especially 
on GABAergic interneurons [ 114 ], where they may mediate cholinergic synaptic 
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   Table 13.1    Localization of CHRNA7 mRNA expression [88, 98]   

 Peripheral 

  Epithelial cells    Immune cells  

  • Airway    • Monocytes 

   – Surface epithelium    • Eosinophils 

   – Alveolar type 2 cells    • Macrophage 

  • Skin    • Lymphocytes 

   – Keratinocytes     – T and B cells 

   – Pilosebaceous unit   Mesenchymal cells  

   – Myoepithelial cells of sweat glands    • Fibroblasts 

   – Melanocytes     – Lung 

   – Urothelium    • Tenocytes (rat) 

  Endothelial cells     • Adipocytes (rat) 

  • Aorta and Pulmonary Vessels    • Smooth muscle fi bres 

    – Lung 

    – Vasculature 

  Mesothelial cells  

   • Mesothelioma cells 

 Central 

  Neocortex    Basal ganglia  

  Entorhinal cortex     • Expression in the striatum 

  Hippocampus    Thalamus  

  •  Interneurons in striatum oriens and striatum 
radiatum, pyramidal cells in CA2/3, CA4 > 
CA1, hilar cells 

   • Reticular thalamic nuclei 

   – Moderate/strong expression     – High expression 

  •  Dentate granular cells, subiculum, 
presubiculum 

   • LGN, MD, VA 

   – Weak/moderate expression     – Lower expression 

  Brainstem  

   • Midbrain 

    – Minimal and controversial 

   • Pons 

   • Medulla 

    – Strong expression 

  Cerebellum  

   • Large ovoid cells, astrocytes, 
endothelial cells 
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input [ 115 ]. The α7-mediated activation of such interneurons can result in either inhi-
bition or disinhibition of pyramidal neurons [ 116 – 118 ]. α7-Mediated postsynaptic 
nAChR activity on pyramidal neurons is capable of boosting the impact of a weak 
electrical stimulation on the Schaffer collateral pathway, thereby infl uencing synaptic 
plasticity [ 112 ]. 

 The study of single channels from outside-out patches pulled from somas of rat 
hippocampal neurons demonstrated channels with α7 characteristics that are inhib-
ited by MLA [ 119 ]. To very fi nely localize functional α7 nAChRs, laser photolysis 
of α-carboxy-2-nitrobenzyl (CNB)-caged carbachol can be used to release the ago-
nist in a very small, controlled area (~6–7 μM) and for a short period of time 
(~100 μs) to avoid the effects of desensitization. This technique helped to map 
functional somatodendritic α7 nAChRs in rat hippocampal CA1 and substantia 
nigra pars reticulata neurons [ 120 ,  121 ]. To further elucidate the localization of α7 
nAChRs, the C-terminus of α7 was tagged with either hemagglutinin epitope or 
GFP. Interestingly, immunostaining of cultured hippocampal neurons demonstrated 
that α7 was almost entirely localized to the somatodendritic compartments, with 
obvious caveat of the effects of such protein modifi cations. Additionally, a 
48- residue motif in the large intracellular loop of the α7 receptor led to dendritic 
localization when fused to proteins with normally ubiquitous distribution [ 122 ]. 

 Given that acetylcholine half-life and the distance it travels from its release site 
depend on the distribution and density of acetylcholinesterase (AChE), the impor-
tance of extra-synaptic α7 expression is not well understood. The acetylcholine 
breakdown product, choline, acts at higher concentrations as a specifi c agonist for 
α7 nAChRs [ 123 ,  124 ]. Choline is an essential nutrient that can be found in mem-
brane phospholipids as well as being a key component of acetylcholine. Within 
synapses, it is liberated from acetylcholine by acetylcholinesterase and diffuses 
some distance away before being eventually transported back into the cell. Choline 
can be found in cerebral spinal fl uid at concentrations of 4–12 μM [ 125 ]. Studies 
utilizing electron microscopy have determined that a signifi cant proportion of 
nAChRs are localized to positions within the neuron away from any synapse, includ-
ing along axons and somas of neurons [ 118 ,  120 ,  126 ]. It follows that nAChRs, 
α7 in particular, may function through diffuse, or volume, transmission of endoge-
nous agonists (acetylcholine and choline), rather than solely through synaptic action 
of released neurotransmitters [ 40 ,  109 ,  123 ,  124 ,  127 ]. Located outside the synapse, 
these receptors may infl uence neuronal function by altering the threshold for action 
potentials or direct the travel of action potentials toward certain branches on an axon 
via local membrane depolarizations [ 40 ]. Additionally, through calcium-mediated 
signal transduction, activation of these channels likely has other downstream 
 consequences involving regulation of transcription and other cellular processes 
[ 128 ]. Axonal expression of α7 nAChRs has also been shown to modulate presyn-
aptic NMDAR expression and presynaptic and postsynaptic maturation of glutama-
tergic synapses [ 129 ]. Hippocampal α7* nAChRs have also been shown to exert a 
profound effect on adult hippocampal neurogenesis [ 130 ].  
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4     Peripheral and Other α7* Receptors 

 Neuronal nAChRs are also expressed in the peripheral nervous system, where auto-
nomic nervous system nAChRs mediate fast ganglionic transmission and other 
functions [ 131 ]. Although α3, β2, α5, and β4 subunits are the predominate subtypes, 
α7 nAChRs are known to be expressed in parasympathetic and sympathetic gangli-
onic neurons and are physiologically important [ 132 ,  133 ]. Sympathetic neurons 
isolated from rat superior cervical ganglia express two classes of functional α7 
nAChRs. One class rapidly desensitizes, recognizes choline as an agonist, and is 
blocked almost irreversibly by α-BTX. The other class desensitizes much more 
slowly, does not respond to choline, and is blocked by α-BTX in a readily reversible 
manner [ 134 ,  135 ]. These two types of currents refl ect the activation of two splicing 
variants of the α7 gene: one with extremely rapid desensitization kinetics and low 
amplitude (α7-1), and a second with relatively slow desensitization kinetics and 
larger current amplitudes (α7-2) [ 135 ,  136 ]. Autonomic α7* nAChRs provide a 
relatively small contribution to fast ganglionic transmission, which is mainly medi-
ated by α3* nAChRs [ 133 ,  137 ]. In addition, α7* nAChRs at extrasynaptic locations 
might monitor and respond to the extracellular choline released by hydrolysis of 
ACh [ 123 ,  124 ], providing an additional level of modulation to ganglionic 
transmission. 

 α7* nAChRs are also found in dorsal root ganglia [ 138 – 141 ], where they infl u-
ence the processing of sensory information [ 142 ,  143 ]. α7* nAChRs have a promi-
nent role in pain processing. The α7-receptor antagonists MLA and α-BTX inhibit 
nicotine-induced nociception [ 144 ], suggesting an analgesic effect associated with 
α7 nAChR activation. In mice, the α7 nAChR selective agonist choline produces 
analgesia in the late phase of the formalin test, an assay associated with an infl am-
matory response [ 145 ]. α7 nAChR agonists can also reverse hypersensitivity in an 
acute infl ammatory pain model [ 144 ]. Although the analgesic effects of α7 nAChR 
stimulation seem to be centrally mediated [ 144 ], the receptors might also infl uence 
infl ammatory pain by reducing infl ammation. The anti-infl ammatory effects of α7 
nAChRs result in part from the activation of the vagus nerve which can produce an 
anti-infl ammatory state refl ected by decreased levels of pro-infl ammatory cytokines 
such as TNF-α, IL-1, and HMGB1 [ 146 ]. The spleen is a required component of the 
cholinergic anti-infl ammatory pathway [ 147 ,  148 ]. It is innervated by the splenic 
nerve arising from the celiac-superior mesenteric plexus [ 149 – 151 ], and delivers 
primarily catecholaminergic afferents [ 152 ,  153 ]. α7* nAChRs expressed in the 
celiac ganglion may contribute to the effects of vagal nerve stimulation by 
 infl uencing ganglionic transmission and controlling the amount of norepinephrine 
released from splenic nerve endings. The norepinephrine released from the splenic 
nerve binds to adrenergic receptors on lymphocytes. Lymphocytes produce acetyl-
choline that then binds α7 nAChRs expressed on macrophages to mitigate the 
infl ammatory response [ 147 ]. Vagus nerve activity has been found to be decreased 
in patients suffering from rheumatoid arthritis, and α7-specifi c agonists are being 
pursued as a possible therapeutic treatment for this condition [ 154 ]. In summary, 
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stimulation of α7 nAChRs leads to an anti-infl ammatory state and associated mech-
anism has been implicated in the pathophysiology of a wide variety of infl ammatory 
diseases such as sepsis, pancreatitis, rheumatoid arthritis, and infl ammatory bowel 
disease [ 147 ]. 

 As an indication of the ubiquity of cholinergic signaling, it is interesting to note 
that ACh is also found and synthesized in a wide variety of life forms that do not 
possess a mammalian-type nervous system, including archaea, bacteria, plants, 
fungi, and animals [ 155 ]. This observation suggests that cholinergic signaling 
developed as a very early form of intercellular communication and that it could 
be expected to hold important functions outside of the nervous system. Morris was 
the fi rst to report non-neuronal synthesis of acetylcholine in the placenta [ 156 ]. 
Choline acetyltransferase (ChAT), a key component of the ACh synthetic pathway, 
has subsequently been shown to be expressed in a wide variety of tissues including 
endothelial cells [ 157 ], glial cells [ 158 ,  159 ], immune cells [ 160 ], and epithelial 
cells [ 161 – 164 ]. α7 nAChRs can be detected in many types of cells including epi-
thelial, endothelial, and mesenchymal cell types [ 98 ], where they may control vari-
ous aspects of cellular function via paracrine and/or autocrine mechanisms [ 160 ].  

5     α7 Knockout and Gain-of-Function Mice 

 Despite the many roles played by the α7 nAChR in the mammalian brain, behav-
ioral phenotypes have been diffi cult to fi nd in α7 knockout mice. These mice were 
fi rst described in 1997 [ 165 ] to have properties expected of a null mutation: little or 
no α-BTX binding in the brain and a lack of kinetically fast nicotinic currents in the 
hippocampus. These mice were then subjected to a full battery of neurologic and 
behavioral tests [ 166 ]. The α7 knockout mice showed no easily detectable differ-
ences in any motor or sensory responses compared with wild-type mice. They per-
formed similarly in the initial tests of learning and memory, such as the Morris 
water maze and conditioned fear paradigms. Nor did these mice show differences in 
sensorimotor gating or spatial learning. The only difference found was that α7 null 
mice spent more time in the center of an open fi eld test of anxiety-related behavior. 
This result may indicate that α7 null mice experience less baseline anxiety. However, 
the authors caution that this fi nding is not supported by further tests of anxiety- 
related behavior (e.g., light/dark exploration test). 

 The barorefl ex is the autonomic neural mechanism to control blood pressure. In 
response to increased blood pressure, baroreceptors found in the carotid artery are 
activated and lead to an increase in parasympathetic tone and decreased sympathetic 
outfl ow. The overall result is decreased blood pressure secondary to decreases in 
heart rate, cardiac contractility, and vascular resistance. The opposite response is 
observed with a decrease in blood pressure [ 167 ]. α7-defi cient mice demonstrate a 
decreased barorefl ex in response to a drop in blood pressure. Wild-type mice admin-
istered sodium nitroprusside displayed a 48 % increase in heart rate, whereas that of 
α7-defi cient mice only increased 21 % [ 168 ]. 
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 In another study [ 169 ], α7 knockout mice and wild-type mice were exposed to 
nicotine chronically in their drinking water. Then, they were observed as they were 
allowed to go spontaneously into nicotine withdrawal. α7 knockout mice showed 
signifi cantly less withdrawal-induced hyperalgesia, but were otherwise similar to 
wild-type animals, including the presentation of somatic signs of withdrawal. 
However, when precipitated by mecamylamine, nicotine withdrawal does lead to 
decreased somatic signs in α7 null mice compared to wild-type mice [ 170 ]. These 
mice were observed after 2 weeks of treatment with subcutaneous nicotine via 
micro-osmotic pumps and acute precipitation of withdrawal, which may account for 
the discrepancy in the two studies. A subsequent report using a similar method 
[ 171 ] did not confi rm the role of α7 in somatic signs of nicotine withdrawal, but did 
show decreased hyperalgesia in α7 null mice. Interestingly, MLA-induced nicotine 
withdrawal was shown to lead to identical increases in somatic signs between wild- 
type and α7 null mice [ 170 ]. This result was found using MLA concentrations that 
had been previously assumed to be α7 specifi c. This same study demonstrated that 
α7 null mice have wild-type levels of nicotine tolerance and basal anxiety levels. 

 Tonic-clonic seizures are observed when high doses of nicotine are administered 
to mice, and the sensitivity to this effect is strain dependent [ 172 ]. Many studies 
indicate that α7 nAChRs are involved in the presentation of seizures. Increased 
α-BTX binding in the hippocampus is correlated with an increased sensitivity to 
nicotine-induced seizure behavior [ 172 – 176 ]. MLA, an α7-specifi c antagonist, sig-
nifi cantly inhibits the convulsive effects of nicotine when administered either 
peripherally or centrally [ 173 ]. However, despite the evidence for the role of α7 in 
nicotine-induced seizure, α7 null mice that have little or no α-BTX binding in the 
brain demonstrate a similar sensitivity to nicotine as wild-type mice [ 177 ]. 

 To further confuse the situation, specifi c mutations within α7 can alter seizure 
sensitivity in mice. The TM2 region of nAChRs contains a highly conserved hydro-
phobic leucine residue that if mutated to threonine (L250T) or other polar amino 
acids leads to an interesting gain-of-function phenotype for α7 nAChRs. These 
channels demonstrate higher affi nity to acetylcholine and decreased desensitization. 
In oocytes, dihydro-β-erythroidine, (+)-tubocurarine, and hexamethonium were 
shown to inhibit the response of wild-type α7 receptors to acetylcholine. All three 
of these compounds, in the absence of acetylcholine, led to channel opening when 
the L250T-mutant α7 subunits were expressed in oocytes [ 43 ,  44 ]. A transgenic 
mouse line was created expressing this gain-of-function mutation in order to further 
elucidate its role in vivo. Mice homozygous for the mutation (T/T) die within 24 h 
after birth. Mice expressing one copy of the mutant L250T allele, but no wild-type 
allele, i.e., α7 (−/T), also demonstrate the lethal phenotype. However, with one 
wild-type copy of the gene (+/T), these mice survive and are largely normal as 
determined by a battery of behavioral tests [ 45 ,  178 ,  179 ]. These surviving mice 
demonstrated differences in their response to nicotine. They displayed two stereo-
typic movements soon after injection of nicotine: “head bobbing” and a crisscross 
forepaw tapping. In addition, these mice were twice as sensitive to nicotine-induced 
seizures [ 178 ]. Nicotinic currents elicited by 1 mM acetylcholine from three differ-
ent hippocampal cell types (interneurons, pyramidal, and granule cells) were sever-
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alfold larger in the +/T slices than in +/+ slices [ 112 ]. Also, these currents were 
slower to desensitize [ 178 ]. These results are consistent with previous fi ndings from 
mutant α7 expressed in oocytes. 

 Nicotinic receptors have also been shown to be important components of the fer-
tilization process. Human sperm expresses α3, α5, α7, α9, and β4 nAChR subunit 
mRNA. When a sperm reaches the zona pellucida of an unfertilized egg, the sperm 
undergoes the acrosomal reaction. During this reaction, a secretory vesicle, the acro-
some, located at the anterior head of the sperm releases its contents toward the egg, 
which allow the sperm to penetrate the egg. Sperm from α7 −/− mice do not undergo 
the zona pellucida-initiated acrosomal reaction and display a 25 % reduction of 
 in vitro  fertilization as compared to wild-type sperm [ 180 ]. Calcium infl ux is a critical 
initiating event for the acrosomal reaction. Acetylcholine causes an increase in 
 intracellular calcium in sperm and can also induce the acrosomal reaction in wild-
type sperm. However, ACh is unable to do so in α7-defi cient sperm [ 181 ]. Additionally, 
sperm from α7-defi cient mice demonstrate impaired motility. Therefore, drugs tar-
geting the α7 nAChR may have a role to aid in cases of infertility.  

6     Pathophysiology 

 A number of human pathologies involve dysfunctions in cholinergic signaling. 
Because nAChRs are widely distributed in the peripheral and central nervous sys-
tem, it is not surprising that they have involvement in diverse neuronal diseases. For 
example, a principal feature of the pathogenesis of Alzheimer’s disease is the loss 
of nAChRs and of cholinergic neurons, particularly from the basal forebrain nuclei. 
Also, inhibition of acetylcholine esterase is a treatment for the cognitive symptoms 
of AD [ 182 – 186 ]. Furthermore, β-amyloid is known to interact with the α7 nAChR, 
suggesting that it may have a role in the pathogenesis possibly through astrocytic 
mechanisms [ 187 ] (see Chap.   19     by Dineley). 

 Patients with schizophrenia are known to have a disproportionately high smok-
ing rate, which may refl ect an inappropriate form of self-medication [ 186 ]. 
Schizophrenics have decreased numbers of nAChRs and of the α7 subunit in par-
ticular. This fi nding implies that overall cholinergic signaling is also diminished 
[ 186 ,  188 ]. As with schizophrenia, adults who have attention-defi cit hyperactivity 
disorder (ADHD) as children are more likely to be smokers. In addition, they dem-
onstrate a decreased performance in tests of attention that can be improved with 
administration of nicotinic agonists [ 186 ] (see Chap.   20     by Leonard). 

 Lung cancer is the leading cause of cancer death in the world and most cases are 
attributable to smoking. However, it is important to note that smoking not only 
increases the risk of lung cancer, but also many other types of cancer including 
mouth, laryngeal, bladder, esophageal, and stomach cancers [ 189 ]. Nicotine and, 
more importantly, its active metabolites may act via various routes, but they also 
bind to nAChRs throughout the body and activate many molecular cascades that 
may favor the development of neoplasm. α7 activation induces indirect initiation of 
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cell proliferation, an effect kept in check by α4β2 activity. Importantly, α7 nAChRs 
have a lower affi nity for nicotine than α4β2 nAChRs, resulting in signifi cant α4β2 
receptor desensitization with no profound change in the sensitivity of α7 receptors 
[ 190 ,  191 ]. Recent work has implicated α7 as a potential chemotherapeutic target 
for small and non-small-cell lung cancer, mesothelioma, gastric, colon, oral, esoph-
ageal, and pancreatic cancer [ 190 ]. 

 The preceding was only a brief introduction to the role of the α7 nAChR subunit 
in the pathophysiology of human disease inside and outside of the central nervous 
system. This receptor is likely involved in many other pathologic states. For exam-
ple, nicotinic signaling through α7 receptors is also implicated in pro-angiogenic 
activity, which may be an important target for many diseases with a neovascular 
component, such as cardiovascular disease, cancer, and macular degeneration [ 192 ]. 
Also, in human neoplasms, epithelial-to-mesenchymal transitions (EMT) are known 
to be an important step in the pathogenesis of a malignant phenotype. Nicotine, 
through α7 signaling, leads to increased migration and gene expression changes 
consistent with the epithelial-mesenchymal transition in cancer cell lines [ 193 ,  194 ]. 

 Despite the widespread expression and seemingly important physiology related 
to the α7 nAChR subunit, it is interesting that the phenotype associated with the 
knockout mouse is relatively mild. The reasons for this apparent discrepancy are 
many. Compensatory upregulation of a complementary subunit could replace the 
function of α7. Additionally, it is possible that α7 functions as one of several redun-
dant pathways to accomplish the same goal and we are only able to tease out a small 
portion of the effect. Alternatively, loss of function of this subunit may be a less 
important cause of pathophysiology than a gain of function. The L250T transgenic 
mice show considerably more dramatic phenotypes as described above. Recent work 
has indicated that increased dosage of the Chrna7 gene in humans can be linked to 
cognitive impairment and neuropsychiatric disease [ 195 ]. In any case, the evidence 
is overwhelming that α7 is an important contributor to normal human physiology as 
well as disease states and, therefore, should receive increased attention in the future. 
Drugs designed to target this receptor may fi nd utility in such wide-ranging disease 
states as cancer, schizophrenia (see also Chap.   20    ), infertility, and Alzheimer’s dis-
ease (see also Chap.   19    ).     
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    Chapter 14   
 Role of Central Serotonin Receptors 
in Nicotine Addiction 
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    Abstract     Regulation of normal or abnormal behaviour is critically controlled by 
the central serotonergic systems. Recent evidence has suggested that serotonin 
(5-HT) neurotransmission dysfunction contributes to a variety of pathological con-
ditions, including depression, anxiety, schizophrenia and Parkinson’s disorders. 
There is also a great amount of evidence indicating that 5-HT signalling may affect 
the reinforcing properties of drugs of abuse by the interaction and modulation of 
dopamine (DA) function. This chapter is focused on one of the more addictive 
drugs, nicotine. It is widely recognised that the effects of nicotine are strongly asso-
ciated with the stimulatory action it exhibits on mesolimbic DAergic function. 
We outline the role of 5-HT and its plethora of receptors, focusing on 5-HT 2  sub-
types with relation to their involvement in the neurobiology of nicotine addiction. 
We also explore the novel pharmacological approaches using 5-HT agents for the 
treatment of nicotine dependence. Compelling evidence shows that 5-HT 2C  receptor 
agonists may be possible therapeutic targets for smoking cessation, although further 
investigation is required.  
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1         Introduction 

 There are a large number of scientifi c publications on serotonin (5-HT)-containing 
neurons in the brain and their role in normal and pathological behaviour [ 1 ,  2 ]. 
Disturbances in 5-HT function have been linked to many psychiatric and behavioural 
conditions, particularly anxiety and mood disorders [ 3 ]. This is not surprising, due to 
the complexity of 5-HT function, as it has a multitude of receptors and widespread 
5-HT neuronal innervation and is coupled with diverse signalling pathways [ 4 ,  5 ]. 

 Rather than exhibiting direct effects on cell bodies, the effects of 5-HT are usually 
indirect, involving the modulation of complex neuronal circuitry. This modulation 
is generally subtle as it is dependent on a number of other neurotransmitter baseline 
activities and their activation. The increased availability of 5-HT receptor knockout 
mice (KO) and molecular understanding of the 5-HT receptors have encouraged a 
great amount of new research in recent years [ 5 ,  6 ]. 

 Dysfunction of 5-HT neurotransmission contributes to the pathophysiology of a 
variety of neuropsychiatric disorders such as schizophrenia, depression and drug 
abuse [ 2 ,  7 ,  8 ]. Therefore, developing selective and specifi c pharmacological agents 
for 5-HT receptor subtypes has given researchers the opportunity to gain insight 
into the roles these receptors play in various disorders of the brain and clinicians’ 
new therapies with better effi cacy and fewer side effects [ 9 – 13 ]. 

 This chapter focuses on the functional role of 5-HT and its receptors in nicotine 
addiction. It reviews the anatomy of the 5-HT system and explores the distribution 
of 5-HT receptors, and the physiological and pharmacological aspects of these 
receptors in the central nervous system (CNS). Previously published experimental 
data is reviewed showing the relationship between agents specifi cally targeted to 
5-HT 2  receptors and the effect of nicotine. Consideration of the potential use of 
these agents for treatment of cessation of tobacco smoking and subsequently nico-
tine addiction is also included.  

2     Serotonergic Systems 

 5-HT has been suggested to have both excitatory and inhibitory roles in the nervous 
system; therefore there is great diffi culty in elucidating the precise nature of modula-
tion [ 14 ]. The reason for this diffi culty in classifi cation may be due to the number of 
different roles exhibited by the 5-HT receptor subtypes in association with different 
neurotransmitter systems [ 14 – 16 ]. Due to the signifi cance of 5-HT receptor control 
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on dopamine (DA) activity and the relationship between this and pathophysiology of 
specifi c DA-related diseases such as schizophrenia, depression, Parkinson’s disease 
(PD) and drug abuse, this area has received a great amount of attention [ 17 ]. 

 The distribution of 5-HT in organisms gives rise to the description of two 5-HT 
subsystems, those being central and peripheral [ 18 ]. 5-HT is found in many  different 
tissues such as the heart, lungs, blood vessels, platelets and pancreatic tissue. 
The amount of 5-HT present in the CNS is relatively low. The peripheral subsystem 
contains most of the 5-HT (90 %), which is around 10 mg in the human body, and 
is found mainly in mucosal enterochromaffi n cells of the gastrointestinal (GI) tract 
[ 19 ,  20 ]. Overall, 5-HT expression of all neurons in the enteric nervous system 
(ENS) reaches 2–20 % [ 21 ,  22 ]. 

 Research into 5-HT began in the ENS to accentuate the high concentrations of the 
neurotransmitter in this region, more specifi cally in the GI tract. Between 1937 and 
1940, the Italian researcher Vittorio Erspamer identifi ed a substance they called  enter-
amine , a “gut-stimulating factor” found in the mucosa of the intestine, later found to 
be 5-HT [ 23 ]. In the late 1940s a research group led by Page also purifi ed the same 
substance from beef blood, highlighting that it had vasoconstrictive activity. Page 
named this as “…  serotonin, which indicates that its source is serum and its activity is 
one of causing constriction  …” [ 24 ]. Twarog and Page [ 25 ] performed a sensitive 
bioassay which used extracts of mammalian brain and detected 5-HT. Brodie and 
colleagues [ 26 ] suggested that 5-HT may serve as a neurotransmitter in the CNS, 
which was later supported further by the work of Costa and Aprison [ 27 ] who discov-
ered that it was in fact present in the human brain. This resulted in one of the most 
pivotal discoveries in science and the birth of a new branch of neuroscience [ 28 ]. 

 The serotonergic system has a topographical organisation corresponding to the 
functional and anatomical properties that they exhibit [ 29 ], and is one of the mam-
malian brain’s diffusively organised projective systems. The majority of serotonergic 
neurons reside in the brainstem, being particularly present in the raphe nuclei, part of 
the reticular formation. The 5-HT cells in this region are multipolar, with size and 
orientation being extremely different to other complex axonal systems in the 
CNS. They send projections virtually to all the CNS areas from limbic structures, 
basal ganglia, cerebral cortex and brainstem to the spinal cord grey matter. Upon the 
discovery that the brainstem contained these 5-HT cell groups, Dahlstrom and Fuxe 
[ 30 ] produced a system to code these groups based on the rat brainstem. These mor-
phologically heterogeneous cells have been divided into nine nuclei groups from B1 
(the most caudal cell cluster) to B9 (Fig.  14.1 ). These can then be combined into two 
major groups, the caudal and rostral serotonergic groups. The caudal group, also 
referred to as the inferior group, is situated in the medulla and consists of three sepa-
rate nuclei. These nuclei project to the grey matter of the spinal cord and are called the 
nucleus raphe magnus (NRM, group B5), the nucleus raphe obscures (NRO, groups 
B1, B2 and B3) and the nucleus raphe pallidus (NRP, group B4). The rostral group, 
also known as the superior group, is positioned in the pons/mesencephalon, and 
consists of two main nuclei: the fi rst being the dorsal raphe nucleus (DRN, groups B6 
and B7), which in the human brain is thought to contain about 235,000 neurons [ 31 ], 
and the second being the median raphe nucleus (MRN, cell group B8).
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2.1       Ascending Serotonergic Projections 

 The DRN and MRN are the main subdivisions of the raphe nucleus, providing 
innervation to nearly all structures of the CNS [ 32 – 37 ]. The primary targets of 5-HT 
projections lie in the forebrain and spinal cord, with the ascending projection col-
laterals reaching many different regions of the brain such as the cerebral cortex, 
basal ganglia, limbic system and diencephalon. These projections primarily travel in 
the medial forebrain bundle from which many axons extend toward other fi bre path-
ways in order to reach their target areas. Innervation patterns vary greatly between 
the different areas of the forebrain and are extremely specifi c. Fibre density in the 
cortex varies between layers; in primates the cortex receives a particularly dense 
5-HT innervation in layer IV [ 35 ,  38 ]. The striatum also has a very dense innerva-
tion, along with the hypothalamus, septal area and specifi c areas of the thalamus. 

 Most areas of the brain contain an overlapping innervation coming from the 
DRN and MRN, apart from the dorsal hippocampus, the suprachiasmatic nucleus, 
the olfactory bulb and the medial septum nucleus, which receive 5-HT innervation 
from only the MRN. On the other hand, the corpus striatum, the globus pallidus, the 
lateral septum nucleus, the amygdala and most of the prefrontal cortex (PFC) are all 
preferentially innervated by the DRN with the substantia nigra pars reticulata (SNr) 
receiving the largest DRN 5-HT innervation in the CNS [ 39 ,  40 ]. The ventral part of 
the hippocampus, the nucleus accumbens (NAcc) and various nuclei in the thalamus 
receive innervation from both the DRN and MRN [ 32 ]. Moreover, there are exten-
sive serotonergic connections between the two main serotonergic nuclei of the 
brainstem [ 41 ]. 

  Fig. 14.1    Midsagittal view of the rat brainstem with serotonin-immunoreactive cell body groups. 
The  ovals  encompass the two major subdivisions of the brain serotonergic system.  DRN  dorsal 
raphe nucleus,  MRN  medial raphe nucleus,  NRM  nucleus raphe magnus,  NRO  nucleus raphe 
obscurus. Cell groups B1 to B9 according to the terminology of Dahlström and Fuxe [ 176 ]       
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 It is noteworthy that all the brain areas involved in drug addiction [ 33 ,  34 ,  37 ], 
such as the ventral tegmental area (VTA) and substantia nigra (SN), including 
their terminal fi elds, receive projections from 5-HT containing cell bodies in the 
raphe nuclei (Fig.  14.1 ) [ 34 ,  35 ,  42 ,  43 ], confi rming the implication of 5-HT in 
drug abuse.  

2.2     Descending Serotonergic Projections 

 Descending serotonergic projections to the spinal cord originate from the medullary 
raphe nuclear complex, forming a network of fi bres with a strong density of 5-HT 
axons throughout the grey matter [ 44 ]. More specifi cally, the dorsal horn, ventral 
horn motor nuclei and thoracic cord intermediolateral column have extremely dense 
serotonergic innervation. Additional regions receiving strong 5-HT input include 
the central grey matter and the ependyma of the central canal (containing a 5-HT 
nerve plexus). As highlighted above, the main origin of 5-HT afferents is the raphe 
nuclei, although other minor projections are also present. These are shown to origi-
nate from B9 cells scattered in the pontomesencephalic reticular area of the brain 
and also from cells in the medial longitudinal fasciculus [ 44 ,  45 ].   

3     5-HT Receptors 

 The diversity of effects produced by 5-HT when administered in the brain is due to 
the large variety of receptors to which it binds. These are classifi ed into seven main 
classes, those being 5-HT 1  to 5-HT 7 . These are then further divided into 14 different 
receptor types, classifi ed by the means of pharmacological profi ling, cDNA-deduced 
primary sequencing and signal transduction methods [ 4 ,  5 ,  16 ,  46 ]. Most 5-HT 
receptors are metabotropic G-protein-coupled receptors (GPCRs), excluding the 
ionotropic 5-HT 3  receptors. The 5-HT GPCRs act through intracellular signalling 
pathways in order to depolarise or hyperpolarise their host cell [ 16 ]. 5-HT receptors 
may have synergistic or opposing activity. For example, in the administration of 
cocaine, blocking the 5-HT 2A  receptors attenuated some of the effects of cocaine, 
whereas blocking the 5-HT 2C  receptors caused an enhancement in some of the 
behavioural effects induced by cocaine [ 47 – 49 ]. The behavioural aspects linked to 
impulsivity are also mediated by the opposing actions of these two 5-HT 2  receptor 
subtypes [ 49 ]. It is of interest to note that the same 5-HT receptor subtypes located in 
different neuronal regions can act synergistically; that is, the 5-HT 1A  receptors that 
are located both on raphe cell bodies and postsynaptically in limbic regions control 
impulse fl ow through the excitability of 5-HT raphe neurons and the postsynaptic 
neurons [ 50 ].  
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4     Serotonergic Involvement in the CNS Effects of Nicotine 

 It has been suggested in several studies that 5-HT is one of the more important 
neurotransmitter systems involved in the reinforcing aspects of drugs of abuse [ 51 – 54 ]. 
The physiological and pharmacological effects of nicotine are complex. Interactions 
between nicotinic acetylcholine receptors (nAChRs), gamma-aminobutyric acid 
(GABA), glutamate (GLU) and DA in the VTA are involved in the reinforcing effects 
of nicotine (for reviews, see [ 55 ,  56 ] and Chap.   15    ). For instance, the activation of 
mesolimbic DA neurons is essential in the behavioural effects of nicotine, including 
locomotor activity and reinforcement [ 57 – 59 ]. 

 5-HT hypofunction is a defi ning factor in depression [ 60 ]. A number of animal 
and human studies suggest that changes in 5-HT transmission can contribute to the 
symptoms of nicotine withdrawal such as anxiety and depression [ 61 ] and an 
increased risk of suicide and self-harm [ 62 ]. Consistently, nicotine has been shown 
to manifest antidepressant effect on the user [ 63 ]; indeed prevalence of smoking is 
much higher amongst people suffering with depression [ 64 ]. 

 Previous studies into the molecular properties of nAChRs in the DRN have 
shown the presence of α4, α7 and β2 subunits [ 65 – 68 ]. The α7 subunit was found to 
be highly expressed on DRN neurons with a large diameter of 15–25 μm and colo-
calised with tryptophan hydroxylase [ 69 ]. It was also found on neurons with a 
smaller diameter of 5–10 μm that are usually GABAergic [ 66 ]. The cholinergic 
input to the serotonergic DRN cells is sustained by the pedunculopontine tegmen-
tum (PPTg) neurons [ 70 ]. In vitro electrophysiology studies have shown that the 
neuronal activity of 5-HT neurons is infl uenced by nicotine. Most 5-HT neurons of 
the DRN increase their action potential fi ring rate when nicotine is administered, 
which results in an overall increase in 5-HT output to its target tissues [ 71 – 73 ]. 
The excitability of these DRN neurons is also indirectly stimulated by their synaptic 
drive, which is infl uenced by nicotinic presynaptic heteroreceptors. Indeed, the 
effects of nicotine include the enhancement of excitatory glutamatergic input to 
DRN-NAcc projection neurons, and the positive or negative modulation of inhibi-
tory GABAergic input to the same subset. Nonetheless, in vivo systemic nicotine 
has been shown to decrease neuronal fi ring in the majority of DRN neurons, increas-
ing it in only a small subset of neurons [ 74 ,  75 ]. When nicotine was applied locally 
to the DRN it evoked 5-HT release [ 76 ], while systemic nicotine produced only a 
small and restricted increase in 5-HT [ 77 ]. Thus, the 5-HT fi ring inhibition may be 
a secondary effect, depending on 5-HT release from the somatic dendrites. Some 
in vivo data are in confl ict with in vitro results. It is important to consider that 5-HT 
neurons are strongly impacted by the arousal state (sleep-waking) [ 78 ]; therefore 
there is a possibility that the effects in the DRN neurons, upon nicotine administra-
tion in vivo, may be infl uenced by factors such as anaesthesia and the time of day that 
the experiment takes place. Moreover, acute exposure of DRN neurons to nicotine 
may therefore cause direct depolarisation and indirect synaptic modulation. Given 
the excitatory effects of nicotine on DRN neurons, it is likely that 5-HT contributes 
to the rewarding effects of nicotine. 
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 A number of the behavioural effects induced by nicotine may be mediated by the 
5-HT neurotransmitter system [ 61 ]. In this context, Summers and colleagues [ 79 ] 
showed that nicotine, as well as the nicotinic agonist RJR-2403, signifi cantly 
increased cortical release of 5-HT in rats. Since there has been no observation of 
nicotinic binding sites being present on 5-HT axon terminals in the cortex [ 80 ], the 
increased release of 5-HT might be due to the DRN projections to the cortex that 
express nAChRs in their soma [ 79 ]. 

 In addition, [ 3 H]5-HT release from striatal synaptosomes is increased by ACh, 
nicotine and the nicotinic receptor agonists epibatidine and cytosine; this effect can 
be inhibited by administration of the non-competitive nicotinic receptor antagonist 
mecamylamine [ 81 ]. The release of 5-HT into striatal slices due to nicotine expo-
sure showed an increase over a number of days; for example a signifi cant enhance-
ment after 10 days of nicotine treatment has been described [ 82 ]. Acute and chronic 
nicotine administration increased striatal 5-HT release in freely moving rats only 
when they were exposed to stress, likely by stimulating presynaptic nicotinic recep-
tors in the striatum [ 83 ]. Nicotinic receptor agonists such as 1,1-dimethyl-4- 
phenylpiperazinium (DMPP), lobeline and nicotine have been shown to increase 
[ 3 H]5-HT release in hippocampal slices in the rat; however cytisine, epibatidine and 
nicotine had no effect in others [ 84 ,  85 ]. Reuben and Clarke [ 81 ] also found sup-
porting evidence that nicotine had no effect on 5-HT release from the cerebral cor-
tex or hippocampal synaptosomes. Furthermore, there is confl icting evidence on the 
effects of chronic treatment with nicotine and the concentration of 5-HT in the 
dorsal hippocampus, with both decreases [ 86 ] and increases [ 87 ] being described. 
The duration of treatment is likely to be a factor in the effect of nicotine on the 
brain’s 5-HT system. Although, in one study, 5-HT levels in the hypothalamus 
increased following both acute and chronic nicotinic administration, rates of 5-HT 
synthesis were not affected [ 61 ]. 

 A number of pieces of research suggest that the release of 5-HT in the spinal 
cord is both directly and indirectly controlled through multiple nAChR populations. 
One nAChR population, located on 5-HT terminals, might have an excitatory effect 
on 5-HT outfl ow. Conversely, a second nAChR population, expressed on GABAergic 
interneurons and tonically activated by endogenous ACh, inhibits 5-HT release in 
the spinal grey matter [ 61 ]. 

 Nicotine is the main alkaloid found in nicotiana plants (95–97 %) and is largely 
responsible for the deleterious effects of tobacco including addiction. Two factors 
have to be taken into account when considering the mode of which nicotine is 
administered. First of all, a number of minor alkaloids are found in the plant (cotinine, 
anabasine, nornicotine, tabagisine, myosmine). These minor tobacco alkaloids have 
similar structural and pharmacological activity compared to nicotine, although they 
are generally less potent [ 88 ,  89 ]. Nornicotine and cotinine also play a role as major 
metabolites of nicotine [ 89 ]. Intravenous infusion of nicotine, combined with 
fi ve minor alkaloids found in tobacco smoke (anabasine, nornicotine, anatabine, 
cotinine and myosmine), increased locomotor activity and behavioural sensitisation 
following self-administration in rats [ 90 ]. A tobacco extract specifi cally containing 
nicotine and these alkaloids was more potent to enhancing striatal DA release in 
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freely moving rats compared to pure nicotine. The potentiation was not observed in 
the nucleus accumbens [ 91 ]. These experiments, using an extract, confi rm that the 
striatum plays an important role in the psychoactive properties of nicotine and/or 
tobacco (see below). Interestingly, the extract of alkaloids from the plant is more 
potent in inhibiting DRN neuronal fi ring rate compared to pure nicotine [ 75 ]. 

 Second, smoking tobacco generates a very high number of molecules (>4,000) 
that are absorbed which can also modulate the psychoactive properties of nicotine. 
It has been reported for instance that some of these compounds block the mono-
amine oxidases A and B (MAOA and MAOB), mitochondrial enzymes involved in 
the degradation of monoamines. These compounds may be relevant to tobacco 
addiction because their co-administration in rats has been shown to dramatically 
enhance the DA effects of nicotine and the motivation to self-administer nicotine 
[ 92 ]. The blockade of MAO-A and MAO-B, by limiting the degradation of 5-HT at 
the terminals, could favour 5-HT output and reinforce the dichotomy between the 
ability of nicotine to reduce DRN neuronal fi ring rate and to enhance 5-HT release 
at some terminals. However, this remains to be investigated. 

 On the whole, there is good supporting evidence from a number of sources to 
conclude that nicotine elicits an increase in 5-HT neuronal activity and an overall 
release of 5-HT in several target tissues in the brain including the DRN [ 76 ].  

5     5-HT Receptors and the Rewarding Properties of Nicotine 

 In regard to the involvement of the various 5-HT receptor subtypes in nicotine use and 
dependence, very little work has been done to attribute the effects of administered 
ligands on these receptors, to the behavioural effects of nicotine. The 5-HT 1A , 
5-HT 2A , 5-HT 2C , 5-HT 3 , 5-HT 4  and 5-HT 6  subtypes are considered to be the most 
likely targets involved in nicotine use and dependence. In this chapter we focus on 
the 5-HT 2  receptor class. 

5.1     5-HT 2A  Receptors 

 5-HT 2A  receptors are the predominant receptor subtypes in cortical areas, but are 
also present in DA-rich areas such as the NAcc, striatum, VTA and SN [ 93 – 95 ]. 
Such receptors are situated mainly postsynaptically; for instance 5-HT 2A  receptors 
are found on pyramidal neurons, as well as GABAergic interneurons in the PFC 
[ 96 ,  97 ]. 5-HT 2A  receptors can also be found on DAergic and non-DAergic cells of 
the VTA and SN [ 97 – 99 ]. 5-HT 2A  receptors are therefore seen, due to their anatomi-
cal distribution, as a good candidate for the modulation of DA-mediated functions. 

 A number of behavioural effects of nicotine are altered by 1-(2,5-dimethoxy- 4-
iodophenyl)-2-aminopropane (DOI) administration. For example, a study showed 
that DOI did not alter the acute stimulant action of nicotine, yet it did inhibit the 
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development of sensitisation to the locomotor stimulant effect when nicotine was 
administered repeatedly in rats [ 100 ]. When given to mice, DOI was shown to avert 
the initial locomotion suppression induced by nicotine [ 101 ]. DOI administration 
mitigated the discriminative stimulus properties of nicotine, effects that were 
inhibited by 5-HT 2A  receptor antagonists, but not by 5-HT 2C  receptor antagonists 
[ 101 ,  102 ]. These results provide evidence that 5-HT 2A  receptor stimulation may 
oppose some of the behavioural effects of nicotine. Drug discrimination studies 
have shown a relationship between DOI and lysergic acid diethylamide (LSD) 
[ 103 ], with 5-HT 2A  receptor stimulation by LSD and other drugs being recognised 
to induce hallucinations [ 104 ]. Even with this evidence, and although DOI can 
reduce some behavioural effects of nicotine, it is diffi cult to apply this to the treat-
ment of nicotine dependence in humans with 5-HT 2A  receptor agonists. 5-HT 2A  
receptor blockade inhibits the extracellular increase of DA when induced by 
amphetamine and cocaine [ 105 ,  106 ]. This effect can also be seen on a behavioural 
level, in which the selective 5-HT 2A  receptor antagonist M100907 attenuates loco-
motor stimulant effects of cocaine, amphetamine and other such psychomotor stim-
ulants [ 47 ,  48 ,  107 ]. The 5-HT 2A  receptors resident in the VTA appear to be integral 
in modulating psychostimulant- induced behaviours mediated by the mesocorticoac-
cumbens circuit. Indeed local infusion of M100907 to the VTA blocked amphet-
amine- and cocaine-induced locomotion [ 47 ,  106 ]. Consistently, it has recently 
been shown that vulnerability of adult male rats to hyperactivity, induced by cocaine, 
is enhanced following virally mediated overexpression of 5-HT 2A  receptors in the 
VTA [ 108 ]. Due to this evidence, and the relationship between the VTA and rein-
forcing effects of nicotine, it may be expected that 5-HT 2A  receptor antagonists 
would modify some of the behavioural effects observed following the administra-
tion of nicotine. However, phasic but not tonic activation of 5-HT 2A  receptors appear 
to have inhibitory infl uence on the nicotine cue, since their pharmacological stimu-
lation by DOI attenuates the discriminative stimulus effects of nicotine, while their 
blockade by M100907 was ineffective [ 102 ]. Recently, Levin and co-authors [ 109 ] 
showed that the 5-HT 2A/2C  receptor antagonist, ketanserin, signifi cantly decreased 
nicotine self- administration. This effect is likely to be due to 5-HT 2C  receptor 
blockade since, unlike ketanserin, the selective 5-HT 2A  receptor antagonist M100907 
did not alter nicotine self-administration on the fi xed ratio schedule 5 (FR5) or 
progressive ratio schedules of reinforcement [ 110 ]. The reinstatement of nicotine-
seeking behaviour elicited by cues previously associated with self-administered 
nicotine or by priming injections of nicotine were both reduced by activation of 
5-HT 2C  receptors and by blockade of 5-HT 2A  receptors. 

 Collectively, these results show that while a 5-HT 2C  receptor agonist and a 5-HT 2A  
receptor antagonist have differing effects on nicotine self-administration, they both 
reduce the reinstatement of nicotine-seeking behaviour [ 110 ]. This evidence shows 
that the reinforcing, psychomotor stimulant and discriminative effects of nicotine are 
not affected by 5-HT 2A  receptor blockade, but that 5-HT 2A  receptors may have a role 
in inducing nicotine-seeking behaviour. However, since M100907 reduced the rein-
statement of cocaine-seeking behaviour, induced by cocaine or cocaine-associated 
cues [ 110 ], it can be inferred that its effects are not nicotine specifi c.  
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5.2     5-HT 2C  Receptors 

 5-HT has an infl uential role on the effects of many drugs of addiction and of particular 
interest is its action via the 5-HT 2C  receptor subtype in modulating the effects of 
nicotine [ 1 ,  51 ,  54 ,  111 ]. 5-HT 2C  receptors are located on DA cell bodies and 
GABAergic interneurons in the VTA area, observed by mapping studies [ 112 ,  113 ]. 
Furthermore, there is evidence that shows how central DA function is infl uenced by 
5-HT 2C  receptors [ 10 ,  114 – 116 ], whereas blockage of the 5-HT 2A  receptor has con-
sistently no effect on reinforcing the discriminative or the psychomotor stimulatory 
effects of nicotine. Administration of RO 60-0175, a selective 5-HT 2C  receptor ago-
nist [ 117 ], in in vivo electrophysiological and neurochemical studies, induced a 
decrease in both the burst fi ring activity and basal fi ring rate of VTA DA neurons 
and decreased both striatal and accumbal DA release [ 118 – 121 ]. Moreover, the 
administration of the selective 5-HT 2C/2B  receptor antagonist, SB 206553 [ 122 ], and 
the selective 5-HT 2C  receptor antagonist, SB 242084 [ 123 ], both showed the oppo-
site effect on DA neuronal activity and DA release [ 115 ,  121 ,  124 ,  125 ]. Additionally, 
the use of RO 60-0175 to stimulate 5-HT 2C  receptors in the VTA caused suppression 
of the stress-stimulated DA outfl ow in the rat PFC [ 126 ], whereas SB 242084 was 
found to potentiate it [ 126 ]. Alongside this, the phencyclidine-induced increase in 
accumbal DA release was enhanced by SB 242084 pretreatment [ 127 ]. Collectively, 
this evidence suggests that these receptors play a role in mediating the evoked DA 
release. In line with these studies, the increase in morphine-induced DA release in 
the NAcc was inhibited by stimulation of 5-HT 2C  receptors in freely moving rats 
[ 96 ]. Furthermore, DA release in the NAcc and corpus striatum, in addition to 
the DA neuronal fi ring rate in the VTA and the substantia nigra pars compacta 
(SNc) induced by morphine, was enhanced by SB 206553 administration [ 128 ]. 
The effects of these agonists were blocked by SB 242084. The pharmacological 
stimulation of the 5-HT 2C  receptor with RO 60-0175 and WAY163909 (another 
agonist of the 5-HT 2C  receptor) has been shown to attenuate the discriminative 
stimulus effects induced by nicotine [ 102 ,  129 ]. SB 242084 alone induced some 
nicotine-induced responses (~30 %), although it did not alter the nicotine cue. Overall, 
these studies show that pharmacological stimulation of the 5-HT 2C  receptors causes an 
attenuation of the discriminative stimulus response, although the tonic activation of 
these receptors does not infl uence the subjective effects of nicotine. 

 Investigations carried out by independent groups into the role of a 5-HT 2C  
receptor agonist, RO 60-0175, in nicotine self-administration, showed that on a 
fi xed- ratio/60-s timeout (FR5/ TO-60s) and FR5 schedule, RO 60-0175 caused a 
diminished response rate for nicotine [ 110 ,  130 ], and this effect was blocked by SB 
242084 [ 110 ]. Priming injections of nicotine were administered to induce reinstate-
ment of the response; this response was reduced by 5-HT 2C  receptor agonism by RO 
60-0175 and lorcaserin (a relatively selective 5-HT 2C  receptor agonist which has 
received the US Food and Drug Administration (FDA) approval as an anti-obesity 
drug) and by 5-HT 2A  antagonism using M100907 [ 110 ,  131 ]. The observed dimin-
ished response rate for nicotine occurred over a similar range of doses to that 
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observed for cocaine self-administration [ 132 ], which was also reduced by 5-HT 2C  
manipulation [ 110 ,  132 – 134 ]. Moreover, the stimulation of 5-HT 2C  receptors by 
RO 60-0175 reduced the previous nicotine-induced self-administration and 
nicotine- induced hyperactivity [ 130 ,  135 ]. In addition, a reduction in nicotine-
induced self- administration and hyperactivity was observed with ketanserin [ 109 ] 
and lorcaserin [ 136 ]. 

 Mixed results have been obtained from studies on nicotine-induced conditioned 
place preference involving the effects of 5-HT 2C  receptor agonists such as RO 
60-0175, WAY161503 and WAY163909. In mice, RO 60-0175 blocked both 
nicotine- induced place preference and the conditioned place preference observed 
with tetrahydrocannabinol (THC) [ 137 ]. However, in rats, nicotine-induced place 
preference was not blocked by WAY161503, even at doses which induced locomo-
tion [ 138 ]. It is important to consider that the comparison of these studies is diffi cult, 
as it is unclear whether these discrepancies are due to the different 5-HT 2C  receptor 
agonists or the different species on which they were carried out. 

 Interestingly RO 60-0175 was also able to block sensitisation to nicotine (occur-
ring after repeated exposure to the drug) as well as reduce nicotine-induced hyper-
locomotion and the operant response for nicotine [ 130 ]. Two separate studies using 
5-HT 2C  agonists found that the stimulation of locomotion by nicotine in rats with 
prior nicotine exposure was blocked by both WAY161503 [ 138 ] and WAY163909 
[ 139 ], and furthermore that the administration of SB 242084 reinstated this effect of 
nicotine. 

 Two studies by Esposito and colleagues [ 140 ,  141 ] were conducted to investigate 
whether DA is involved in the behavioural effects of the interaction of RO 60-0175 
and nicotine-induced hyperlocomotion and reward. At 1 and 3 mg/kg doses of RO 
60-0175, the increase in DA release induced by the administration of acute nicotine 
was prevented in the corpus striatum but not in the NAcc [ 140 ]. However, enhanced 
DA release, induced by chronic nicotine administration, was prevented both in the 
corpus striatum and NAcc by the same doses of RO 60-0175 [ 140 ]. The selective 
5-HT 2C  receptor antagonists, SB 242084 and SB243213, both inhibited the effects 
of RO 60-0175 [ 140 ]. At the doses used, it is probable that both SB 242084 and 
SB243213 specifi cally block 5-HT 2C  receptors in the brain. Therefore, it can be 
inferred that blockage of the hyperlocomotive and rewarding effects of nicotine by RO 
60-0175 [ 132 ] are likely to be due to its ability to inhibit mesolimbic DA function. 
Differences in the effects of acute and repeated exposure to nicotine on the central 
5-HT system may explain why RO 60-0175 had varying effects on DA release in the 
NAcc, although further investigations are needed to elucidate this point. The effi -
cacy of the 5-HT 2C  agonists could be indirect by acting against DA transmission 
within the basal ganglia. For instance, RO 60-0175 (1 mg/kg) has been shown to 
enhance the activity of GABAergic neurons of the VTA neurons [ 142 ] while DA 
transmission may favour their inhibition [ 143 ,  144 ]. Also, RO 60-0175 (1 mg/kg) 
enhanced the phasic and excitatory impact of the prefrontal but not the motor cortex 
stimulation on the activity of GABAergic neuron of the SNr [ 145 ]. The effi cacy of the 
5-HT 2C  agonists could be more directly related to changes of DA indices especially 
because 5-HT 2C  receptors control well an increase in DA release associated with an 
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increase in DA neuron fi ring rate [ 96 ,  128 ,  146 ]. Indeed, Pierucci et al. [ 141 ] tested 
the hypothesis that the effects seen in the NAcc and striatum with stimulation of 
5-HT 2C  receptors and nicotine were due to changes in DA neuronal activity (see 
Figs.  14.2 ,  14.3  and  14.4 ). RO 60-0175 pretreatment prevented the enhancement in 
DA neuronal fi ring rate elicited by acute nicotine administration in the SNc, in both 
drug-naive and chronically treated rats, but was devoid of any signifi cant effect in 
the VTA. Moreover, RO 60-0175 signifi cantly reduced the stimulatory effect on the 
VTA DA neurons, induced by acute nicotine, both in drug-naive and chronically 
treated rats. However, after repeated administration of nicotine there were no 
changes observed in the nicotine-induced excitation of DA neurones in the VTA 
(see Figs.  14.3  and  14.4 ). Thus it seems that the chronic administration of nicotine 
does not potentiate the nicotine effect previously observed, via increasing the fi ring 
activity of mesolimbic DAergic neurons, but via another mechanism. Moreover, in 
rats previously treated with chronic nicotine, administration of acute nicotine caused 
a signifi cant increase in the burst fi ring activity of DA neurons in the VTA but not in 
the SNc [ 141 ]. It has been postulated that after repeated nicotine administration, 
tolerance to the stimulatory effect of nicotine occurs in the nigrostriatal but not in the 
mesolimbic DAergic system, a hypothesis also supported by the presented data.

     In further agreement, studies have recently revealed that there is a reduced 5-HT 
turnover and an increase in 5-HT 2C  receptor sensitivity after the repeated adminis-
tration of nicotine. However the up-regulation of 5-HT 2C  receptors is only observed 
following repeated treatment with this alkaloid. Furthermore, the expression of 
nicotine-induced locomotor sensitisation is counteracted by repeated administration 
of citalopram, a selective 5-HT re-uptake inhibitor [ 147 ]; therefore it can be hypoth-
esised that the development and expression of sensitisation to mesolimbic DA 
system, by repeated administration of nicotine, can be prevented by the activation 
of the 5-HT system. This effect could be benefi cial to smoking cessation therapies 
as the activation of the 5-HT system could lead to the extinction of nicotine-induced 
rewarding effect on the DAergic system. The activation of the 5-HT 2C  receptors was 
previously associated with the effect of stimulating the GABAergic neurons which 
negatively impact on DA-containing neurons in the SNc and the VTA [ 1 ]; therefore 
it is speculated that the inhibitory action of RO 60-0175 on nicotine-induced DA 
release [ 140 ] and in the neuronal activity changes [ 141 ] might be also partially 
mediating this effect in a similar manner. Collectively, these results show that 

Fig. 14.2 (continued) nicotine administration on single DAergic neurons’ fi ring rates compared to 
controls (saline, 100 μl i.v., at  arrows ), while the graphs  below  report the cumulative dose-response 
curves showing the mean percentage changes (±S.E.M.) in fi ring rate after either nicotine or saline 
administration.  Arrows  indicate the time of nicotine or saline injections; apomorphine (Apo), a D1/
D2 receptor agonist, was injected (10–30 μg/kg, i.v.) at the end of most of the experiments to con-
fi rm the DAergic identity of recorded neurons (adapted from [ 141 ] with permission). ( b ) Time 
course of nicotine (1 mg/kg, i.p.)-induced effect on DA terminal release in both the striatum and 
nucleus accumbens. Changes in DA extracellular levels were assessed using in vivo microdialysis 
on freely moving animals. The  arrows  indicate the time of injection of either nicotine or saline 
(adapted from [ 140 ] with permission)       
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  Fig. 14.2    Systemic administration of nicotine increases the activity of the both nigro-striatal and 
meso-corticolimbic DAergic systems of drug-naive rats in vivo. ( a ) The injection of cumulative 
doses of nicotine (25–775 μg/kg, i.v.) increased the fi ring rate of DA neurons recorded using 
in vivo single-unit extracellular recording technique. The rate meters on  top  show the effect of 
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  Fig. 14.3    Systemic administration of nicotine increases the activity of both nigro-striatal and 
meso-corticolimbic DAergic systems in vivo of rats chronically treated with nicotine (1 mg/kg, 
i.p.) for 10 consecutive days. ( a ) The injection of cumulative doses of nicotine (25–775 μg/kg, i.v.)
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5-HT 2C  receptor agonists reduce the stimulatory, discriminative and perhaps 
reinforcing effects of nicotine as well as reduce the impact of nicotine on electro-
physiological and neurochemical indices of DA function (Fig.  14.4 ). 

 The cessation of chronic nicotine use can produce aversive effects, including both 
motivational and somatic withdrawal symptoms such as nicotine craving, anxiety, 
reduced concentration, irritability, depressed mood and an increased appetite [ 148 ]. 
These withdrawal effects are considered to be the main factors in the  maintenance of 
the tobacco habit in human smokers. The role of 5-HT and the 5-HT 2C  receptor in 
nicotine withdrawal and its negative effects is gradually being elucidated; recently it 
was shown that both RO 60-0175 and M100907 reversed the resultant depressive-like 
behaviour from nicotine withdrawal [ 149 ]. Conversely, preliminary results show that 
RO 60-0175 and lorcaserin do not reduce mecamylamine- precipitated somatic signs 
of withdrawal in nicotine-dependent rats [ 131 ]. 5-HT 2C  drugs could be potentially 
benefi cial to relieve the aversive symptoms induced by nicotine cessation when 
combined with adjunct smoking cessation therapies.   

6     Smoking Cessation Treatment with the Use 
of Serotonergic Drugs  

 In the USA and Europe only approximately 6 % of those who quit smoking succeed 
in abstaining, despite 70 % of the population trying to quit at least once; therefore 
relapse is deemed to be the limiting factor in successful smoking cessation [ 150 ]. 
Half of relapses occur within 2 days of smoking cessation, and the majority occur 
within 3 months of quitting [ 151 ]. Environmental and sensory stimuli associated 
with smoking can act as conditioning stimuli which re-enforces smoking behaviour 
in humans [ 152 ]; in both active and former smokers the motivation to smoke can be 
increased on exposure to such cues (i.e. produce cue-induced craving) [ 153 ,  154 ]. 
All these factors are important considerations when generating the overall picture of 
smoking addiction. 

 Smoking is estimated to reduce the overall life expectancy of an individual by 
8 years and reduce the amount of “healthy” years by 12 [ 150 ]; therefore the devel-
opment of benefi cial therapies to facilitate smoking cessation and to reduce relapse 

Fig. 14.3 (continued) increased the fi ring rate of DA neurons recorded using in vivo single-unit 
extracellular recording technique. The rate meters on  top  show the effect of nicotine administration 
on single DAergic neurons’ fi ring rates compared to controls (saline, 100 μl i.v., at  arrows ), while 
the graphs  below  report the cumulative dose-response curves showing the mean percentage 
changes (±S.E.M.) in fi ring rate after either nicotine or saline administration.  Arrows  indicate the 
time of nicotine or saline injections; apomorphine (Apo), a D1/D2 receptor agonist, was injected 
(10–30 μg/kg, i.v.) at the end of most of the experiments to confi rm the DAergic identity of recorded 
neurons (adapted from [ 141 ] with permission). ( b ) Time course of nicotine (1 mg/kg, i.p.)-induced 
effect on DA terminal release in both the striatum and nucleus accumbens. Changes in DA extracel-
lular levels were assessed using in vivo microdialysis on freely moving animals. The  arrows  indicate 
the time of injection of either nicotine or saline (adapted from [ 140 ] with permission)       
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is of great interest. Nicotine replacement therapy (NRT) and the non-nicotine-based 
therapies are the two types of pharmacological interventions that have been approved 
by the US FDA for smoking cessation. NRT involves the replacement of nicotine 
with other nicotine-based formulations, which are less harmful than tobacco, in the 

  Fig. 14.4    Summary of evidence supporting a potential role for 5-HT 2C  receptor agonists as treat-
ments for smoking cessation. ( a ) Effect of RO 60-0175 on hyperactivity induced by nicotine 
(0.4 mg/kg s.c), in rats previously sensitised to nicotine (ten daily injections of nicotine 0.4 mg/
kg s.c).  #  p  < 0.05 vs. vehicle/vehicle pretreatment, * p  < 0.05 vs. vehicle/nicotine pretreatment. ( b ) 
Effect of RO 60-0175 on nicotine self-administration. Nicotine (0.03 mg/infusion) was available 
for 1 h each day, under an FR5TO 1-min schedule of reinforcement. ( c ) Effect of chronic treatment 
with vehicle, nicotine (0.4 mg/kg s.c) or nicotine (0.4 mg/kg s.c) + RO 60-0175 (1 mg/kg s.c) on 
locomotor activity produced by nicotine (0–0.4 mg/kg s.c). Prior nicotine exposure resulted in an 
enhanced locomotor response to nicotine (* p  < 0.05) that was blocked by RO 60-0175 ( #  p  < 0.05). 
( d ) Time course of the effect of acute nicotine (1 mg/kg i.p.) on extracellular dopamine levels in 
the nucleus accumbens measured by microdialysis. Rats were treated for 10 days with nicotine 
(1 mg/kg i.p.) prior to the microdialysis experiment. Rats were treated with either vehicle or RO 
60-0175 (1 mg/kg i.p) 20 min before nicotine (1 mg/kg i.p) or vehicle (indicated by  arrow ). 
Nicotine increased extracellular dopamine release in the nucleus accumbens. This effect was sig-
nifi cantly attenuated by RO 60-0175 pretreatment. ( e ) Effect of nicotine (i.v.) and RO 60-0175 
(0.1 mg/kg i.v.) on the fi ring pattern of VTA dopamine neurons in rats treated for 10 days with 
nicotine (1 mg/kg i.p.). The data represent the mean ± SEM difference between the percentages of 
spikes occurring in bursts during baseline vs. post-drug periods. The data show that nicotine 
increases burst fi ring of VTA dopamine neurons, and that this effect is blocked by RO 60-0175. 
Figure reproduced from [ 53 ] with permission       
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form of chewing gum, transdermal patches or inhalers [ 155 ]. Non-nicotine-based 
therapy is represented mostly by bupropion, an atypical antidepressant [ 156 ,  157 ], 
or varenicline, the α4β2* nAChR partial agonist [ 158 ]. Comparing these therapies, 
NRTs have proved to be the least effective for smoking cessation, with varenicline 
being the most effective, followed by bupropion [ 159 ]. The increased effi cacy of 
varenicline is likely to be due to its ability to both aid smoking cessation and prevent 
relapse; varenicline partially activates the α4β2* nAChRs (also activated by smoking); 
therefore when paired with smoking cessation it effectively mimics the effects of 
smoking and, additionally, if a relapse occurs varenicline prevents the full activation 
of α4β2* nAChRs [ 160 ]. 

 Bupropion was the fi rst non-NRT to be used for smoking cessation, although it 
later appeared to be a non-competitive antagonist of several nAChRs. The 
 sustained- release bupropion formulation, the phenylaminoketone atypical antide-
pressant agent, was approved in the USA in 1997 by the FDA. It is thought that the 
ability of bupropion to block DA and noradrenaline (NA) reuptake, although mod-
estly, accounts for its ability to treat nicotine dependence, but its exact mechanism 
of action is still unclear [ 156 ]. Moreover, the clinical effi cacy of bupropion as a 
smoking cessation aid may be due to its antagonistic activity at nAChRs [ 161 ]. 
Threohydroxybupropion and hydroxybupropion are the major metabolites of bupro-
pion, and they inhibit DA and NA reuptake to the same or lesser extent as bupropion 
[ 156 ]. Bupropion and hydroxybupropion administered in a dose-dependent manner 
were found to reduce the fi ring rate of noradrenergic neurons in the locus coeruleus, 
similar to tricyclic antidepressants (TCAs); the α 2 -adrenergic antagonist yohimbine 
reversed this action [ 162 ]. In vitro, bupropion diminished the tonic inhibition of DA 
neurones via a reduction in the GABAergic transmission to these neurones, and also 
greatly reduced the effects of nicotine on DA neuron excitability [ 163 ]. The antide-
pressant action of bupropion may be aided, in the absence of nicotine, by these 
increases in DA neuron excitability during treatment [ 163 ]. Overall, this suggests 
that the antidepressant effect of bupropion may be partially due to a DAergic or a 
noradrenergic counterpart. Additionally, in the DRN, bupropion caused a sustained 
increase in the basal fi ring activity of 5-HT neurons [ 164 ], but currently the signifi -
cance of the mechanism of action of bupropion in this latter effect, in a clinical 
setting, is unknown. 

 Varenicline, its trade name being Chantix in the USA and Champix in Canada, 
Europe and other countries, was developed by Pfi zer and introduced as a novel 
smoking cessation aid with a high effi cacy for the α4β2 nAChR, in 2006 [ 158 ,  160 ]. 
Varenicline affects monoaminergic neurotransmission by modulating release of DA, 
NA and 5-HT. Varenicline selectively binds to α4β2* nAChRs with high affi nity, 
similar to nicotine-evoked DA release in the rat NAcc due to its interaction with 
α4β2* nAChRs in the VTA [ 158 ,  160 ,  165 ]. Varenicline competitively blocks nico-
tine from binding to the nAChRs, and thus stimulates the mesolimbic DA system. 

 In the rat, only high doses of varenicline (10 mg/kg) produce increases in PFC DA 
and NA release [ 166 ], whereas 1 mg/kg produces no signifi cant changes in extracel-
lular levels of 5-HT, NA and DA [ 167 ]. The effect of a 10 mg/kg dose, that is associ-
ated with very high brain concentrations of >1 μM, may be due to the interaction of 
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varenicline with several other nAChR subtypes other than α4β2 nAChRs. Varenicline 
has a very low affi nity for 5-HT receptors and the 5-HT transporter; its lack of inter-
action with central 5-HT receptors and its inability to block 5-HT reuptake mean it 
is unable to increase 5-HT; thus its  in vitro  properties explain why it has little effect on 
cortical monoamine release. Varenicline is also a full agonist of 5-HT 3A  receptors; 
however, despite having a modest affi nity for these receptors, the brain concentra-
tions of therapeutic unbound varenicline are hypothesised to be insuffi cient to 
activate central 5-HT 3A  receptors. Moreover varenicline does not inhibit MAO-A, 
the enzyme which metabolises 5-HT, and does not bind to DA receptors that modu-
late 5-HT release. Additionally, when varenicline is combined with one or both 
antidepressant drugs it did not cause signifi cant effects on the increased neurotrans-
mitter levels, induced by sertraline and/or clorgyline [ 167 ]. Despite the fi ndings that 
varenicline is more effective than bupropion and NRT in recent meta-analyses 
[ 159 ,  168 ], there was an observed increase in neuropsychiatric symptoms in those 
taking varenicline, causing the FDA to issue an alert [ 169 ]. These neuropsychiatric 
symptoms include behavioural changes, agitation, depressed mood, hostility and 
suicidal thoughts. This has led to a large clinical trial to reassess the safety of 
varenicline, evaluating the neuropsychiatric adverse events; this is expected to be 
complete by 2017. Nevertheless, a recent prospective cohort study showed that 
there is no evidence of an increased risk of suicidal behaviour in patients pre-
scribed varenicline or bupropion compared with those prescribed nicotine replace-
ment therapy [ 62 ]. These fi ndings should be reassuring for users and prescribers of 
smoking cessation medicines. 

 Antidepressants are the most common drug, in the class of non-nicotine-based 
drugs, to be effective in aiding smoking cessation. TCAs which inhibit NA and 5-HT 
such as nortriptyline [ 170 – 172 ] and doxepin [ 173 ] have been proposed to be of 
benefi t in aiding smoking cessation, in combination with behavioural treatment. 

 Due to the primary role of 5-HT in the modulation of smoking behaviour and 
nicotine reward, selective serotonin reuptake inhibitors (SSRIs) have been studied as 
a safer and better tolerated antidepressant to TCAs. Indeed, anticholinergic activity 
and frequent lethality in overdose are associated with TCAs; thus these signifi cant 
aversive side effects mean other substances are being targeted for the benefi cial ther-
apeutic use [ 61 ,  111 ]. Fluoxetine, a prototypical SSRI, was shown to have equivocal 
results to TCAs and may relieve most of the adverse withdrawal symptoms experi-
enced by smokers with a history of depression [ 174 ]. The 5-HT 1A  receptor is involved 
in anxiolytic activity; therefore buspirone, a 5-HT 1A  receptor partial agonist, has been 
studied for its use as an anti-anxiolytic in order to treat nicotine addiction. Buspirone 
administration stimulates the 5-HT 1A  receptors leading to a reduction in presynaptic 
release of 5-HT, which appears to mediate anxiolytic effects. Unfortunately buspi-
rone was shown to have little effect in aiding smoking cessation, shown by a placebo-
controlled clinical trial [ 175 ]. 5-HT 2C  receptor agonists could also potentially be 
utilised for the treatment of smoking cessation [ 49 ,  111 ,  129 ]. Weight gain is viewed 
as a contributory factor in preventing smoking cessation; therefore the role of 5-HT 2C  
receptor agonists in decreasing feeding behaviour and thus preventing weight gain 
could be of particular interest in benefi cially treating nicotine dependence [ 176 ] 
(Table  14.1 ).
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   Doses of lorcaserin that reduce feeding behaviour and behavioural effects 
induced by nicotine in rats [ 131 ] result in plasma levels similar to those observed in 
people taking a therapeutic dose of lorcaserin for obesity [ 111 ], thus suggesting that 
dose regimens used in obesity treatment would be appropriate for testing lorcaserin 
in a smoking-cessation trial. However one disadvantage of using this drug is its 
potential interaction with 5-HT 2A  receptors, thought to induce hallucinogenic 
effects. Moreover, it is as of yet unknown to what extent lorcaserin, along with other 
5-HT 2C  agonists, occupies and activates the 5-HT 2C  receptors at therapeutic expo-
sure. However, due to lorcaserin being the fi rst 5-HT 2C  receptor agonist with clinical 
approval, it is a preferable and viable method for the application of testing animal 
evidence in humans [ 111 ].  

7     Conclusions 

 Nicotine exerts a wide range of effects on multiple neurotransmitter systems including 
ACh, GLU, DA, NA, 5-HT and GABA by acting on nAChRs; it is considered to be 
an extraordinary psychotropic drug as it is diffi cult to fi nd another with such a pleio-
tropic action. The 5-HT pathway is implicated in nicotine dependence and may 
infl uence smoking cessation; the 5-HT 2C  receptor seems to be the most likely receptor 
to be involved. 

 The pharmacotherapy of nicotine addiction is still considered to be unsatisfac-
tory, despite a large amount of data being produced on the neurobiological basis of 
withdrawal, action and dependence of nicotine. An increasing body of evidence has 
indicated that 5-HT 2C  neurotransmission is a critical neurological substrate in the 
process of smoking cessation or its role in the suppression of nicotine withdrawal in 
smokers. 5-HT 2C  receptor agonists could be useful in treating not only the wide 

   Table 14.1    Effects of varenicline, bupropion, RO 60-0175 and lorcaserin against various nicotine- 
motivated behaviours in the rodent (adapted from [ 111 ] with permission)   

 Varenicline  Bupropion  RO 60-0175  Lorcaserin 

 Nicotine self-administration  ↓  ↔  ↓  ↓ 
 Nicotine-induced hyperlocomotion  ↓  ↔  ↓  ↓ 
 Nicotine interoceptive cue  ↑/↓  ↔  ↓  ↓ 
 Reinstatement of nicotine-seeking 
behavioura 

 ↓  ↔  ↓  ↓ 

 Nicotine-conditioned place preference  ↓  ↑  NT  NT 
 Nicotine-precipitated W/D   b      (somatic)  NT  ↓  ↔  ↔ 
 Nicotine-precipitated W/D (affective)  NT  ↓  ↓  NT 

  ↓, Reduced response; ↑, increased response; ↔, no reliable effect; ↑/↓, mixed effects reported; 
NT = not tested 
  a In the case of varenicline, bupropion and lorcaserin, each was assessed against reinstatement 
produced by a combination of nicotine prime and cues. RO 60-0175 was shown to be effective 
against reinstatement induced by either a nicotine prime or cues 
  b  W/D  withdrawal/dependence  
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range of behaviours produced by nicotine addiction, but also other drugs of abuse, 
because of the widespread infl uence of these receptors on behaviour. In conclusion, 
a more complete preclinical evaluation of the 5-HT 2C  receptor role in nicotine addic-
tion will ultimately allow educated, proof-of-concept trials to test the concept that 
selective 5-HT 2C  agonists such as lorcaserin may be useful as adjunctive therapy.     
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    Chapter 15   
 Neuronal Nicotinic Acetylcholine Receptors 
in Reward and Addiction 

             Linzy     M.     Hendrickson       and     Andrew     R.     Tapper     

    Abstract     Drugs of abuse stimulate the pleasure centers of the brain to initiate 
addiction. During the beginning stages of addiction, the rewarding or reinforcing 
properties of abused drugs drive intake. However, as addiction develops drug intake 
is more likely to be dominated by negative reinforcement. The main reward center 
of the brain is the mesolimbic pathway which consists of dopaminergic neurons 
originating in the ventral tegmental area that project to the nucleus accumbens. 
Most, if not all, abused drugs stimulate this circuit resulting in increased release of 
the neurotransmitter, dopamine, in the nucleus accumbens, a phenomenon inti-
mately associated with reward and reinforcement. Neuronal nAChRs are robustly 
expressed within the microcircuitry of this reward pathway. Drugs of abuse such as 
nicotine and alcohol directly interact with nAChRs expressed within the mesolim-
bic circuit to affect drug reward sensitivity, whereas with other drugs of abuse such 
as the psychostimulants and opioids, nAChRs play a more indirect, modulatory 
role on drug reward. In this chapter, the expression and function of nAChRs in the 
reinforcing/rewarding properties of drugs of abuse are explored.  

  Keywords     Dopamine   •   Reinforcement   •   Alcohol   •   Nicotine   •   Psychostimulants   • 
  Opioids  

1         Introduction 

 Species that learned to respond to natural rewards (such as when and where they 
could obtain food, have the opportunity to mate) ensured their survival. Achieving 
these goals function as rewards [ 1 ]. Consequently, many neural substrates that 
modulate reward systems are conserved across species from  Drosophila , mice, 
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and rats to humans and include conserved circuitry, neurotransmitters, receptors, 
signaling molecules, and transcription factors [ 2 ]. Not surprisingly, this endogenous 
system can be exogenously altered via drugs that have potential to become abused. 
We now know that responses to natural rewards and addictive drugs have many 
similarities and shared pathways within the central nervous system (CNS). For 
example, studies in rats have shown a cross-sensitization between the natural reward 
sugar and the drug amphetamine [ 3 ]. In addition, a recent study found similar neu-
roadaptations in reward circuitry between chronic exposure of abused drugs and 
high-energy palatable food [ 4 ]. 

 A common effect of natural rewards and most drugs of abuse is an enhance-
ment of activity in the mesolimbic dopamine (DA) system (discussed in more 
detail below), leading to an increase of DA release in the nucleus accumbens 
(NAc) [ 5 – 7 ]. While it is widely accepted that the epicenter of reward stimuli pro-
cessing within the brain, whether natural or drug, is the mesolimbic DA circuitry, 
much controversy exists regarding the precise role of DA in modulating goal-
directed behavior. Mesolimbic DA is critical for a variety of physiological and 
affective behaviors such as movement, motivation, reward, learning, arousal, atten-
tion, and emotion [ 8 ]. Indeed, each of these individual behavioral components is 
necessary for the outward, measurable behavior of reward (i.e., an organism must 
locate a reward, pay attention, learn where to fi nd it, like it, and have a desire to 
return to it). 

 Most of what is known regarding the underlying circuitry and molecular under-
pinnings of reward in addiction stems from pharmacological and genetic manipula-
tions in rodent models. How does one measure the rewarding properties of drugs 
in animal models of dependence? The rewarding properties of drugs of abuse are 
typically measured via operant self-administration and/or conditioned place prefer-
ence assays (CPP). In the former assay, an animal learns to self-administer a drug 
by pressing an active lever or nose poke that delivers a fi xed dose to the animal by 
way of intravenous catheter, cannula to the brain, or, in the case of ethanol, a con-
sumable liquid [ 9 ]. If a drug is reinforcing, then the animal will press on the active 
lever to self-administer the drug while ignoring a second inactive lever which yields 
no drug. In the CPP assay, an animal prefers a chamber where it received drug over 
the chamber where it received vehicle (i.e., the drug conditions a place preference 
as a measure of reward [ 10 ]). 

 Current theories on drug addiction suggest that the acute, rewarding properties of 
abused drugs drive intake during the initial stages of dependence; whereas drug 
intake in later stages is motivated by negative reinforcement (i.e., drugs are taken to 
predominantly alleviate negative affective states precipitated by withdrawal) [ 11 ]. 
This chapter focuses on nAChRs in the acute rewarding properties of drugs of 
abuse, while chapter   18     will focus on nAChRs in negative reinforcement, aver-
sion, and withdrawal. It is important to point out that the circuitry underlying posi-
tive reinforcement (i.e., reward) and negative reinforcement (i.e., aversion) likely 
interact. However, the most well-studied circuit in the context of reward, addiction, 
and nAChRs is the mesolimbic pathway.  

 L.M. Hendrickson and A.R. Tapper
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2     The Mesolimbic DA Pathway 

    It is widely accepted that the mesolimbic DA system plays a central role in modulat-
ing the rewarding effects of drugs of abuse [ 12 ,  13 ]. Olds and Milner fi rst identifi ed 
this pathway in 1954. Using brain stimulation reward (BSR) they discovered that 
rats returned to the same region of a testing apparatus where they had received elec-
trical stimulation to the septal area of the brain [ 14 ]. Upon further examination 
using mapping and lesion studies, it was determined that the most sensitive sites in 
the brain (i.e., lowest stimulation threshold) were along the medial forebrain bundle 
(MFB) which connects the ventral tegmental area (VTA) to the basal forebrain 
[ 14 – 16 ]. Next, using pharmacology, studies showed that DAergic receptor blockade 
attenuated brain stimulation reward [ 17 ,  18 ], suggesting that specifi c neurotransmit-
ter systems were involved in reward mechanisms [ 19 ]. 

 Flash-forward almost 60 years and what was once commonly referred to as the 
“reward circuit” is now known as the mesolimbic DA pathway. This pathway con-
sists of DAergic neurons whose cell bodies originate in the ventral tegmental area 
(VTA), a region of the midbrain, and project to regions of the limbic system includ-
ing the NAc, amygdala, and hippocampus among other regions. An additional 
DAergic pathway, the mesocortical pathway, also originates in the VTA and project 
to regions of the prefrontal cortex. These pathways are shown in a simplifi ed dia-
gram in Fig.  15.1 .

3        The Ventral Tegmental Area 

 The VTA is known to at least partially mediate the rewarding effects of nicotine, 
opiates, psychostimulants, ethanol, and cannabinoids [ 20 ]. For example, rats and 
mice will self-administer opiates [ 21 ], cannabinoids [ 22 ], cocaine [ 23 ], nicotine [ 24 ], 
or ethanol [ 25 ,  26 ] directly into the VTA. Additionally, intravenous nicotine self-
administration is attenuated by either selective lesions of VTA DAergic neurons in 
rats [ 27 ] or a local VTA infusion of a nicotinic receptor antagonist [ 28 ]. The VTA is 
located in the midbrain, medial to the substantia nigra and ventral to the red nucleus 
[ 29 ]. It is referred to as an “area” and not considered to be a “nucleus” because 
the cryoarchitecture of the region is not well defi ned such that the boundaries of the 
VTA are determined by its neighboring structures [ 20 ,  30 ]. Within the VTA are two 
main cell populations, the A10 DAergic projection neurons, which comprise ~60 % 
of cells in this region [ 31 ], as well as local GABAergic interneurons [ 32 ,  33 ]. 
Although data are emerging indicating that different subpopulations of neurons 
within the VTA exist including DAergic neurons that also co-release glutamate, 
GABAergic projection neurons, and a small number of purely glutamatergic 
neurons [ 34 ,  35 ], the expression and function of nAChRs in these neuronal sub-
populations as they relate to reward are unknown. The VTA receives inputs from 
regions throughout the CNS [ 36 ] including glutamatergic projections from the 
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prefrontal cortex [ 37 ], as well as glutamatergic, cholinergic, and GABAergic 
projections from two groups of mesopontine tegmental area neurons, the peduncu-
lopontine tegmental nucleus (PPTg) and the laterodorsal tegmental nucleus (LDT) 
[ 38 – 40 ]. Other regions that project to the VTA include the NAc, amygdala, ventral 
pallidum, superior colliculus, and lateral hypothalamus [ 30 ]. Additionally, the lateral 
habenula, a small nucleus that is a part of the epithalamus, has been shown to 
project to and stimulate midbrain areas that inhibit the release of DA from the VTA 
and substantia nigra pars compacta [ 41 – 43 ]. 

 Projections from the VTA are primarily to the ventromedial striatum including 
the NAc shell and core as well as smaller projections to the prefrontal cortex (PFC), 
hippocampus, entorhinal cortex, and lateral septal areas [ 30 ]. Furthermore, studies 
using retrograde markers have shown that distinct groups of neurons originating in 
the VTA project to specifi c forebrain regions [ 44 ,  45 ]. Projections to the NAc con-
tain the largest proportion of DA neurons, with 65–85 % being DAergic, while the 
PFC projections are only 30–40 % DAergic [ 31 ,  45 ]. The remaining component 
of VTA afferents to the NAc and PFC contain GABAergic neurons [ 32 ]. Although 
the VTA consists of two predominant neuronal subtypes, there is mounting evi-
dence that this brain structure is not homogenous but can be divided into discrete 
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  Fig. 15.1    Neuronal nAChR expression in the mesolimbic and mesocortical pathways. A sagittal 
rodent brain section depicting a simplifi ed circuit diagram of the mesolimbic and mesocortical 
pathways is shown. The VTA ( yellow box ) consists of DAergic neurons projecting to the NAc 
( purple box ) and prefrontal cortex ( orange box ). VTA GABAergic neurons provide local inhibition 
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tegmental (LTD) and pedunculopontine (PPTg) afferents. Drugs of abuse ultimately increase 
release of DA into the NAc to affect medium spiny projection neuron (MSN) activity. DA release 
at DAergic neuron presynaptic terminals is modulated by endogenous ACh provided by large 
aspiny cholinergic interneurons. Location of nAChR expression within the mesolimbic and meso-
cortical circuitry is indicated by the receptor icons       
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subregions including anterior (aVTA), posterior (pVTA), and tail (tVTA) [ 20 ,  46 – 48 ]. 
Recent data indicate that the aVTA and pVTA project to distinct regions of the ventral 
striatum and are differentially responsive to various drugs of abuse suggesting func-
tional heterogeneity [ 22 ,  49 – 52 ]. For example, rats will self-administer nicotine and 
ethanol directly in the pVTA but not the aVTA although the mechanistic basis of 
this regional selectivity is unknown [ 49 ].  

4     The Nucleus Accumbens 

 For decades, the NAc has been a main focus of mesolimbic DA in studies of natural 
and drug reward [ 8 ]. It is located in the ventromedial striatum and is primarily com-
posed of GABAergic medium spiny neurons (~95 %) and to a lesser extent a variety 
of interneurons (1–2 %) including cholinergic, fast-spiking GABAergic and low- 
threshold spiking. Two distinct regions of the NAc have been described, the core and 
shell, based on differences in functions and anatomical connectivity [ 53 ,  54 ]. 
Additionally, studies have shown that the response to extracellular DA release of 
these two regions differs. For example, it has been shown that the DA release induced 
by a food reward is rapidly habituated in the shell, but not the core [ 55 ]. Another 
study showed differential NAc shell and core Fos immunolabeling (a marker of neu-
ronal activation) of cholinergic interneurons after cocaine self- administration [ 56 ]. 
These and other data suggest the possibility that the shell may act to modulate the 
initiation of drug-seeking behavior by mediating the hedonic states associated with 
reward [ 57 ,  58 ] while the core may modulate acquisition and maintenance of drug 
seeking [ 59 ]. 

 The extracellular DA concentration in the NAc is regulated by two main factors: (1) 
the rate of release of DA from DAergic neurons that originate in the VTA and (2) dopa-
mine uptake through dopamine transporters located in perisynaptic areas [ 60 ]. DAergic 
neurons of the VTA are known to be the main input source of extracellular DA in the 
NAc. Under normal conditions, the action potential (AP) fi ring rate of DAergic neurons 
is tonic with spike activity at 1–5 Hz [ 61 ]. However, when an unexpected presentation 
of a primary reward or a reward-predicting stimulus occurs, the fi ring rate increases to 
2–10 APs at 10–30 Hz [ 62 ,  63 ]. 

4.1     Neuronal nAChR Expression in Reward Circuitry 

 Neuronal nicotinic acetylcholine receptors (nAChRs) are ligand-gated cation channels 
that, under normal conditions, are activated by the endogenous neurotransmitter, 
acetylcholine (ACh) [ 64 ,  65 ]. Eleven mammalian genes encoding nAChR subunits 
have been identifi ed (α2–α7, α9–α10, β2–β4) and fi ve subunits coassemble to form 
a functional receptor [ 64 ,  66 ]. The majority of nAChRs with high affi nity for 
agonist are heteromeric consisting of two or three alpha subunits coassembled with 
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two or three beta subunits while a subset of low-affi nity receptors are homomeric, 
consisting of predominantly α7 subunits [ 64 ]. The subunit composition of the receptor 
determines the biophysical and pharmacological properties of each receptor subtype. 
Given the large number of nAChR subunits, the potential for a vast array of nAChR 
subtypes exists. 

 Multiple studies have examined nAChR expression and function within the VTA 
[ 67 – 72 ]. Klink et al. compared nAChR expression and function in DAergic and 
GABAergic neurons between the VTA and substantia nigra pars compacta (SNc). 
Utilizing β2, α4, and α7 KO mice in combination with nAChR antagonists, they 
concluded that most DAergic neurons express nAChRs containing α4, α5, α6, β2, 
and β3 subunits while most GABAergic neurons express nAChRs containing α4 and 
β2 subunits [ 67 ]. Using a similar strategy, Wooltorton et al. determined that α7 
expression was more prevalent in VTA neurons than SNc neurons while nAChRs 
containing the β2 subunit (denoted β2*) are prevalent in DAergic and non-DAergic 
neurons throughout both brain regions [ 72 ]. The α6 nAChR subunit is predomi-
nantly expressed in DAergic neurons (although it may also be expressed in 
GABAergic terminal boutons) and can coassemble with β2, β3, and α4 subunits 
[ 70 ,  71 ,  73 – 76 ]. Using immunoprecipitation approaches in ventral midbrain, Gotti 
et al. deduced that at least fi ve distinct nAChR subtypes were expressed in DAergic 
neurons at the level of soma/dendrites including α4β2, α2α4β2, α4α5β2, α4β2β3, 
and α4α6β2β3 nAChRs [ 77 ]. Within the NAc, the majority of nAChRs are expressed 
in DAergic presynaptic terminals where they modulate the probability of DA release 
by endogenous ACh and DAergic neuron fi ring frequency [ 78 ,  79 ]. DAergic neuron 
terminal nAChRs consist of α4β2, α4α5β2, α4β2β3, α4α6β2β3, and α6β2β3 sub-
types [ 77 ]. Of these subtypes, α4α6β2β3 appears to dominate control of DA release 
at least in the NAc core [ 80 ].  

4.2     Nicotinic Receptor Subtypes Involved in Nicotine 
Reward/Reinforcement 

 Smoking is the primary cause of preventable mortality in the world [ 81 ]. When vola-
tized, nicotine, the addictive component of tobacco smoke, is absorbed into the 
bloodstream via the lungs and rapidly, on the order of seconds, crosses the blood- 
brain barrier [ 65 ]. Although nAChRs are expressed throughout the CNS, nicotine- 
induced activation of the mesocorticolimbic reward circuitry likely initiates addiction 
[ 66 ]. Indeed, pharmacological blockade of DA receptors or destruction of DA neu-
rons or lesioning of the NAC reduces nicotine self-administration [ 27 ,  82 ]. Within 
this pathway, nicotine ultimately drives activity of DAergic neurons originating in 
the VTA resulting in increased DA release in the NAc and prefrontal cortex (PFC) 
[ 83 ]. More recently, nicotine has been found to also increase DA release in the 
hippocampus where it facilitates memory formation of nicotine reward [ 84 ]. 

 With the great diversity of potential nAChR subunit combinations possible in 
nAChR subtypes within the VTA, a major goal of nicotine dependence research is 
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to identify nAChR subunit combinations that are critical for the rewarding properties 
of nicotine. The majority of insights into reward circuitry nAChRs in reward and 
reinforcement stems from pharmacological and genetic studies in rodent models. 
Infusion of the nonspecifi c nAChR antagonist, mecamylamine, into the VTA 
reduces self-administration of nicotine in rodents while also blocking nicotine- 
mediated increases in NAc DA [ 49 ,  85 ]. In addition, the β2*-selective antagonist 
dihydro-β-erythroidine (dhβe) also reduces nicotine self-administration in rats 
when infused into the VTA [ 28 ]. Finally, infusion of the α6β2-selective antago-
nist, α-conotoxin MII, into the VTA or NAc reduces nicotine self-administration 
[ 77 ,  86 ]. 

 Because of the limited nAChR subtype selectivity of most pharmacological 
agents, a more direct approach to address nAChR subunit composition in nicotine 
reward is through the use of genetically engineered mouse models. To date, several 
studies have utilized traditional knockout mice, which do not express a given 
nAChR subunit, or mice that express “gain-of-function” receptors that harbor a 
mutated subunit hypersensitive to nicotine, to examine the role of individual nAChR 
subunits in nicotine reward and reinforcement [ 87 ,  88 ]. Mice that do not express 
the β2 subunit fail to maintain nicotine self-administration indicating that nAChRs 
containing β2 are necessary for nicotine reinforcement [ 89 ]. These knockout mice 
also do not condition a place preference to nicotine consistent with a critical role for 
β2* nAChRs in nicotine reward [ 90 ]. In addition, mice that express a single-point 
mutation in the gene encoding the α4 subunit (a leucine residue mutated to an alanine 
residue in the pore forming transmembrane domain of the α4 subunit) that renders 
α4* nAChRs supersensitive to agonist condition a place preference to nicotine at 
sub-reward-threshold doses indicating that selective activation of α4* nAChRs is 
suffi cient for nicotine reward [ 91 ]. In addition, mice harboring a distinct mutation 
within the α4 subunit also resulting in nicotine-hypersensitive α4* nAChRs self- 
administer nicotine at lower doses [ 92 ] than mice with non-mutated receptors. 
Knockout mice that do not express β2, α4, or α6* nAChRs fail to self-administer 
nicotine but nicotine intake can be rescued via viral mediated expression of these 
subunits in the VTA, indicating that expression of nAChRs specifi cally in the VTA 
is suffi cient to support nicotine reinforcement [ 93 ,  94 ]. Thus, the emerging consensus 
across laboratories, based on a combination of pharmacology and mouse genetics, 
is that expression of α4β2* and α6* nAChRs in the VTA is necessary and suffi cient 
for nicotine reward and reinforcement. 

 The identifi cation of α4β2* nAChRs as critical for nicotine reward has led to 
rational design of small-molecule compounds to target these receptors in an effort 
to facilitate smoking cessation. The most successful smoking cessation aid to date 
is varenicline. Varenicline was designed as a high-affi nity partial agonist at α4β2* 
nAChRs [ 95 ]. Studies in rodent midbrain slices indicate that varenicline activates 
α4β2* nAChRs in the mesolimbic circuitry modestly increasing DA release in the 
NAc while blocking further stimulation by the full agonist, nicotine [ 96 ]. In doing 
so, it is hypothesized that, in smokers, varenicline will alleviate affective withdrawal 
symptoms through increasing mesolimbic DA stimulation but also block the plea-
surable effects of nicotine achieved through smoking.  
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4.3     Mechanisms of VTA DAergic Neuron Activation 
by Nicotine 

 VTA DAergic neurons fi re tonically and also fi re bursts [ 97 ,  98 ]. Recent studies 
using optogenetics to precisely depolarize DAergic neurons through light activa-
tion of the cationic ion channel, channelrhodopsin, indicate that bursting, but not 
tonic, DAergic neuron fi ring is suffi cient to condition a place preference [ 99 ]. 
Conversely optogenetic activation of VTA GABAergic neurons  alone  inhibits 
DAergic neurons and signal aversion [ 100 ]. Acutely, nicotine elicits both an 
increase in baseline DAergic neuron fi ring frequency and an increase in burst fi ring 
that can persist up to an hour after a single bolus of nicotine [ 101 ,  102 ]. Previous 
studies indicate that nicotine can directly activate DAergic neurons in rodent mid-
brain slices [ 103 ,  104 ] and neuronal α4β2* nAChR subunits are critical for this 
effect. Indeed, nicotine fails to condition a place preference in mice that do not 
express α4* nAChRs selectively in DAergic neurons [ 105 ]. However, how VTA 
GABAergic neurons, which make up as many as half the neurons in the VTA [ 106 ] 
and also robustly express α4β2* nAChRs [ 67 ,  68 ,  70 ,  89 ,  91 ], contribute to shaping 
nicotine responses in DAergic neurons is emerging. In rat midbrain slices, nicotine 
may desensitize α4β2* nAChRs on GABAergic neurons, thereby disinhibiting 
DAergic neurons, increasing their activation [ 107 ]. In addition, blood nicotine con-
centrations achieved by smoking rapidly and persistently desensitize a portion of 
nAChRs on both DAergic and GABAergic neurons [ 102 ,  107 ]. Low-affi nity α7 
nAChRs, which are expressed on glutamatergic terminals that innervate the VTA, 
may rapidly recover from desensitization and drive glutamate release, thereby 
allowing for persistent activation of DAergic neurons by nicotine [ 107 ]. This is 
consistent with previous data indicating that glutamate release into the VTA is 
critical for nicotine reinforcement [ 108 ]. More recently, Tolu et al. found that nico-
tine, at least acutely, activates both DAergic and GABAergic VTA neurons in vivo 
[ 109 ]. Using viral mediated gene delivery to selectively re-express β2 nAChR sub-
units in VTA DAergic neurons of β2 KO mice was insuffi cient to restore nicotine 
self-administration and nicotine- mediated DA release in NAc. Surprisingly, β2 
expression in both VTA DAergic  and  GABAergic neurons was required for rescue 
of nicotine self-administration. Remarkably, β2 expression in GABAergic neurons 
was critical for nicotine- mediated burst fi ring of DAergic neurons. These data indi-
cate that nicotine activation of GABAergic interneurons in concert with activation 
of DAergic neurons may shape the fi ring pattern of DAergic neurons and modu-
late nicotine reward and reinforcement. Finally, recent studies have identifi ed a 
unique nAChR subtype in VTA DAergic neurons consisting of both α4 and α6 
subunits. These α4α6* nAChRs remain active with prolonged exposure to nicotine, 
and cause persistent depolarization of DAergic neurons [ 110 ,  111 ]. This persistent 
activation leads to changes in NMDA/AMPA receptor expression which may 
underlie sensitization to repeated nicotine exposure and enhance nicotine reward 
over time [ 111 ].   
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5     Neuronal nAChRs in Alcohol Reward 

 Alcohol abuse is the third largest cause of preventable mortality in the world [ 112 ]. 
As with nicotine, the rewarding or reinforcing properties of alcohol are associated 
with an increase in DA release in the NAc [ 113 – 117 ]. Ethanol-induced release of 
DA is critical for the onset and maintenance of dependence [ 118 – 121 ]. 

 Multiple mechanisms underlying alcohol-mediated activation of VTA DAergic 
neurons have been proposed including modulation of intrinsic ion channels within 
these neurons, as well as alcohol-mediated alterations in synaptic input, both excit-
atory and inhibitory [ 122 – 128 ]. However, cholinergic signaling through nAChRs 
also contributes to NAc DA release and ethanol reinforcement [ 129 – 132 ]. For 
example, in rats, ethanol-mediated DA elevation in the NAc is inhibited by systemic 
or VTA but not NAc infusion of the noncompetitive, nonselective, nAChR antago-
nist, mecamylamine [ 130 ,  131 ,  133 – 136 ]. Blocking midbrain nAChRs via meca-
mylamine also decreases ethanol consumption and sensitization in rats. In addition, 
patients administered mecamylamine report reduced pleasurable effects of alco-
holic beverages [ 137 ]. 

 As discussed above, neuronal nAChR subtypes are expressed throughout the 
VTA in both DAergic neurons projecting to the NAc and in local GABAergic inter-
neurons [ 67 ,  72 ]. How does ethanol interact with these receptors? Systemic ethanol 
has been shown to increase ACh concentrations in the VTA, presumably activating 
nAChRs in this area [ 135 ]. In addition, ethanol can directly modulate nAChR activ-
ity depending on the subtype of nicotinic receptor expressed [ 138 – 140 ]. In ventral 
midbrain slices containing the VTA, acetylcholine-induced activation of DAergic 
neurons is potentiated by ethanol and blocked by mecamylamine. In addition, the 
effects of ethanol on VTA DAergic neuron activity is reduced in α4 KO mice and 
enhanced in gain-of-function α4 knock-in mice [ 141 ]. Finally, potentiation is also 
blocked by an α6* nAChR-selective antagonist and reduced in α6 KO mice [ 142 ]. 
Thus, α4, α6, and/or α4α6* nAChRs may contribute to activation of VTA DAergic 
neurons by ethanol. 

5.1     What Are the nAChR Subtypes Involved in Ethanol 
Reward and Reinforcement? 

 Identifying the nAChR subtype(s) that may underlie ethanol reward and consumption 
is necessary as they may represent therapeutic targets to reduce alcohol consump-
tion. This endeavor is complicated by the fact that ethanol physiological and behav-
ioral effects involve additional non-cholinergic mechanisms. In an effort to tease 
out individual nAChR subunits in  ethanol -related behaviors, several studies have 
utilized pharmacology. As mentioned above, the nonspecifi c nAChR antagonist, 
mecamylamine, when injected systemically or locally within the VTA blocks 
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ethanol consumption [ 132 ,  143 ,  144 ]. Alcohol consumption and alcohol-mediated DA 
release in the NAc are resistant to dhβe [ 133 – 135 ,  145 – 149 ]. In addition, the 
α7-selective antagonist, methyllycaconitine (MLA), does not affect alcohol- 
mediated behaviors precluding a role for homomeric α7 nAChRs [ 133 ,  144 ,  150 ]. 
On the other hand, the α3β2*, β3*, and α6* subtype-selective antagonist, α-conotoxin 
MII, does inhibit ethanol consumption and DA release in the NAc [ 151 ,  152 ]. 
Importantly, recent data indicate that approximately half of α-conotoxin MII- sensitive 
nAChRs in the striatum contain the α4 subunit [ 74 ,  153 ] and deletion of β2* nAChRs 
nearly abolishes α-conotoxin MII binding in the VTA [ 68 ]. Varenicline, an α4β2 
partial agonist clinically approved as a smoking cessation therapeutic [ 95 ,  154 – 156 ], 
can reduce both ethanol intake and seeking in rats [ 155 ] and acute alcohol consump-
tion in mice [ 157 ]. However, at high concentrations, varenicline is also a partial ago-
nist at α6β2* nAChRs, a full agonist at α3β4 and α7 nAChRs, as well as at 
5-hydroxytryptophan-3 receptors, which may also explain some of its effects on alco-
hol consumption [ 158 – 161 ]. Sazetidine-A, an α4β2* nAChR-selective “desensitizer,” 
can also reduce alcohol consumption in rats [ 162 ]. Cytisine, a partial agonist that 
preferentially activates high-affi nity β2* nAChRs at low doses but also is a full β4* 
nAChR agonist at high doses, also reduces alcohol consumption [ 163 – 165 ]. Novel 
partial agonists targeting α3β4* nAChRs reduce alcohol consumption and seeking in 
rats [ 166 ]. However, infusion of the α3β4* nAChR antagonist 18-methoxycoronari-
dine into the VTA fails to reduce alcohol consumption [ 167 ] consistent with data 
indicating low expression of β4* nAChRs in VTA DAergic neurons [ 76 ,  77 ]. 

 Behavioral studies in genetically engineered mice have also been used to glean 
information on nAChR subtypes that are involved in alcohol consumption. To date, 
mice that do not express α6, α4, α7, β2, or β3 subunits have been evaluated in a two- 
bottle alcohol consumption assay. α6, β2, and β3 nAChR subunit KO mice consume 
and prefer alcohol similarly to WT controls [ 157 ,  168 ,  169 ], whereas α7 KO mice 
consume less alcohol at high concentrations [ 157 ]. In addition, α4 KO mice consume 
acutely less alcohol in a binge-drinking assay compared to WT littermates and are less 
sensitive to ethanol reward as measured in the CPP assay. In contrast, ethanol condi-
tions a place preference at low doses in gain-of-function α4 knock-in mice (i.e., mice 
that are hypersensitive to acetylcholine) compared to WT mice [ 141 ]. Similarly, mice 
expressing gain-of-function α6* nAChRs consume more ethanol than WT mice and 
are sensitive to ethanol reward at sub-reward-threshold doses [ 170 ]. Thus, consistent 
with a potential role in activation of VTA DAergic neurons by ethanol, α4 and/or α6 
or α4α6* nAChRs within the VTA may be inherently critical for the rewarding proper-
ties of ethanol, although additional experiments are needed to identify the precise 
brain region and circuitry where these nAChRs are expressed.   

6     Neuronal nAChRs in Psychostimulant Reward 

 Whereas nicotine and ethanol interact with nAChRs directly to modulate function 
of the mesolimbic reward circuitry, the interaction between nAChRs and psycho-
stimulant is likely indirect occurring at the circuit level. Indeed, psychostimulants 
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such as cocaine and amphetamine bind to the dopamine transporter (DAT), which, 
under basal conditions, takes up DA at the synaptic cleft from the presynaptic side 
where it can be recycled to help terminate DA receptor signaling [ 171 ]. Cocaine 
blocks DAT while amphetamine reverses transport resulting in increased NAc DA 
and reward. Neuronal nAChRs modulate the rewarding and reinforcing properties of 
psychostimulants. Nicotine preexposure potentiates self-administration of low doses 
of cocaine in rats and augments conditioned place preference in mice [ 172 ,  173 ], 
whereas mecamylamine reduces cocaine self-administration in rats and reduces 
low-dose cocaine place preference in mice [ 173 – 175 ]. Neuronal nAChRs that infl u-
ence psychostimulant reward are likely expressed at DAergic presynaptic terminals 
where they modulate DA release through cholinergic input from large aspiny 
cholinergic interneurons within the NAc. Cholinergic neuron activity, and hence 
cholinergic signaling, is critical for cocaine reward as the drug fails to condition a 
place preference if these interneurons are silenced [ 176 ]. Supporting a role for NAc 
DAergic presynaptic terminal nAChRs on cocaine reinforcement, infusion of meca-
mylamine or dhβe and MLA into the NAc reduces DA release elicited by an i.p. 
injection of cocaine in rats [ 177 ]. While the precise nAChR subtype involved in 
cocaine reward has not been fully elucidated, they most likely contain the β2 sub-
unit, as β2 KO show reduced CPP in response to low doses of cocaine [ 173 ].  

7     Neuronal nAChRs in Opioid Reward 

 Morphine and commonly abused prescription opioids are opioid receptor agonists. 
Like the psychostimulants, opioids do not interact with nAChRs directly. However, 
they do indirectly stimulate VTA DAergic neurons in the mesolimbic pathway by 
binding to and activating mu opioid receptors on VTA GABAergic interneurons and 
reducing interneuron activity [ 178 ]. Infusion of nicotine in the VTA potentiates 
morphine-conditioned place preference, whereas infusion of mecamylamine into 
the VTA inhibits morphine CPP suggesting a role for VTA nAChRs in opioid reward 
[ 179 ]. In addition, dhβe or MLA blocks drug priming-induced reinstatement of 
morphine CPP [ 180 ]. However, few studies have directly examined the role of 
nAChRs in the mesolimbic pathway in opioid reward. Thus, further studies to identify 
the mechanism of action of nAChRs in opioid reward are needed.  

8     Conclusions 

 Although neuronal nAChRs are expressed throughout the CNS, most studies exam-
ining the role of nAChRs in drug reward have focused on the DAergic mesolimbic 
reward circuitry. Indeed, nAChRs are robustly expressed within the mesolimbic cir-
cuitry in multiple neuronal subpopulation including DAergic projection neurons 
and GABAergic interneuron among others. Direct stimulation of α4β2, α6, and/or 
α4α6* nAChRs within the VTA by nicotine underlies the acute rewarding properties 
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of the drug. Neuronal nAChRs containing the α4 and/or α6 subunit also contribute 
to alcohol reward. Ethanol potentiates the response to ACh at these receptors. 
In addition, ethanol may enhance release of ACh in the VTA to activate DAergic 
neurons in this pathway through indirect nAChR activation. Emerging evidence 
indicates that nAChRs within the mesolimbic pathway may also modestly affect 
psychostimulant and opioid reward through modulation of DA release in the NAc. 
Identifi cation of nAChR subtypes involved in drug reward may provide novel 
molecular targets for therapeutics designed to help treat drug addiction.     
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    Chapter 16   
 Genetic Contributions of the α5 Nicotinic 
Receptor Subunit to Smoking Behavior 

             Laura     J.     Bierut       and     Jerry     A.     Stitzel     

    Abstract     Cigarette smoking and tobacco use remain a signifi cant global health 
problem that kills nearly 6 million people every year [1]. Differences in heaviness of 
smoking are infl uenced by genetic variation, and compelling evidence from large-
scale, genome-wide association meta-analyses identifi es the chromosome 15 region, 
which contains the α5, α3, and β4 nicotinic receptor subunit gene cluster ( CHRNA5 , 
 CHRNA3 ,  CHRNB4 ), as the locus that most strongly contributes to heaviness of 
smoking. Further dissection of this region through human genetic, functional, and 
animal studies links differences in smoking behaviors to the α5 nicotinic receptor 
subunit. The same genetic variants in the α5 nicotinic receptor subunit gene that 
increase the risk of heavy smoking also play a role in failed smoking cessation. 
Importantly, an interplay exists between these high-risk genetic variants in the α5 
nicotinic receptor subunit and pharmacologic treatment so that those at highest 
genetic risk for failed smoking cessation respond most favorably to pharmacologic 
treatment to aid cessation. Hopefully this knowledge will improve smoking cessa-
tion efforts and reduce the health burdens associated with cigarette smoking.  

  Keywords     Smoking   •   Nicotine dependence   •   Nicotinic receptor genes   •   Genetics   • 
  Addiction  

1        Introduction 

 The reduction of cigarette smoking over the last three decades from 33 % of the 
population in 1980 to 19 % in 2010 is one of the most important public health suc-
cesses in the USA. This reduction occurred through restrictions on indoor smoking 
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and increases in taxation of cigarettes, along with robust educational campaigns to 
educate the public about the adverse health consequences of smoking. These policy 
changes and educational efforts decreased initiation of smoking among teens and 
increased smoking cessation by established smokers. 

 Though this decrease in smoking represents a public health success, cigarette 
smoking remains a signifi cant health concern. In the USA nearly a fi fth of adults are 
current smokers [ 2 ] despite a majority (68 %) reporting wanting to quit [ 3 ]. A large 
number of people with smoking-related illnesses continue to smoke. Of those with 
chronic bronchitis, 41 % smoke, as do 29 % of those with coronary heart disease and 
49 % of those with emphysema [ 4 ]. These high rates of ongoing cigarette smoking 
in the presence of a smoking-related illness starkly illustrate the diffi culty of chang-
ing smoking behaviors. Ongoing public health concerns associated with cigarette 
smoking motivate studies to understand biologic factors, including genetic risk 
factors, that drive smoking behaviors, and the goal is to gain knowledge that can be 
used to reduce smoking and facilitate cessation. This chapter reviews the contribu-
tions of genetic variation in α5 nicotinic receptor subunit gene as an example of how 
human, animal, and other laboratory studies inform our knowledge about the devel-
opment of heavy smoking and smoking cessation.  

2     The Modern Genetic World 

 In parallel with the dramatic reduction of smoking, the past decade has witnessed a 
revolution in genetic technologies. Millions of genetic variants (or single-nucleotide 
polymorphisms, SNPs) can be queried in genome-wide association studies, and it is 
feasible to test tens to hundreds of thousands of individuals. This depth of inquiry 
into human genomes represents a tremendous expansion of scale of study in the 
past 10 years. These new technologies facilitate genetic investigations into many 
complex diseases and have resulted in thousands of new genetic discoveries [ 5 ,  6 ]. 

 This modern genetic technology has been applied to the study of smoking behav-
iors. Cigarette smoking clusters in families and strong evidence from twin studies 
demonstrate that this familial clustering of smoking is due to both environmental 
and genetic factors. Environmental factors appear to have a stronger effect on smoking 
initiation, whereas genetic factors play a larger role in the transition from regular 
cigarette use to the development of heavy smoking and nicotine dependence [ 7 ]. 
Estimated heritability for heavy smoking and nicotine dependence is at least 50 % 
[ 8 ], and this high heritability motivates genetic studies of smoking behavior. 

 Number of cigarettes smoked per day, which is highly correlated with nicotine 
dependence, has been measured in many studies because of the strong contribu-
tion of smoking to medical illnesses. Individual studies can search for genetic 
contributions to heaviness of smoking, and through meta-analysis, genetic results 
are combined across studies. Meta-analysis is a powerful technique and allows the 
examination of large numbers of individuals so that new genetic contributions to 
diseases can be discovered. 
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 Compelling genetic evidence is provided by several large-scale, genome-wide 
association meta-analyses that variation in nicotinic receptor subunit genes contrib-
utes to the heaviness of smoking and nicotine dependence [ 9 – 12 ]. These meta- 
analyses of over 80,000 individuals of European ancestry identify the chromosomal 
region 15q24, which contains the α5, α3, and β4 nicotinic receptor subunit gene 
cluster ( CHRNA5 ,  CHRNA3 ,  CHRNB4 ), as the genetic region that most strongly 
contributes to heaviness of smoking (refer to Chap.   3     for additional information on 
regulation of this gene cluster). This fi nding is best illustrated by Figure  16.1 . In this 
chromosomal region, the variant rs16969968 is strongly associated with smoking 
behavior (p = 5.57 x 10 -72 ) [ 12 ]. Further examination of this chromosome 15 region 
demonstrates that there are at least two distinct genetic risk variants in this region 
that independently contribute to differences in smoking behavior [ 12 ,  13 ].

3        Dissecting Genetic Findings 

 When a genetic association is found, it represents not only association with the tested 
variants, but all genetic variants (tested and untested) that are highly correlated. 
Figure  16.2  shows the genetic correlation of polymorphisms with rs16969968 in 
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the chromosome 15 region. Many genes are implicated in this association with 
rs16969968, and identifying the variant or variants that cause functional changes 
requires further investigation. One approach to refi ne an association signal is popula-
tion contrast mapping, which works on the hypothesis that important biological 
mechanisms underlying disease are shared across human populations. Because the 
genetic architecture of chromosome 15q24 varies across populations, identifying a 
consistent association across the diverse world populations points to a variant more 
likely to have functional relevance [ 14 – 16 ].

   Cross-population genetic association studies of this chromosome 15q24 
region identify variation in  CHRNA5  as an important infl uence to heaviness of 
smoking. An international collaborative study examined the association between 
variants in the  CHRNA5-CHRNA3-CHRNB4  region and smoking quantity in a 
meta-analysis of over 22,000 smokers of European, Asian, and African descent 
[ 17 ]. Despite diverse genetic backgrounds across these populations, the variant 
rs16969968 is associated with smoking behavior across all populations. The fre-
quency of the “A” risk allele of rs16969968 differs dramatically across human pop-
ulations. It is common in populations of European and Middle Eastern descent 
(approximately 35 % frequency) and is less common in populations of African, 
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Asian, or American origin (less than 5 %). This cross-population fi nding points to 
 CHRNA5  as a key gene associated with heaviness of smoking and nicotine dependence 
and provides evidence that rs16969968 is most likely a causative functional variant 
in this region.  

4     From Genetic Association to Function 

 Once a genetic association is found and a putative functional variant is identifi ed, it 
is important to move beyond genetic association into biological function. The most 
biologically credible variant associated with nicotine dependence in the chromo-
some 15q24 region is rs16969968, a polymorphism that causes an amino acid 
change from aspartic acid to asparagine (Asp398Asn) in the α5 nicotinic receptor 
subunit. The aspartic acid at position 398 in  CHRNA5  in humans occurs at a residue 
that is highly conserved across species. This variant is located in the large cytoplasmic 
loop between transmembrane domains three and four. Frogs, chickens, rodents, cattle, 
and nonhuman primates possess an aspartic acid residue at this location. In humans, 
the amino acid may be either an aspartic acid, the predominant residue at this position, 
or asparagine.  

5     α5 D398N Alters Maximal Response of (α4β2) 2 α5 
Receptors to Nicotine Agonists 

 Evidence that this amino acid change is functionally relevant is supported by  in vitro  
experiments demonstrating that (α4β2) 2 α5 nicotinic receptors with the aspartic acid 
variant (D398) exhibit a greater maximal response to a nicotinic agonist than 
(α4β2) 2 α5 nicotinic receptors with the asparagine amino acid substitution (N398) 
[ 18 ]. Because the allele that codes for asparagine is associated with increased risk 
for developing nicotine dependence, and nicotinic receptors containing the α5 sub-
unit with this amino acid (N398) exhibit decreased function  in vitro , reduced func-
tion of (α4β2) 2 α5 nicotinic receptors is associated with an elevated risk for 
developing nicotine dependence. Other nicotinic receptors (α3β4) 2 α5 demonstrate a 
similar decrease in function with this α5 amino acid change [ 19 ,  20 ]. Further studies 
show that (α4β2) 2 α5 nicotinic acetylcholine receptors that contain an α5 subunit 
protein with the asparagine substitution have lower calcium permeability and 
increased short-term desensitization compared to receptors that contain the α5 
protein with aspartic acid in that position [ 21 ]. This combined evidence of high 
conservation across species and biological changes in receptor function nominates 
this amino acid change in the α5 nicotinic receptor as a causative biological factor 
that alters the risk of developing heavy smoking and nicotine dependence. The mech-
anism of action is hypothesized to be reduced function of the receptor with the 
asparagine containing α5 subunit protein.  
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6     Noncoding Variant(s) Result in a Two- to Threefold 
Difference in mRNA Expression 

 Genome-wide association meta-analyses demonstrate that a second, distinct variant 
independently contributes to the risk of heavy smoking and nicotine dependence, 
and laboratory evidence points to a different biological mechanism underlying this 
association. In brain tissue (frontal cortex), expression levels of  CHRNA5  mRNA 
vary across samples, and a strong association between  CHRNA5  mRNA expression 
levels and a distinct group of SNPs has been identifi ed [ 22 ]. Fine mapping studies 
using allele-specifi c gene expression in tissue from European and African American 
brain narrow down the most likely locus containing the functional alleles for expres-
sion regulation to a region upstream of the transcriptional start site of  CHRNA5  
[ 23 ]. These putative functional variants alter mRNA expression of  CHRNA5  and 
contribute to the risk of developing nicotine dependence in the human association 
studies. 

 Low expression of  CHRNA5  mRNA in the frontal cortex is associated with a 
decreased risk of developing nicotine dependence. At this time, it is diffi cult to 
explain why reduced function of the α5 nicotinic acetylcholine receptor subunit 
leads to increased risk for developing nicotine dependence while low expression of 
α5 nicotinic acetylcholine receptor subunit mRNA leads to protection. However, it 
is important to note that the expression analysis was performed with mRNA isolated 
from frontal cortex. Currently, little is known about the role of cortical α5 nicotinic 
acetylcholine receptor subunits in nicotine dependence. It would be of interest to 
determine the relationship between the  CHRNA5  mRNA expression-associated 
SNPS and α5 nicotinic acetylcholine receptor subunit mRNA expression in brain 
areas where the α5 nicotinic acetylcholine receptor subunit is currently thought to 
contribute to nicotine-seeking behavior. 

 In summary, through  in vitro  studies, two distinct biological mechanisms, an 
amino acid substitution in the α5 nicotinic receptor subunit protein that changes 
receptor conductance and an alteration of mRNA expression of  CHRNA5 , have been 
identifi ed. In humans, the genetic risk for nicotine dependence is conferred by the 
genetic variation associated with each of these two mechanisms [ 10 ,  24 ]. A next 
step to improve our understanding of the biological processes infl uenced by this 
region has been undertaken in animal studies.  

7     Animal Studies of Nicotine Use and the α5 Nicotinic 
Receptor Subunit 

 The amount of nicotine consumed refl ects a balance between reinforcing and aver-
sive properties of nicotine. At lower doses, nicotine use can stimulate reinforcing 
properties, which leads to increased intake [ 25 ]. At higher levels of nicotine use, 
aversive effects become more prominent, which limits further intake [ 26 ,  27 ]. 
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The α5 nicotinic receptor subunit plays a role in the balance between the reinforcing 
and aversive properties related to nicotine use. 

 Studies with Chrna5 knockout mice suggest a potentially complex role of the 
α5 nicotinic acetylcholine subunit in nicotine-seeking behavior. Fowler et al. [ 28 ] 
reported that at lower nicotine concentrations both wild-type and α5 subunit knockout 
mice have similar consumption patterns. However, at higher doses of nicotine, 
differences in nicotine intake are seen between wild-type and α5 knockout mice. 
Wild-type mice decrease intake at higher doses of nicotine, consistent with stimula-
tion of aversive pathways related to high levels of nicotine. However, α5 subunit 
knockout mice consume greater amounts of nicotine at high doses, which suggests 
an attenuation of the aversive effects of nicotine with the loss of the α5 nicotinic 
receptor subunit. A dose-dependent Chrna5 genotype effect on nicotine reward also 
was reported by Jackson et al. [ 29 ]. Similar to what Fowler et al. [ 28 ] described, 
Jackson et al. [ 29 ] found that α5 knockout mice exhibited comparable reward to 
nicotine at low nicotine doses. However, at high nicotine doses, α5 knockout mice 
continued to fi nd nicotine rewarding, whereas wild-type animals did not. In a recent 
study, Fowler et al. [ 30 ] suggested that the role of α5 in nicotine aversion is not 
through a general aversion to noxious stimuli, but more specifi cally, through high- 
dose nicotine inhibition of the reward pathway. However, this interpretation seems 
to be somewhat at odds with a study by Salas et al. [ 31 ] in which α5 nicotinic ace-
tylcholine receptor subunit knockout mice were found to exhibit signifi cantly 
reduced sensitivity to several adverse responses to nicotine. 

 Further experiments using mice with the α5 nicotinic acetylcholine receptor sub-
unit knocked out highlight the role of the medial habenula in the control of nicotine 
intake. Expression of α5 nicotinic acetylcholine receptor subunit is concentrated in 
the habenulo-interpeduncular pathway in mice [ 28 ]. The medial habenula projects 
almost exclusively to the interpeduncular pathway, and high-dose nicotine activates 
this pathway [ 32 ,  33 ]. Reintroduction of α5 nicotinic acetylcholine receptor subunits 
into the medial habenula of α5 knockout mice restores the nicotine consumption 
patterns of wild-type mice [ 28 ]. These fi ndings demonstrate that the α5 nicotinic 
acetylcholine receptor subunit expression in the habenulo-interpeduncular neurocir-
cuit is a key component controlling nicotine intake at high nicotine doses. 
Interestingly, the habenulo-interpeduncular pathway also has been implicated in α5 
nicotinic acetylcholine receptor subunit-mediated withdrawal following chronic 
nicotine exposure [ 34 ,  35 ]. 

 A new study suggests a role for ventral tegmental area-expressed α5 nicotinic 
acetylcholine receptor subunits in nicotine reinforcement. Similar to what Fowler 
et al. reported, Morel et al. [ 36 ] found that α5 nicotinic acetylcholine receptor sub-
unit knockout mice continued nicotine self-administration at high nicotine doses 
whereas wild-type animals ceased their nicotine intake. However, in contrast to the 
Fowler et al. report, the Morel et al. study found that deletion of the α5 nicotinic 
acetylcholine receptor subunit resulted in decreased nicotine self-administration at 
low nicotine concentrations. Reintroduction of the α5 nicotinic acetylcholine receptor 
subunit into the ventral tegmental area restored low-dose nicotine self- administration 
to control levels and also reduced nicotine intake at high nicotine doses back to 
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wild-type levels. Intriguingly, re-expression of the α5 nicotinic acetylcholine receptor 
subunit possessing the variation associated with risk for nicotine dependence in 
humans (N398) neither restored low-dose nicotine self- administration nor reduced 
high-dose nicotine intake. Taken together, the studies with α5 nicotinic acetylcho-
line receptor subunit knockout mice paint a complex picture in which the α5 nico-
tinic acetylcholine receptor subunit contributes to both the reinforcing and aversive 
effects of nicotine depending upon the brain structure in which they are expressed. 
It is important to note that the α5 nicotinic acetylcholine receptor subunit is 
expressed in several other brain areas including the cortex, hippocampus, and raphe 
nuclei to name a few [ 31 ,  37 ,  38 ]. The relevance of α5 nicotinic acetylcholine receptor 
subunit expression in these regions remains to be determined.  

8     The  Chrna5  D398N Mouse 

 In addition to a knockout mouse model, a knock-in mouse has been engineered to 
possess the human rs16969968 variant, which results in the asparagine amino acid 
substitution in the α5 nicotine receptor subunit. This mouse is the fi rst that has been 
engineered to possess a human polymorphism associated with nicotine dependence, 
and this novel resource will permit us to further explore molecular, neurobiological, 
and behavioral mechanisms through which this important genetic variant alters risk 
for nicotine dependence.  

9     Convergence of Findings 

 In sum, human genetic, functional, and animal studies link differences in smoking 
behaviors to the α5 nicotinic receptor subunit and to specifi c genetic variants. In turn, 
these variants are linked to basic cellular mechanisms and to specifi c brain regions. 
These studies converge on a conceptual framework that balances the reinforcing and 
aversive effects of nicotine use and involves the medial habenula, ventral tegmental 
area, and perhaps other brain regions in which the α5 nicotinic acetylcholine receptor 
subunit is expressed. Individuals who smoke more heavily are more likely to have 
variation in the α5 nicotinic acetylcholine receptor subunit that results in an amino 
acid change from aspartic acid to asparagine. The incorporation of this high-genetic-
risk α5 subunit (asparagine containing) into nicotinic acetylcholine receptors 
decreases receptor function compared to receptors containing the low-genetic-risk 
α5 subunit. In contrast, lowered mRNA expression of  CHRNA5  in the frontal cortex 
is associated with decreased risk of heavy smoking. Mice with the α5 subunit gene 
knocked out show increased nicotine intake at high nicotine concentrations, consis-
tent with a loss of the aversive effects related to nicotine. Reintroduction of the wild-
type α5 subunit into either the medial habenula or ventral tegmental area of knockout 
mice restores wild-type patterns of nicotine consumption. In contrast, re-expression 
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of the risk form of the α5 nicotinic acetylcholine receptor subunit into the ventral 
tegmental area neither restores nicotine consumption at low nicotine concentrations 
nor reduces nicotine intake at high nicotine concentrations. These convergent fi nd-
ings support a model of the habenulo- interpeduncular pathway as well as the reward 
pathway as key neurocircuits that act through the α5 nicotinic acetylcholine receptor 
subunit as an inhibitory pathway that limits nicotine intake. Within this circuit the α5 
subunit plays an important role in nicotinic acetylcholine receptor function, and 
reduced receptor function decreases the inhibitory signaling that in turn limits nico-
tine intake. This model is consistent with the fi nding that individuals who carry risk 
alleles for nicotine dependence are less sensitive to the aversive effects of nicotine 
and smoke more heavily.  

10     Smoking Cessation 

 The goal of genetic discovery and functional investigation is to understand the 
biological basis of nicotine dependence and then to translate this knowledge into 
improved treatment for smoking cessation. This translation process is under way 
and it is clear that genetic variants in the α5 nicotinic receptor subunit gene, which 
increase the risk of heavy smoking and nicotine dependence, play a role in failed 
smoking cessation. 

 The fi rst study to clearly show an association of the chromosome 15q24 region 
with smoking cessation was an examination of women who smoked during preg-
nancy [ 39 ]. Women with high-risk genetic variants in  CHRNA5  were less likely to 
quit smoking during pregnancy compared to women with the low-risk genetic vari-
ants. These results have been confi rmed in a second, independent sample of pregnant 
women who smoked [ 40 ]. In both studies, smoking cessation was undertaken in a 
naturalistic setting of a normal pregnancy, focused on this specifi c time period of 
pregnancy, and most likely occurred without pharmacologic intervention. This fi nd-
ing implies that the strong genetic infl uence of variation in  CHRNA5  on smoking 
cessation is seen during a period when environmental and social infl uences maxi-
mally encourage smoking cessation. Several other lines of evidence support this con-
clusion. Individuals with the high-risk variants in a general population setting quit 
smoking at an older age [ 41 ]. In smoking cessation treatment trials, failed smoking 
cessation is associated with the same high-risk genetic risk variants that predict a 
greater likelihood of developing nicotine dependence [ 41 ,  42 ]. Though smoking 
cessation is a complex behavior that is clearly infl uenced by many environmental 
factors, these different studies indicate that variants in the α5 nicotinic receptor sub-
unit gene that predispose to heavy smoking and nicotine dependence also contribute 
to failed smoking cessation. 

 Importantly, new evidence demonstrates an interplay between these high-risk 
genetic variants in the α5 nicotinic receptor subunit and pharmacologic treatment. 
Those at highest genetic risk for failed smoking cessation respond most favorably 
to pharmacologic treatment to aid cessation [ 41 ,  42 ]. That this genetic risk for 
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unsuccessful smoking cessation can be modifi ed by pharmacologic treatment is 
great news for the fi eld of smoking cessation and represents a fi rst step in the goal 
of personalized medicine based on a person’s genetic makeup.  

11     Future Directions 

 This review highlights results from the strongest region associated with nicotine 
dependence, the genomic area encompassing the α5-α3-β4 nicotinic receptor subunit 
gene cluster. New evidence suggests that both common and less frequent genetic 
variants in the chromosome 15 region containing the α5-α3-β4 nicotinic receptor 
subunit gene cluster contribute to the development of nicotine dependence [ 43 ]. 
For example, less common (frequency 1 %-5 %) and rare (frequency < 1 %) variation 
in the α3 and β4 nicotinic receptor subunit genes is associated with an altered risk for 
nicotine dependence and cigarette consumption [ 43 ]. These less common variants 
also alter the protein structure of the α3 and β4 nicotinic receptor subunits. These 
results demonstrate that we must delve more deeply into the regions of association. 
Variation in other nicotinic receptor subunits, α6 and β3 on chromosome 8, is also 
associated with heaviness of smoking. Further investigation into these genes is under 
way and it is likely that many more genetic contributions await discovery.  

12     Summary 

 Smoking remains one of the major contributors to disease in the USA. The economic 
burden of smoking is estimated at nearly $100 billion in direct medical expenses and a 
similar amount in lost productivity [ 44 ]. Even with these signifi cant adverse health con-
sequences, a large number of teenagers initiate cigarette smoking every year, with many 
12 th  graders reporting ever smoking (38.1 %), smoking in the past 30 days (16.3 %), and 
daily smoking (8.5 %) [ 45 ]. Once smoking behaviors are established, cessation is a chal-
lenge and it may take years before smoking cessation is successful. Hopefully with our 
increased knowledge about the biology of how the nicotinic receptors contribute to 
persistent smoking behaviors, we will be able to improve smoking cessation efforts 
and reduce the burdens associated with cigarette smoking. The reader is referred to Chap. 
  17     for further discussions on gene linkage and smoking.     
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    Chapter 17   
 Smoking‐Related Genes and Functional 
Consequences 

             Ines     Ibañez-Tallon       and     Jessica     L.     Ables    

    Abstract     As the leading preventable cause of cancer and death, nicotine use and 
dependence have been the subject of a multitude of genetic studies in the past decade, 
ranging from candidate gene studies to genome-wide association studies (GWAS) to 
prospective studies. The genetics of nicotine addiction, smoking, and cancer are mul-
tifactorial, as would be expected from a complex behavior such as cigarette smoking. 
The combined heritability based on twin studies is estimated at 50–75 % (Li, Am J 
Med Sci 326(4): 168–73, 2003; Hall et al. Tob Control 11(2): 119–24, 2002; Lessov 
et al. Psychol Med 34(5): 865–79, 2004.; Lessov-Schlaggar et al. Int J Epidemiol 
35(5): 1278–85, 2006; Maes et al. Psychol Med 34(7): 1251–61, 2004), with a large 
number of genes contributing to a small amount of risk individually. Some genes con-
tribute to the quantity of nicotine used, while another set is associated with the dura-
tion of nicotine use, and yet another set is linked with severity of nicotine dependence. 
Associated “risky” genes comprise genes encoding for nicotinic acetylcholine recep-
tor (nAChR) subunits, but also include genes like the bitter taste receptor. Still others 
have been associated with initiation and with success, or lack thereof, in cessation. In 
this chapter we review the current fi ndings in the genetics of smoking, focusing on 
those studies that have linked nicotinic acetylcholine receptors (nAChR) to nicotine 
addiction, and further discuss how mutations in these receptors alter their function.  

  Keywords     SNP   •   GWAS   •   Alpha5   •   nAChR   •   Addiction   •   Mouse models  

1         Human Genetic Studies 

 The genes associated with an increased risk to develop nicotine dependence fall into 
three broad categories: nicotinic receptors, nicotine-metabolizing enzymes, and 
neurotransmitter systems. Table  17.1  summarizes the surprisingly large number of 
genes that have been associated with nicotine use/dependence. It is important to 
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note though that the interpretation of genetic studies might be affected by some 
limitations. First, sample size and composition are critically important for genetic 
studies, particularly for genome-wide association studies (GWAS). A small sample 
size may yield false positives or false negatives, particularly when the effect size is 
small for any given locus, as is the case in even the most strongly associated gene 
 CHRNA5  (see below). Similarly, a population that is genetically divergent has too 
much inherent diversity to allow detection of a weakly linked single-nucleotide 
polymorphism (SNP). For this reason, the vast majority of studies to date have been 
performed in subjects of European descent. These two problems have been over-
come most recently by performing meta-analyses on all available published datasets 
and expanding datasets to include subjects of African and Asian descent. Second, 
the phenotypes assessed critically affect the outcome of the study [ 1 ]. Nicotine-
related phenotypes include cigarettes per day (CPD), dependence via the Fagerström 
Nicotine Test of Dependence (FNTD) or the DSM-IV, heaviness of smoking index 
(HSI), smoking initiation and cessation, peripheral blood levels of nicotine or its 
metabolite cotinine, cognition, cancer, and peripheral artery disease. While the 
dependent measure(s) in each of the studies discussed below varies, the most repli-
cable and strongest associations are with CPD [ 2 ] or nicotine/cotinine levels [ 3 ], 
indicating that the more relevant variants in the associated genes predominantly 
affect how much nicotine a person consumes. Most of the studies fi nd relatively 
weak associations and small effects of risk genes on CPD, but it could be the case 
that the best phenotype was simply not assessed. For example, a recent meta- 
analysis found that  CHRNB3  is more strongly associated with nicotine dependence 
than with CPD [ 4 ]. Third, many of the studies are limited by retrospective reporting 
and subjective measures such as self-reported CPD. Even the measures of nicotine 
dependence suffer from a subjective component. More objective measures, such as 
nicotine or cotinine levels, are more highly correlated with SNPs, although not with 
all of the genes, as we shall see below. Lastly, the defi nition of “control” subjects 
varies widely among the studies. Some studies compare never-smokers to ever- 
smokers, while others compare smokers who are nicotine dependent to smokers 
who are not, and yet others compare light smokers (also called “chippers”) to heavy 
smokers. In the following sections, we try to highlight the fi ndings of each study as 
well as the pertinent design information, such as population composition and 
phenotype(s) examined. This information is also included in Table  17.1 .

1.1       Nicotinic Acetylcholine Receptors 

 In this section we highlight the major associations between nAChRs themselves and 
nicotine-related diseases. By far, the strongest and most replicable evidence exists for 
a role of the  CHRNA5 - A3 - B4  gene cluster (Fig.  17.1 ). For additional information on 
the regulation of this gene cluster refer to Chap.   3    . Two SNPs in particular, 
rs16969968 in  CHRNA5  and rs1051730 in  CHRNA3 , have been linked to 
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smoking- related behaviors in multiple studies. For authoritative reviews on the asso-
ciations between CHRNA5 and CHRNA3 and nicotine, the reader is directed to [ 5 ].

   The fi rst evidence linking the  CHRNA5 - A3 - B4  gene cluster to nicotine addiction 
came from a candidate gene study [ 6 ] and a parallel GWAS [ 7 ] of 1,929 subjects 
of European descent. They used the FTND to assess dependence and set a threshold 
at 4, dividing their population into controls (i.e., non-dependent smokers) and 
nicotine- dependent cases. In the candidate gene study, Saccone and colleagues 
looked at SNPs across 300 candidate genes and found that two SNPs, one in the 
3′-untranslated region of  CHRNA3  (rs578776) and a non-synonymous SNP in 
 CHRNA5  (rs16969968), were strongly associated with nicotine dependence. In fact, 
individuals with two copies of the A risk allele of  CHRNA5  were twice as likely to 
be nicotine dependent. SNP rs1051730, a synonymous SNP in  CHRNA3 , was also 
associated with nicotine dependence, although this SNP was in strong linkage dis-
equilibrium with rs16969968, suggesting that it served as a surrogate mark for the 
SNP in  CHRNA5 . Interestingly, the  CHRNA5 - A3 - B4  cluster was not among the top 
hits in this fi rst GWAS, although none of the SNPs identifi ed remained signifi cantly 
associated after correcting for multiple comparisons, suggesting that the study was 
underpowered. A year later, Thorgeirsson and colleagues found that the same SNP 
rs1051730 in  CHRNA3  was signifi cantly associated with smoking quantity and 
nicotine dependence in a GWAS of 15,771 individuals of European descent [ 8 ]. 
Each copy of the T risk allele increased the amount smoked per day by one ciga-
rette. Further, they found that frequency of the variant increased with addiction 
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  Fig. 17.1    Chromosome 15 contains the strongest genetic contribution to the risk of developing 
nicotine dependence. Genome-wide association results for cigarettes per day indicating signifi -
cance of association of all SNPs in the TAG Consortium meta-analysis for cigarettes per day. 
Figure courtesy of TAG Consortium (2010). Figure used with permission from [ 72 ]       
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severity and carriers were less likely to quit smoking. Interestingly, frequency of the 
variant in low-quantity (i.e., non-nicotine dependent) smokers was signifi cantly less 
than in nonsmokers. They also found an association between the variant and lung 
cancer and peripheral artery disease as well, but it is impossible to say whether or 
not this is due to increased smoking quantity or a direct risk. A separate GWAS 
reported that the same SNPs, rs1051730 in  CHRNA3  and rs16969968 in  CHRNA5 , 
were signifi cantly associated with lung cancer in a GWAS of 11,707 individuals 
from Central Europe or countries with predominantly European background [ 9 ]. 
They found that the increased risk of lung cancer was seen for former and current 
smokers, as well as never-smokers, and that there is no association between these 
SNPs and other tobacco-associated cancers such as oral cavity, larynx, pharynx, and 
esophagus. In contrast, a more recent study of Asian women found no association 
between  CHRNA5  and lung cancer in never-smokers [ 10 ]. Highlighting the impor-
tance of controlling for population heterogeneity, Hung et al. found that this particu-
lar risk haplotype (rs1051730 and rs16969968) is rare in Asian individuals and 
absent from African individuals. Berrettini and colleagues also described the same 
SNPs in  CHRNA3  in a GWAS of CPD in 7,000 European subjects, suggesting that 
a common European haplotype confers risk for nicotine addiction [ 11 ]. In order to 
address the risk in multiple populations, a recent meta-analysis of European, Asian, 
and African populations found that only SNP rs16969968 in  CHRNA5  is associated 
with nicotine dependence in all populations, while other SNPs are population 
dependent [ 12 ]. This gene cluster has since been replicated in multiple associations 
of nicotine addiction (mostly in Europeans) that exceed our ability to include in this 
chapter, such as nicotine dependence [ 13 ,  14 ] and cotinine levels [ 3 ]. The reader is 
encouraged to look for the most comprehensive and up-to-date collection of genetic 
nicotine studies on PubMed itself, as the fi eld is rapidly adding new fi ndings. 

 Fewer studies have examined the  CHRNA5 - A3 - B4  gene cluster in relation to 
initiation and cessation, and with mixed results. In 2010, Thorgeirsson et al. again 
identifi ed the same SNP rs1051730 in  CHRNA5 - A3 - B4  in a GWAS meta-analysis of 
CPD (31,266 subjects) and initiation (46,481 subjects) with replication in another 
9,040 subjects, all of European descent [ 15 ]. The SNP was strongly linked to CPD, 
with each copy of the allele conferring an increase of 0.8 CPD, but it was not linked 
to initiation. A meta-analysis of 43 studies (33,348 individuals) found that the non- 
synonymous SNP rs16969968 in  CHRNA5  was associated with higher risk of heavy 
smoking in early-onset smokers, but that the allele itself was not responsible for the 
age of smoking onset [ 16 ]. On the other hand, a study of 200 individuals found that 
the SNP rs16969968 in  CHRNA5  was signifi cantly associated with “enhanced plea-
surable responses” to a person’s fi rst cigarette [ 17 ], as did a candidate gene study of 
early-onset nicotine addiction [ 18 ]. Another study found that SNP rs8040868 in 
 CHRNA5 - A3 - B4  is associated with more “externalizing” or risky behavior, includ-
ing experimenting with drugs and nicotine [ 19 ]. The data for cessation seem to be 
more encouraging, as certain SNPs predict whether or not an individual will have 
success with a particular treatment. A community-based cross-sectional study 
(5,216 subjects) and randomized cessation trial (1,073 subjects) found that presence 
of SNP rs16969968 was associated with increased cessation failure when absti-
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nence was the mode of cessation, but subjects with this SNP were three times more 
likely to quit if given pharmacotherapy [ 20 ]. The same fi ndings were replicated with 
SNP rs1051730 [ 21 ]. Another study found that presence of the  CHRNA5  SNP was 
associated with reduced ability to quit during pregnancy [ 22 ]. An association 
between SNP rs871058 in  CHRNA5  and treatment response to bupropion was found 
in a placebo-controlled clinical trial [ 23 ], but this fi nding was not replicated [ 24 ]. 
The non-synonymous SNP rs8192475 (R37H) in  CHRNA3  has been associated 
with increased withdrawal symptoms and craving over time in a study of 276 smok-
ers receiving both bupropion and transdermal nicotine [ 25 ]. The same study found 
that SNP rs680244 in  CHRNA5  predicted lack of abstinence at week 52. 

 It is interesting to note that fewer studies have linked  CHRNB4  itself with smok-
ing phenotypes despite the preponderance evidence linking the  CHRNA5 - A3 - B4  
gene cluster to nicotine-related diseases. While SNPs have been nominally associ-
ated with CPD [ 26 ], they failed to reach signifi cance in meta-analysis [ 15 ,  27 ,  28 ]. 
Even in the less stringent pathway meta-analysis of CPD, SNPs in  CHRNB4  were 
only nominally signifi cant in two of the three studies included, while it was highly 
signifi cant in the third study [ 29 ]. However, variants located upstream of  CHRNB4  
have been found to affect the age at which individuals transition to daily and habit-
ual smoking [ 30 ], independently of other SNPs identifi ed in the gene cluster and of 
other smoking-related phenotypes. Pooled sequencing of the coding regions and 
fl anking sequence followed by comparison of rare missense variants at conserved 
sites of the  CHRNA5 ,  CHRNA3 ,  CHRNB4 ,  CHRNA6 , and  CHRNB3  genes in 
African-American and European-American nicotine-dependent smokers and smok-
ers without symptoms of dependence revealed that missense variants in  CHRNB4  
(T375I and T91I) and in  CHRNA3  (R37H) are associated with lower risk for nico-
tine dependence and fewer CPD [ 31 ]. SNP rs12914008 in  CHRNB4  is also associ-
ated with less abstinence over time [ 25 ], suggesting that  CHRNB4  does play a role 
in some aspects of nicotine-related disease, but not CPD. 

 Like the  CHRNA5 - A3 - B4  gene cluster,  CHRNB3  and  CHRNA6  form a gene clus-
ter on chromosome 8p11. The fi rst evidence linking the  CHRNB3 - A6  gene cluster 
to nicotine addiction derived from the same parallel candidate gene study and 
GWAS linking the  CHRNA5 - A3 - B4  gene cluster [ 6 ,  7 ]. Saccone and colleagues 
identifi ed two SNPs in the coding region of  CHRNB3 , a synonymous SNP rs4593 
and a non-synonymous SNP rs4952, as well as an SNP rs13277254. Thorgeirsson 
and colleagues found that the CHRNB3-A6 cluster was signifi cantly linked to CPD 
but not to smoking initiation [ 15 ]. SNP rs6474412 in the 5′ region of  CHRNB3  and 
SNP rs13280604 reached genome-wide signifi cance and were in linkage disequilib-
rium with the SNP rs13277254 identifi ed by Saccone and Bierut in 2007. SNP 
rs6474412 is also part of a group of correlated SNPs including those identifi ed in 
the coding regions of  CHRNB3  [ 6 ]. However, the effect size was particularly small, 
with the risk alleles conferring an increase of only 0.3 CPD [ 15 ]. As we discussed 
previously, a more recent study found that  CHRNB3  is linked to nicotine depen-
dence, and not to CPD [ 4 ]. Indeed, the studies that fi rst identifi ed  CHRNB3 - A6  
examined nicotine dependence, not CPD [ 32 ,  33 ]. Nicotine dependence was not 
examined in the study by Thorgeirsson [ 15 ], and perhaps they would have found a 
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larger effect size if they had examined that phenotype. Conversely, the sample size 
examined by Rice and colleagues was small (3,365, including both European- and 
African-Americans), perhaps explaining why they did not observe a signifi cant 
association between  CHRNB3  and CPD [ 4 ]. 

 While the most replicable genetic associations are for the two gene clusters we 
have already discussed, almost all of the nAChRs have been linking to some aspect 
of nicotine addiction.  CHRNA7 ,  CHRAN10 ,  CHRNA4 ,  CHRNB1 , and a novel locus 
containing the  CHRND - CHRNG  were identifi ed by Saccone and colleagues [ 34 ,  35 ]. 
Carriers of SNP rs2072661 in the 3′ UTR of  CHRNB2  have substantially decreased 
odds of quitting, due to decreased success with bupropion, shorter time to relapse, 
and more severe withdrawal symptoms [ 24 ].  

1.2     Other Genes (Non-nicotinic) 

 Nicotinic receptors are not the only genes that have been associated with smoking 
or nicotine. In this section we briefl y highlight the genes that comprise the two other 
broad categories: nicotine-metabolizing enzymes and neurotransmitter systems. 

1.2.1     Metabolism 

 Nicotine is metabolized by a variety of enzymes, including the notoriously poly-
morphic cytochrome P450 enzymes, CYP2A6, CYP2A13, and CYP2B6 [ 36 ,  37 ], 
as well as the related fl avin-containing monooxygenase FMO3 [ 38 ]. Similar to the 
case for many prescription drugs, variants in these enzymes affect the clearance of 
nicotine, especially CYP2A6 which is responsible for converting ~80 % of nicotine 
to cotinine [ 37 ]. Some mutations increase clearance of nicotine and these have been 
linked to more CPD, relapse, and craving [ 39 ,  40 ]. Other mutations decrease 
nicotine clearance, resulting in more sustained levels of nicotine and the major 
metabolite cotinine in the blood. This, in turn, leads to lower levels of nicotine 
consumption and perhaps less withdrawal [ 41 ].  

1.2.2     Cholinergic System 

 nAChRs, which bind nicotine, are obvious players in nicotine addiction, serving as 
the point of action for the drug itself. However, in the absence of nicotine, these 
receptors bind the endogenous ligand acetylcholine. As nicotine would primarily 
affect the cholinergic system, researchers have focused their efforts to link other 
genes in this system to nicotine use and dependence. Choline acetyltransferase 
(ChAT) is the enzyme that synthesizes acetylcholine from acetyl co-A and choline. 
In two recent studies, SNPs in the gene encoding this enzyme were also linked to 
several measures of nicotine dependence, namely smoking quantity, heaviness of 
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smoking, smoking cessation, and FTND. The initial study was a prospective study 
of 472 treatment-seeking smokers of European descent looking at smoking cessa-
tion success [ 42 ]. The second study extended and replicated the ChAT fi ndings in 
the fi rst study in a larger cohort (2,037) of both African-Americans and European- 
Americans [ 43 ]. While individual SNPs in the ChAT gene were only nominally 
associated with any measure of nicotine dependence, several SNP haplotypes 
(or combinations of four different SNPs) were signifi cantly associated. This fi nding 
needs to be extended and replicated in a larger cohort. Using less stringent pathway 
analysis, most of the cholinergic genes, including the muscarinic acetylcholine 
receptor genes, have been associated with smoking quantity [ 29 ]. It is important to 
consider, however, that this is a relatively new method for linking pathways, or mul-
tiple gene families, to a particular disease and the fi ndings must be followed up by 
more traditional GWAS.  

1.2.3     Other Neurotransmitters 

 The cholinergic system modulates multiple other neurotransmitters in the brain 
fi ne-tuning activity. So it is not surprising that other neurotransmitter systems, or 
even that all of the major neurotransmitter systems, have also been linked directly 
or indirectly to cholinergic neurotransmission and nicotine addiction. For example, 
the metabotropic glutamate receptor genes  GRM7  and  GRM8  have been linked to 
both nicotine dependence [ 44 ] and smoking initiation [ 45 ].  GRM7  was linked to 
depression in heavy smoking families [ 46 ]. These fi ndings were replicated in a path-
way analysis that found that SNP rs1555764 conferred protection in terms of CPD 
while SNPs rs963843 and rs1018854 in  GRM8  increased CPD [ 29 ]. Likewise, mul-
tiple SNPs in genes of the serotonergic system have been linked to CPD, HIS, and 
FTND in both African- and European-Americans [ 47 ]. SNPs in the genes that 
encode GABA receptors have also been linked to nicotine addiction [ 48 – 50 ], as 
have SNPs in  CB1 , which encodes the cannabinoid receptor [ 51 ]. 

 The mu opioid receptor is well characterized for regulating addiction phenotypes 
[ 52 ], is required for nicotine reinforcement in rodents [ 53 ], and has been linked to 
nicotine initiation and dependence [ 54 ]. The non-synonymous SNP rs1799971 
(A118G polymorphism) in  OPRM1 , the gene encoding the mu opioid receptor, leads 
to alterations in the rewarding effect of nicotine [ 55 ]. Several studies have looked at 
the effect of this allele on nicotine consumption and cessation. In a Taiwanese cohort, 
carriers of SNP rs1799971 had lower cotinine levels, suggesting that they found 
nicotine more rewarding and thus consumed less nicotine to achieve the same 
response as non-carriers [ 56 ]. PET imaging of male smokers found that indeed the 
presence of the A118G polymorphism led to more dopamine release in the striatum 
of male smokers [ 57 ] and higher binding potential and greater reward in the thala-
mus, cortex, and amygdala [ 58 ]. Presence of this SNP has also been linked with 
increased severity of withdrawal and relapse [ 59 ]. In women, however, the presence 
of the variant allele seems to lead to decreased rewarding effects of nicotine [ 60 ]. 
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 Given that nicotine is addictive, it seems fairly obvious that mutations in the dopa-
mine (DA) receptor might be linked to nicotine dependence and/or cessation success. 
A large number of studies have examined the association of known mutations in 
 DRD2  that encodes one of the DA receptors, such as the reduced expression Taq1A1 
allele (rs1800497) or the increased function A2 allele, with mixed results. A meta-
analysis found no association with smoking behavior [ 61 ]; however, presence of the 
A1 allele generally predicts a better response to nicotine replacement therapy [ 62 – 64 ] 
while presence of the A2 allele predicts better response to bupropion [ 63 ,  65 ,  66 ]. 

 Multiple SNPs in the  GALR1  gene of European- and African-American smokers 
have been associated with self-reported heavy smoking [ 67 ], and analysis of 
treatment- seeking smokers identifi ed a highly signifi cant association of a single 
 GALR1  SNP, rs2717162, with retrospective reports of tobacco craving during a pre-
vious quit attempt [ 68 ]. The same SNP was then examined in a several pharmaco-
genetic clinical trials that assessed smoking cessation and tobacco craving in 1,217 
smokers of European ancestry who participated in one of the three smoking cessa-
tion clinical trials [ 63 ,  69 ,  70 ]. Data were pooled across trials and they found that 
there was a reduction in quitting success and more severe cravings in the presence 
of at least one minor (C) allele in the bupropion-treated group [ 71 ]. 

 Finally, it is worth mentioning that even genes such as  TAS2R1 , which encodes 
the bitter taste receptor, and the olfactory receptor genes  OR10P1 ,  OR52E2 , 
 OR52J3 , and  OR8D4  can contribute to nicotine dependence by modulating the 
amount of nicotine consumed, presumably by modifying the taste perception of 
nicotine [ 29 ].    

2     Functional Consequences of Genetic Variants 

 Numerous genetic studies have linked SNPs in specifi c genes to behavioral differ-
ences related to smoking or diffi culty quitting, highlighting how human genetic 
tools have aided in the identifi cation of genetic variants contributing to the addiction 
cycle. Yet fewer studies have explored the functional consequences of allelic vari-
ants. In this context it is important to note that a genetic association characterizes 
only the fi rst stage in understanding the underlying biology that leads to disease. 
A genetic association represents not only an association with tested genetic variants, 
but also an association with untested, highly correlated SNPs that can span across 
many genes on the same chromosome [ 72 ]. Thus once a genetic association is con-
fi rmed the challenge is to then understand which of these variants contribute to the 
biological mechanism underlying the correlation with a disease. Here we present 
some of the studies, which have employed such a reverse-like genetics strategy to 
elucidate whether specifi c SNPs cause variations in expression levels or functional 
changes to the receptor or the enzyme they encode. In this section we fi rst review 
the data available on regulation of expression levels by noncoding SNPs, second, 
on point mutants that affect receptor/enzyme activity, and, third, we expand on 
in vivo studies that have addressed the functional consequences of these variants in 
 laboratory animals. 
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2.1     Genetic Variants that Affect Expression Levels 

 Interestingly, the genes most strongly linked to nicotine dependence are arranged in 
gene clusters. These include the  CHRNA5 - A3 - B4 , in chromosome 15q25, the 
 CHRNA6 - B3  chromosome 8p11, and the  CYP2A6 -  CYP2A7 -  CYP2B7P1 -  CYP2B6 - 
 CYP2A13  in chromosome 19q13 (Fig.  17.2 ). The clustering facilitates their coordi-
nated expression by transcriptional or posttranscriptional co-regulation mechanisms.

   The fact that a large number of SNPs map to noncoding segments of genes or 
gene cluster suggests that altered regulation of these genes can contribute to the 
pathophysiology of tobacco use. Indeed the risk for nicotine dependence seems to 
stem from at least two separate mechanisms: the variability in the mRNA levels of 
these genes and functional changes due to non-synonymous amino acid variants 
[ 72 ]. Several nAChR subunits have been found to be upregulated in smokers or dif-
ferentially expressed in lung tumor cells [ 73 ,  74 ]. For instance the second most 
frequent genetic association with nicotine dependence in the  CHRNA5 - A3 - B4  locus 
is marked by rs880395 [ 75 ], and functional studies suggest that this SNP results in 
altered α5 nicotinic receptor mRNA expression [ 74 ,  76 ,  77 ]. Variants tagged by 
rs880395, which are more than 10 kb upstream of  CHRNA5  (Fig.  17.3 ), result in a 
2.5- to 4-fold difference in α5 nicotinic receptor mRNA expression in the brain. 
High expression of  CHRNA5  mRNA is correlated with an increased risk of heavy 
smoking and nicotine dependence [ 77 ]. In support of this correlation it has been 
shown that the relative levels of α5 and β4 subunits strongly affect α3β4α5 nAChR 
currents [ 78 ]. Thus inclusion of more α5 competes with β4 and results in lower cur-
rents and increased nicotine consumption [ 78 ].

   In general, gene expression can be modifi ed either pre- or posttranscriptionally. 
Detailed studies on these mechanisms have been done for the  CHRNA5 - A3 - B4  
but very few studies have analyzed the  CHRNA6 - B3  [ 79 ]. The studies on the 

  Fig. 17.2    Gene clusters associated to nicotine dependence.  Top row : Gene cluster of CHRNA5-
A3- B4. Note that CHRNA5 is in the opposite sense than CHRNA3 and CHRNB4 ( orange arrows  
indicate direction).  Middle row : The CHRNA6-B3 locus is also transcribed in opposite directions. 
 Bottom row : The CYP2A6 gene is part of a large cluster of cytochrome P450 genes from the 
CYP2A, CYP2B, and CYP2F subfamilies on chromosome 19q. The CYP2 pseudogenes in the 
locus are indicated in  blue        
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 transcriptional control of the CHRNA5/A3/B4 gene cluster indicate that this gene 
cluster is tightly co-regulated (for review see [ 80 ]). The  CHRNA5 - A3 - B4  genes are 
co- expressed in many cell types; thus their clustering refl ects coordinate regulation. 
This hypothesis is supported by the fact that the transcriptional activities of the pro-
moter regions of the three genes are regulated by many of the same transcription 
factors (reviewed in [ 80 ]). However, the  CHRNA5 - A3 - B4  genes are not always co- 
expressed, suggesting that independent regulation of each gene also occurs. The 
co-expression and clustering of the  CHRNA5 - A3 - B4  genes suggest that they may 
share common regulatory mechanisms in addition to specifi c regulation of each 
gene. This is supported by several observations including their lack of classical 
CAAT and TATA boxes [ 81 ]. Instead, the promoters are GC rich and contain several 
binding sites for the transcription factors, Sp1 and Sp3, which have been proposed to 
tether the basal transcription machinery to the TATA-less nAChR subunit gene pro-
moters [ 82 ]. In addition it has been shown that three transcriptional regulatory ele-
ments, β43′, a conserved noncoding region 4 (CNR4), and α3 repressor (Fig.  17.3 ), 
play key roles in directing expression of the clustered nAChR genes in a tissue-spe-
cifi c manner with β43′ being important for expression in the adrenal gland and 
CNR4 being critical for expression in the pineal gland, superior cervical ganglion, 
and brain [ 83 ]. Studies of this intergenic region between  CHRNA3  and  CHRNB4  in 
the human sequences have shown that GATA transcription factors appeared to bind 
rs8023462 only when the minor/risk allele was present [ 84 ] (Fig.  17.3 ). 

 Additional studies have uncovered very specifi c posttranscriptional mechanisms 
that take place in the  CHRNA5 - A3 - B4  cluster. For instance natural antisense 
 transcripts, because of their potential to form double-stranded RNA (dsRNA) mol-
ecules, can regulate gene expression gene at multiple levels.  CHRNA3  and  CHRNA5  
overlap at their 3′ ends in human genomes and  CHRNA3 / CHRNA5  RNA-RNA 
duplexes have been detected in human neuroblastoma SY5Y cells [ 85 ]. Another 
regulatory mechanism in this locus has been provided by recent studies by Gallego 
et al. that indicate that microRNAs downregulate the  CHRNB4  gene [ 86 ]. Finally, 
other posttranscriptional mechanisms mediated by cis-acting sequence motifs local-
ized within the UTRs have been studied in this gene cluster. Thus several motifs in 

  Fig. 17.3    Transcriptional and posttranscriptional regulation of the CHRNA5/A3/B4 gene cluster. 
Coding regions of the subunits are represented as  orange boxes  (exons) with  arrows  indicating the 
direction of transcription. Three transcriptional regulatory elements, the intronic α3 repressor in the 
fi fth intron of α3, the 3′ enhancer in the β4 gene, and the conserved coding region (CNR4) are shown 
( green boxes ). Allelic variations encoded by three SNPs located in noncoding regions (indicated in 
 blue ) have been associated to specifi c functional dysregulation of the expression of the gene cluster       
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the 5′ UTR responsible for translational regulation in eukaryotic genes such as 
upstream open reading frames (uORFs) have been investigated as regulators of 
 protein translation of the cluster [ 87 ].  

2.2     Genetic Variants that Impact Receptor Activity 

 Some of the most prevalent SNPs associated with heavy smoking correspond to 
nucleotide substitutions in coding sequences that change a critical amino acid in the 
protein sequence. This is the case for the functional variants: D398N in the  CHRNA5  
gene and A118G variant in the  OPRM1  gene. 

 The most common SNP in the  CHRNA5 - A3 - B4  gene cluster linked to higher risk 
to develop nicotine dependence is the D398N polymorphism [ 6 ,  7  and replicated 
in numerous studies]. It also corresponds to an Asn-to-Asp substitution. This change 
is in amino acid 398 of the α5 nAChR subunit. D398 (and the equivalent D397 in 
the mouse) is located in the amphipathic membrane-associated (MA) stretch 
(Fig.  17.4a ) that is predicted to fold as a curved helix. When the α5 subunit assem-
bles with other four subunits to form a functional α3β4α5 or α4β2α5 pentameric 
receptor, the α-helices help create an intracellular vestibule in the shape of an 
inverted cone (Fig.  17.2b ) with fi ve portals for the passage of Ca 2+  and Na +  ions. 
Electrostatic mapping of the vestibule has shown that this is a highly charged 
domain of the receptor and that the substitution of D398 (Asp negatively charged) 
to N398 (Asn polar uncharged) at the more distal part of the vestibule has a very 
strong effect on receptor activity [ 78 ].

   The D398N corresponds to a “loss-of-function” phenotype. Thus α4β2α5 
nAChRs containing the α5 N398 variant exhibited reduced calcium permeability 
and agonist-evoked intracellular calcium response as well as enhanced short-term 
desensitization compared to α4β2α5 nAChRs [ 13 ,  88 ]. However, the effect of the 
D398N polymorphism on the function of α3b4a5 nAChRs has been controversial 
until recently. We found a similar loss-of-function effect of the D398N polymor-
phism on the function of α3β4α5 nAChRs [ 78 ]. 

 However, two other reports indicated that the variant forms of the α5 subunit did 
not differentially affect the electrophysiological properties of α3β4α5 nAChRs 
[ 88 ,  89 ]. A recent study has solved this confl ict, demonstrating that the α5 N398 
variant indeed affects the function and pharmacology of α3β4α5 nAChRs by show-
ing that at high extracellular Ca 2+  concentrations the N398 variant exhibits a reduced 
response to agonists [ 90 ]. Thus inclusion of α5 decreases current amplitude of 
α3β4α5 nAChRs and D398N mutation decreases current amplitude even further 
[ 78 ,  90 ]. The fact that the 398N loss of function is only detectable at high Ca 2+  or in 
the absence of Na +  [ 90 ] provides further support for the key role of this charged resi-
due for the nAChR intracellular vestibule conductance. Indeed this same domain is 
a key location in determining the channel conductance of other nAChR, 5HT, and 
glycine receptors [ 91 – 93 ]. 
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 The A118G polymorphism is the most frequent SNP in  OPRM1  and corresponds 
to a nucleotide substitution at position 118 (A118G) that changes an Asn to Asp in 
amino acid residue 40 of the receptor (N40D). This Asn is a putative site for 
N-glycosylation important for protein folding and processing. The variant receptor 
(Asp40) encoded by the minor (G) allele was initially considered as a “gain-of- 

  Fig. 17.4    Electrostatic mapping of the intracellular vestibule of the α3β4α5 nAChR complex. 
( a ) Alignment of the human (HS), mouse (MM), and torpedo (TC) sequences spanning the MA 
stretch of the indicated nAChR subunits. The S435 residue in β4 and the D397 residue in α5 are 
indicated by a  black frame . ( b ) Model of the 3D structure of α32β42α51 nAChR. Transmembrane 
domains of each of the subunits are colored as indicated.  EC  extracellular,  IC  intracellular. The 
S435 and D397 residues are located at the tip of the intracellular vestibule. ( c ) Electrostatic potential 
surface representations showing frontal ( top ) and top-down ( bottom ) views of the vestibule. 
Negative and positive charges are marked in  red  and  blue , respectively. Figure used with permission 
from [ 78 ]       
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function” variant, on the basis of increased affi nity of β-endorphins [ 94 ]. However 
subsequent studies suggested that the G allele was correlated with lower mRNA and 
protein expression levels [ 95 ,  96 ], consistent with studies of knock-in mice homo-
zygous for the equivalent (112G) allele [ 97 ]. Recent in vivo investigations in 
smokers showed that the G allele displays signifi cantly reduced mu opioid receptor- 
binding potential [ 58 ], providing additional support for a “loss-of-function” pheno-
type of the minor G allele.   

3     Behavioral Consequences of Genetic Variants 

 Animal models, particularly rodent models, have allowed a thorough exploration of 
the role of each of the nAChR subunits in nicotine addiction [ 98 ]. Very few animal 
models, however, have focused on the effect that a particular SNP has on function 
at the behavioral level. In this section, we summarize the fi ndings from the few stud-
ies that have started exploring the effect of SNPs associated with human nicotine 
dependence in animal behavioral models. 

 Contrary to the usual route in modern science, the role of the  CHRNA5 - A3 - B4  
gene cluster was fi rst discovered in human subjects, and only subsequently did the 
animal models begin to focus on the gene. Cumulative data from rodent models sug-
gest that  CHRNA5  and  CHRNB4 , particularly in the medial habenula (MHb)-
interpeduncular (IPN) circuit, mediate the aversive properties of nicotine [ 78 ,  99 , 
 100 ]. For example, animals lacking the α5 nAChR subunit self-administer more 
nicotine [ 99 ] and do not display somatic signs of nicotine withdrawal [ 100 ]. 
Restoration of  CHRNA5  to the MHb leads to normalization of nicotine consump-
tion; that is, the mice reach a plateau in administration, suggesting that it is the 
aversive aspect that limits intake [ 99 ]. Overexpression of the β4 nAChR subunit in 
the Tabac mouse model leads to increased sensitivity to the aversive properties of 
nicotine and decreased consumption [ 78 ]. Overexpression of the entire human gene 
cluster in mice likewise leads to increased sensitivity to nicotine with higher activa-
tion of the MHb and reduced activation of the VTA [ 101 ]. Together these studies 
suggest that it is the balance of receptor subtypes in the MHb-IPN that limit nicotine 
intake, with α5 limiting the activity of MHb β4* nAChRs, which are responsible for 
mediating aversion to nicotine. 

 Data from rodent models also suggest that α5 plays a role in mediating the 
rewarding effects of nicotine. Striatal dopamine (DA) transmission is critical to the 
acquisition and maintenance of drug addiction and is modulated strongly by nico-
tine acting at heteromeric β2-containing (β2*) nAChRs. DA transmission depends 
critically upon α4α5β2 nAChRs in the caudate putamen of the dorsal striatum, a 
region associated with habitual and instrumental responses, but not in the nucleus 
accumbens, where α4α6β2β3-nAChRs are required [ 102 ]. This DA is released from 
neurons in the ventral tegmental area (VTA) that project to the striatum. Within the 
VTA, nicotine acts through α4β2* nAChRs on both DA and GABAergic cells, 
where concerted activity of DA and GABA systems is necessary for the reinforcing 
actions of nicotine through burst fi ring of DA neurons [ 103 ]. On DA neurons in the 
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VTA, presence of the α5 subunit increases expression of the α4 subunit by 60 % and 
strengthens baseline nAChR currents, suggesting that α5 increases expression of 
α4* nAChRs on the cell surface. Presence of the α5 subunit also blunts the desensi-
tization of nAChRs following nicotine exposure, suggesting that this subunit modu-
lates the rewarding response of nicotine [ 104 ]. 

 Only one study to date has examined how SNP rs16969968 in  CHRNA5  affects 
nicotine intake in mice. Expression of the D398N variant (D397N in mice) in the 
MHb of Tabac mice is suffi cient to abolish the aversion exhibited by these mice to 
moderate doses of nicotine [ 78 ]. This suggests that the D398N variant is more effec-
tive at limiting β4-mediated nicotine aversion than the wild-type allele. Perhaps this 
explains the increase in nicotine consumption seen in smokers with the D398N vari-
ant. Unpublished data presented at the annual Society for Neuroscience conference 
demonstrated that the effects of this SNP in a knock-in mouse model contributed to 
higher nicotine consumption, as well as lower NAc DA levels, higher DA turnover, 
higher VTA 5-HT levels, and lower 5-HT turnover [ 105 ] (Fig.  17.5 ).

   Though not a mouse model, a human resting-state functional-MRI imaging study 
found that presence of the risk allele decreases the connectivity strength of the dor-
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  Fig. 17.5    Reversal of nicotine aversion in Tabac mice by lentiviral mediated expression of the a5 
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virus. ( c ,  d ) Two-bottle choice nicotine consumption in Tabac mice after bilateral MHb injection. 
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sal anterior cingulate–ventral striatum/extended amygdala circuit. Importantly, this 
effect is observed independently in nonsmokers and smokers, although decreased 
circuit strength distinguishes smokers from nonsmokers and predicts addiction 
severity in smokers [ 106 ].  

4     Future and Further Perspectives 

 It is important to remember that nicotinic receptor function is but a single factor in 
the complex interaction of genes and environment that contributes to nicotine- related 
disease susceptibility. One has to smoke or otherwise consume nicotine to develop 
most of the phenotypes discussed below, and without this crucial exposure there 
would be no disease. However, many people do smoke, and many try to quit, often 
with great diffi culty. Understanding the cumulative risk of each of these contributors 
is the fi rst step toward truly personalized medicine. We are on the brink of having 
genomic sequencing available to the masses. This ability to evaluate the patient 
genome quickly can then educate us toward cessation therapies that would be most 
effective for a given “risk genotype.” It is also important to remember that in the case 
of lung cancer, there is a link with the  CHRNA5  independent of smoking, but that 
does not mean that it is not a gene-environment interaction. Many of the pesticides 
in use today are derivatives of the original natural pesticide, nicotine. It might be that 
we are unknowingly exposing ourselves to nicotine in other forms, contributing to 
cancer development through nAChRs by chronic pesticide exposure. 

 We must also continue to develop animal models of the variants that are associ-
ated with nicotine dependence. While knockout mouse models have been informa-
tive for understanding the function of nAChRs, we must now knock-in the SNPs 
that have been most frequently implicated, such as  CHRNA5 . Future efforts are also 
needed to expand sample size and diversity in the GWAS association studies, in 
order to refi ne the risk contributed by each of the genes that have already been 
 identifi ed, and to understand how the genetic and ethnic background contributes to 
nicotine use and abuse and the development of cancer. The reader is referred to 
Chap.   16     for further discussions on gene linkage and smoking.     
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    Chapter 18   
 Nicotinic Acetylcholine Receptors Along 
the Habenulo-Interpeduncular Pathway: 
Roles in Nicotine Withdrawal and Other 
Aversive Aspects 

             Dang     Q.     Dao      ,     Ramiro     Salas      , and     Mariella       De Biasi     

    Abstract     Addiction to tobacco smoking is a deadly disease that consumes millions 
of lives each year. However, the neurobiology underlying the disease remains an 
enigma. One reason for this is the relative complexity of nicotine’s effects on the 
brain, with a multitude of targets throughout many different brain regions, each 
subserving individual components of the disease. Still, a handful of brain circuits 
mediate particularly signifi cant roles in the disease. The epithalamic habenulo- 
interpeduncular (Hb-IPN) pathway participates in the aversive aspects of nicotine 
dependence, including the aversive experience of nicotine withdrawal. Many 
hypotheses regarding the exact mechanisms for these behavioral roles exist, but the 
convergent feature of those hypotheses is that nicotine acts at populations of nicotinic 
acetylcholine receptors (nAChRs) across the brain, including the Hb-IPN pathway. 
Of note, the Hb-IPN pathway is one of the brain regions with the highest density of 
nAChRs, including both heteromeric (e.g., α3β4 and α4β2) and homomeric (i.e., α7) 
receptors. As nAChR subtypes that subserve multiple aspects of affective and 
reinforcement behaviors are expressed along this pathway, it is of no surprise that 
the Hb-IPN pathway participates in similar affective behaviors. This chapter will 
discuss the roles of nAChRs along the Hb-IPN in aversive nicotine- associated 
behaviors, as well as touch upon the innate roles of those populations of nAChRs 
over biology and behavior in healthy animals.  
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1         Introduction 

 Tobacco smoking is the leading cause of preventable death in the world, with estimates 
of four to fi ve million annual deaths worldwide [ 1 – 3 ]. Containing over 60 identifi ed 
carcinogenic compounds [ 4 ], tobacco smoke is highly carcinogenic, as roughly one 
third of all cancer-related mortalities in developed countries can be attributed to 
tobacco use [ 1 ]. The fact that rates of tobacco use in developing countries remain 
high, despite costly antitobacco campaigns, speaks to the global pervasiveness of 
this health threat [ 5 ,  6 ]. As a consequence, there is strong need to develop therapies to 
aid smoking cessation by addressing dependence to nicotine, the primary addictive 
component of tobacco smoke [ 3 ,  7 – 9 ]. 

 The fi rst and arguably greatest barrier to successful smoking cessation is the 
collection of withdrawal symptoms that emerges soon after an attempt to quit [ 10 – 14 ]. 
Comprising both physical and affective symptoms, nicotine withdrawal can be a 
considerably unpleasant experience, with an onset as early as a few hours following 
the suspension of nicotine consumption. Successful strategies to develop new treat-
ments for nicotine dependence should incorporate the existing knowledge of nico-
tine’s effects over the neuronal pathways and molecular mechanisms that underlie 
this disease. 

 Fortunately, inroads toward understanding the neurobiology of nicotine depen-
dence have been made on many fronts [ 9 ,  15 ,  16 ]. A signifi cant body of knowledge 
has already been obtained regarding the biophysical, pharmacological, and cellular 
properties of nicotinic acetylcholine receptors (nAChRs), which constitute the pri-
mary molecular targets of nicotine in the body [ 7 – 9 ,  17 ]. Progress is also being 
made toward the defi nition of the brain circuits that underlie various aspects of nico-
tine dependence, from reward to withdrawal symptoms [ 9 ,  18 ]. 

 nAChRs are pentameric acetylcholine (ACh)-gated ion channels that exist as 
homomeric (all α subunits) or heteromeric (α and β subunits) structures [ 7 ,  17 ,  19 ,  20 ]. 
Genes encoding nAChR subunits are found in both vertebrates and invertebrates 
[ 7 ,  21 ], and sequences among mammals are fairly conserved [ 22 ,  23 ]. Within 
mammalian genomes, separate genes encode eight distinct α nAChR subunits and 
three distinct β subunits [ 7 ]. Expression in heterologous systems has allowed the 
study of the contribution of individual subunits to receptor function [ 24 – 30 ]. 
nAChRs are expressed in almost all brain regions, including the circuits that under-
lie nicotine’s infl uence over reinforcement, aversion, attention, and learning and 
memory [ 7 ,  9 ,  18 ,  31 ,  32 ]. 

 In this chapter, we discuss molecular, cellular, circuit, and behavioral facets of 
nicotine withdrawal and related negative aspects of nicotine dependence. In so 
doing, we focus primarily on the nAChRs along the habenulo-interpeduncular 
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(Hb-IPN) pathway, a circuit with emerging roles in negative reinforcement and 
aversion (Fig.  18.1 ) [ 33 – 35 ]. As we enumerate the physiological and behavioral 
roles of this circuit, we discuss the relevant functional roles of the nAChRs expressed 
along this pathway. Ultimately, we integrate these topics into a basic framework for 
the understanding of the function of habenulo-interpeduncular nAChRs in overall 
dependence to nicotine.

2        Nicotine’s Infl uences on nAChRs and Cell Function 

 To understand the effects of nicotine on brain circuits and ultimately behavior, it is 
necessary to fi rst consider its effects at a molecular level. The binding of nicotine 
to nAChRs occurs at specifi c sites on the interface between two adjacent subunits 
[ 7 ,  36 ,  37 ]. In homomeric nAChRs, such as in α7 nAChRs, binding occurs between 
any two of the subunits and results in a total of fi ve binding sites. In heteromeric 
nAChRs, such as α4β2 nAChRs, nicotine binding occurs at the interface between 
specifi c α and β subunits, resulting in a total of two binding sites. Nicotine binding 
activates the nAChR, resulting in the fl ux of mono- and divalent cations such as Na + , 
K + , and Ca 2+  across the plasma membrane [ 7 ,  38 ]. The infl ux of cations (primarily 
Na + , but also Ca 2+ ) leads to a membrane depolarization that consequently triggers a 
variety of intracellular events. In addition, intracellular Ca 2+  signaling is important in 
many cellular processes [ 39 – 42 ]. Infl uenced by the specifi c subunit composition, 

  Fig. 18.1    The Hb-IPN pathway bridges forebrain nuclei to those within the mid- and hindbrain. 
Diagram of a sagittal view of the mouse brain illustrating the anatomical connectivity of the 
Hb-IPN pathway in mice. The Hb-IPN pathway, principally composed of the medial ( green ) and 
lateral ( pink ) habenulae, the fasciculus retrofl exus, and the interpeduncular nucleus ( sky blue ), 
bridges various nuclei within the forebrain to mid- and hindbrain nuclei. Afferent projections to 
and efferent projections from the medial ( red arrows ) and lateral ( purple arrows ) habenulae are 
displayed       
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many nAChR subtypes have sizable Ca 2+  permeabilities. For example, α7 nAChRs 
have Ca 2+  permeabilities that are comparable to those of NMDA glutamate receptors 
[ 43 ,  44 ]. Inclusion of the α5 subunit in receptors with other α and β subunits also 
confers increased Ca 2+  permeability, especially in receptors that contain β2 [ 45 ]. 
Furthermore, the activation of nAChRs can also lead to intracellular Ca 2+  elevations 
via indirect means, either through depolarization-induced activation of voltage- gated 
calcium channels or through Ca 2+ -activated Ca 2+  release from intracellular stores [ 46 ]. 
In addition to the classical role of high Ca 2+ -permeable nAChRs in facilitating neu-
rotransmitter release at presynaptic sites [ 47 ,  48 ], intracellular Ca 2+  elevations gener-
ated by nAChR activation are involved in a number of cellular processes, such as 
modulation of cellular excitability and transcriptional regulation [ 49 – 52 ]. Ultimately, 
the functional cellular outcome of nAChR activation will also depend on the brain 
region- and cell-specifi c subcellular localization of the channels, which may include 
pre- and postsynaptic expression, as well as somatic or axonal locations [ 7 ]. 

 Complementary to the activation of nAChRs, receptor desensitization is another 
important property of nAChRs that determines their overall function and must be 
considered when examining the acute or chronic effects of nicotine [ 7 ,  53 – 56 ]. 
In addition to open and closed conformations, nAChRs can exist in desensitized 
conformations following exposure to elevated concentrations of ligand. In a desensi-
tized conformation, nAChRs are unable to evoke the response that occurs during 
open states, despite the presence of bound ligands on receptors. The kinetics of 
desensitization are characterized by multiple exponential functions and are infl u-
enced by receptor composition. α7 nAChRs desensitize quickly, while α4β2 nAChRs 
desensitize with slower kinetics [ 57 – 60 ]. However, due to their high affi nity for nico-
tine, α4β2 nAChRs desensitize at lower concentrations of nicotine (<0.1 μM), while 
α7 nAChRs do not effi ciently desensitize below a concentration of 1 μM. At concen-
trations of nicotine typically found in smokers, α4β2 nAChRs in the human brain are 
nearly fully occupied by nicotine [ 61 ]. Given that desensitization occurs at these 
concentrations or lower, it is likely that most of the brain’s α4β2 nAChRs are main-
tained in a desensitized state during habitual cigarette smoking. nAChR desensitiza-
tion is regulated by many factors, including intracellular Ca 2+ . In both heterologous 
expression systems and neurons isolated from the medial habenula, the level of intra-
cellular Ca 2+  is inversely proportional to the recovery of nAChRs from desensitiza-
tion to nicotine [ 62 – 64 ]. It is suggested that the presence of Ca 2+  stabilizes a 
desensitized conformation. Since nAChR desensitization is functionally analogous 
to blockade of those receptors, to some degree, this phenomenon can have signifi cant 
consequences across many levels of brain function, from molecular and cellular to 
systems and behavioral. 

 Finally, one should consider that as a tertiary amine, nicotine exists in both 
charged and uncharged states. In the nonpolar uncharged form, nicotine becomes 
membrane permeable and can freely enter the cytosolic space where it interferes 
with various cellular mechanisms, including actions at the endoplasmic reticulum 
and/or proteasome complex [ 65 ,  66 ]. Given that nAChR subunits are degraded by 
the proteasome and proteasome inhibition enhances nAChR assembly within the 
endoplasmic reticulum [ 67 ], nicotine-mediated inhibition of the proteasome complex 
causes enhanced nAChR plasma membrane expression as well [ 68 ,  69 ].  
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3     Neuroadaptations During Chronic Nicotine Exposure 

 The chronic use of nicotine causes multiple neuroadaptations in the brain, demon-
strated by many in vitro studies in heterologous expression systems, as well as in vivo 
studies in rodents [ 25 ,  70 – 74 ]. The most commonly observed molecular phenomena 
are alterations in membrane expression of nAChRs that occur in a subtype-, brain 
region-, and time-dependent fashion [ 75 ]. The α4β2 nAChR subtype, in particular, 
has been shown in vitro to exhibit functional upregulation in response to chronic 
nicotine treatment, in the form of acetylcholine-induced current increases, in both 
heterologous expression systems and cultured neurons [ 72 ,  76 – 78 ]. Furthermore, 
in vivo nicotine exposure increases these measures for neurons in mouse brain slices 
[ 79 ]. It is suggested that these functional upregulations are due to dual mechanisms 
[ 80 ]. A short-lived switch in the conformation of surface nAChRs from a low-affi nity 
to a higher-affi nity state constitutes a rapid response following nicotine exposure. 
Secondarily, an effect with slower kinetics ensues, increasing surface α4β2 nAChRs 
via reduced proteasomal degradation of subunits and increased maturation of the 
receptors [ 65 ,  66 ].  

4     Nicotine Withdrawal Syndrome: nAChRs Along 
the MHb- IPN Pathway Are Critical for the Physical 
Symptoms of Nicotine Withdrawal 

 Several physical and affective symptoms emerge during the period of acute nicotine 
withdrawal that may last for as long as a month following the start of abstinence 
[ 9 ,  14 ,  81 ]. These symptoms include a collection of unpleasant and aversive experi-
ences such as intense cravings for nicotine, irritability, anger, anxiety, diffi culty con-
centrating, insomnia, and increased appetite with consequent weight gain [ 11 ,  82 – 84 ]. 
Other physical manifestations accompany these behavioral symptoms of nicotine 
withdrawal, including restlessness, decreased heart rates, fl uctuations of hormonal 
levels, drowsiness, headaches, gastrointestinal disturbances, and reduction in the elec-
troencephalography (EEG) theta band [ 11 ,  85 – 87 ]. The emergence of these negative 
and/or aversive symptoms is the result of brain circuits, accustomed to the chronic 
presence of nicotine, readapting to a new steady state in its absence [ 9 ]. 

 Behaviorally, symptoms of nicotine withdrawal can be classifi ed as physical or 
affective [ 88 ,  89 ]. Physical symptoms of nicotine withdrawal have been  successfully 
simulated in the laboratory to study the neurobiology underlying these behavioral 
disruptions [ 90 – 93 ]. Normal naïve mice display a number of typical behaviors 
when idle, including grooming, scratching, and chewing. However, when mice are 
subjected to withdrawal from nicotine following chronic treatment, the instances of 
these behaviors increase substantially and are accompanied by the emergence of 
other behaviors indicative of physical discomfort, including shaking, cage scratching, 
head nodding, and jumping. Using this behavioral paradigm in combination with 
mutant mice, the nAChR subunits important for the emergence of these physical 
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symptoms of withdrawal were determined. In wild-type mice chronically treated 
with nicotine, systemic injection of the broad nAChR antagonist mecamylamine 
elicited an elevation of the physical signs of nicotine withdrawal over that of control 
mice chronically treated with a vehicle solution. However, in mice null for the β4 
nAChR subunit, this elevation was completely abolished [ 92 ]. Along with previ-
ously established roles of this subunit in the modulation of anxiety and the anxio-
lytic properties of nicotine [ 94 ], this fi nding began to build a framework for the 
function of β4-containing (β4*) nAChRs in aversive and negatively reinforcing 
behaviors. In vivo, the most common assembly partner of the β4 subunit in neuronal 
nAChRs is the α3 subunit [ 9 ,  14 ,  27 ,  95 ]. 

 Further experiments with additional nAChR subunit mutant mice revealed that 
physical withdrawal from nicotine also depends on α5, α2, and partially on α7 
nAChR subunits [ 93 ,  96 ,  97 ]. Human genetic studies also identifi ed multiple single- 
nucleotide polymorphisms in the gene cluster encoding the α5, α3, and β4 nAChR 
subunits that associate with various aspects of nicotine dependence and tobacco- 
related diseases [ 98 – 106 ]. The MHb-IPN pathway is among the brain areas with the 
highest co-expression of α5, α3, α2, and β4 [ 98 ,  107 – 111 ]. The habenular complex 
is composed of the medial (MHb) and lateral (LHb) habenular nuclei, with projec-
tions traveling along the fasciculus retrofl exus, the white matter tract that bridges 
the habenular nuclei and their projection sites. The interpeduncular nucleus (IPN) is 
the main projection site for the MHb, while the LHb extends behaviorally important 
projections to the rostromedial tegmental nucleus (RMTg) in the midbrain. These 
brain areas are now understood to mediate negative reinforcement, negative predic-
tion errors, negative motivation, and aversion [ 34 ,  112 – 117 ]. The emerging roles of 
the LHb were motivation for the investigation of the nAChRs along the MHb-IPN 
pathway in the nicotine withdrawal syndrome, and behavioral pharmacological 
experiments indicated that these receptors are indeed important for this behavioral 
manifestation [ 93 ]. In mice chronically treated with nicotine, the nAChR antago-
nist, mecamylamine, was suffi cient to produce nicotine withdrawal behaviors only 
when microinjected into the Hb or the IPN, but not when microinjected into other 
brain areas such as the hippocampus or cerebral cortex. Interestingly, experiments 
using mice bearing an α2 null mutation suggest that the roles of MHb-IPN pathway 
nAChRs in physical withdrawal are context specifi c [ 93 ,  97 ]. While this mutation 
produced decreased physical signs in animals assayed in their home environments, 
those assayed in novel environments exhibited potentiated physical signs [ 97 ]. 
Altogether, this series of experiments demonstrates the importance of the MHb-IPN 
pathway to the nicotine withdrawal syndrome.  

5     The Affective Symptoms of Nicotine Withdrawal 

 Affective symptoms accompany the physical symptoms of nicotine withdrawal and 
have a major role in relapse [ 89 ]. These withdrawal symptoms can manifest in ani-
mals as anhedonia, conditioned place aversion, anxiety-related behaviors, and 
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conditioned fear [ 9 ]. Anhedonia, the inability to experience pleasure from activities 
that are normally pleasurable, has been modeled in electrical self-stimulation assays 
[ 118 ]. In animals that are trained to press a lever to electrically stimulate reward 
nuclei, the threshold for continued brain stimulation is viewed as a measure of the 
rewarding effect of electrical stimulation. Anhedonic animals will exhibit an 
increase in this threshold, suggesting a decrease in the reward value of the stimula-
tion. Increases in self-stimulation thresholds are observed during both spontaneous 
withdrawal [ 119 ,  120 ] and withdrawal precipitated by a systemic injection of the 
nAChR antagonist, mecamylamine [ 121 ]. 

 Humans learn negative associations with specifi c environments, and this is modeled 
in rodents in the conditioned place aversion (CPA) paradigm, wherein animals try to 
avoid an environment that was previously paired with a negative stimulus [ 89 ]. 
Successful CPA in chronic nicotine-treated mice was induced by pairing an environ-
ment with injections of nAChR or opioid receptor antagonists, such as mecamyla-
mine, dihydro-β-erythroidine, and naloxone [ 89 ,  122 ]. The aversion generated by 
the induced withdrawal was suffi cient to cause animals to associate the aversive 
experience with a specifi c environment. 

 Smokers undergoing nicotine withdrawal may experience extreme anxiety 
resembling levels experienced by depressed individuals or those with anxiety disor-
ders [ 123 ,  124 ]. Anxiety is routinely analyzed in rodents using the elevated plus 
maze (EPM) assay [ 125 ]. This assay is essentially a four-armed maze elevated 
above the ground, with two open arms and two closed arms. Mice generally prefer to 
remain in the closed arms, and the amount of time spent in the closed vs. open arms 
is considered a measure of the animal’s state of anxiety. Multiple investigations 
have demonstrated that both mice and rats experiencing nicotine withdrawal exhibit 
increased anxiety-like behavior in this assay [ 126 ,  127 ], mimicking symptoms of 
withdrawal observed in humans. It is possible that the MHb-IPN pathway also 
participates in this facet of the nicotine withdrawal syndrome. Mice null for the β4 
nAChR subunit, which is densely expressed along the MHb-IPN pathway [ 111 ], 
exhibit modifi ed anxiety-related behavior from wild-type mice [ 94 ]. β4 null mice 
display anxiolytic behavior in the elevated plus and staircase mazes but also display 
increased anxiety in the social isolation test, suggesting that nAChRs along the 
MHb-IPN pathway regulate anxiety-related behavior in a nuanced manner, with the 
output behavior dependent on specifi c environmental conditions. 

 A type of learning infl uenced by nicotine withdrawal is fear conditioning, a 
hippocampus- dependent form of Pavlovian learning where a conditioned stimulus 
is associated with an aversive unconditioned stimulus [ 128 ]. The conditioned fear 
assay measures the degree to which an animal is able to display this type of learning. 
Acutely administered nicotine enhances conditioned fear responses, regardless of 
whether the context is a foreground or background stimulus [ 129 ]. Furthermore, 
nicotine withdrawal impairs novel contextual fear conditioning but does not affect 
previously learned conditioned responses [ 130 ]. The impaired contextual fear con-
ditioning occurs with or without pairing to an auditory stimulus (i.e., background 
vs. foreground) [ 131 ]. Evidence indicates that withdrawal-mediated defi cits in 
contextual fear conditioning are mediated through β2* nAChRs [ 130 ,  132 ].  
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6     Other Medial Habenula-Dependent Behaviors Relevant 
to Nicotine Dependence 

 More recent studies have complemented the work in nicotine withdrawal to high-
light roles for the MHb, in particular, with respect to its functional ties to nAChRs 
[ 34 ,  116 ,  117 ,  133 ]. Contributing further to the involvement of this brain area in 
aversion-related behaviors, those studies showed that α5* nAChRs along the 
MHb- IPN pathway mediate the aversive properties of nicotine at high doses, thereby 
regulating nicotine intake [ 34 ]. Using a self-administration paradigm, in which 
mice chose to intravenously self-administer nicotine over placebo, the authors dem-
onstrated that mice lacking the α5 nAChR subunit will self-administer nicotine at 
substantially elevated levels compared to wild-type mice. That is, α5 null mice will 
continue to self-administer nicotine despite reaching a threshold at which wild-type 
mice would fi nd nicotine to be aversive. They further demonstrated, through focal 
pharmacological microinjection and lentiviral RNAi knockdown or re-expression of 
the α5 subunit in the MHb or IPN, that α5* nAChRs in those nuclei are directly 
involved in the regulation of nicotine intake. 

 Other investigators used genomic and lentiviral overexpression of the β4 and 
α5 nAChR subunits, respectively, to further corroborate the role of α5β4* nAChRs 
in aversion to nicotine and described the functional interplay between these sub-
units [ 116 ]. They demonstrated that the β4 subunit enhances nAChR-mediated 
currents when overexpressed. Conversely, the α5 subunit competes with β4 to 
temper its effect, particularly when α5 is a variant (398N α5) that is linked to 
increased genetic risk of nicotine dependence in humans [ 99 – 106 ]. With β4 overex-
pression, mice experience reduced nicotine intake and nicotine-associated condi-
tioned place aversion. Furthermore, lentiviral expression of the D398N α5 variant in 
the MHb alongside β4 overexpression reverted the nicotine intake phenotype to 
wild-type levels. 

 Utilizing immunotoxin-mediated ablation of two separate afferents to the MHb, 
another study dissected their contribution to MHb-dependent behavior [ 117 ]. 
Ablating the inputs from the nucleus triangularis (NT) in the septal area decreased 
anxiety-related behaviors in the open fi eld, elevated plus maze, and marble burying 
task, while the analogous lesion of the bed nucleus of the anterior commissure 
(BAC) spared the performance in these tasks. Conversely, only ablation of the BAC 
inputs to the MHb caused defi cits in the fear conditioning and passive avoidance 
tasks, indicating that these inputs are vital for proper fear expression. 

 Lastly, through a genetic approach, another group elaborated the infl uence of 
the MHb and IPN in behaviors involving motivational and emotive processes 
[ 133 ]. Neurons in the MHb were genetically ablated in mice using Cre-recombinase- 
mediated expression of diphtheria toxin A (DTA) in transgenic mice with strong 
Cre expression in the MHb and very sparse expression in few other brain areas. 
The expression of DTA induces apoptotic cell death [ 134 ] and, in these experi-
ments, resulted in the dramatic loss of Nissl-stained neurons in the MHb. 
Furthermore, the IPN suffered reductions in acetylcholine concentration and over-
all volume. Thus, mice bearing the genetic ablation of the MHb (MHb:DTA) 
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showed signifi cant damage to the Hb-IPN pathway, with habenular damage 
 predominantly restricted to the MHb. 

 As a consequence of the genetic ablation, many behaviors in MHb:DTA mice 
were severely impaired [ 133 ]. Where wild-type mice exhibited habituation to novel 
environments, habituation was absent in MHb:DTA mice. In the 5-choice serial 
reaction time task (5-CSRTT), which assesses impulsiveness, compulsiveness, and 
attention [ 135 ,  136 ], MHb:DTA mice were found to have increased premature 
responses, which is indicative of impulsive behavior. Compulsive behavior is dis-
played through perseverative nose-pokes following correct trials, even if reward is 
delivered only once for the initial correct choice. Also, sensorimotor gating is dis-
rupted, as MHb:DTA mice have impaired acoustic pre-pulse inhibition, while baseline 
startle responses were unaffected. 

 To further investigate the MHb’s infl uence over impulsiveness and compulsive-
ness, delay- and effort-based decision-making tasks were used [ 133 ]. MHb:DTA 
mice are more likely to choose a low-reward choice if a high-reward choice is asso-
ciated with a delay longer than 10 s or they encounter an obstacle barrier (effort). 
These results indicate that, as delay and effort increase, mice lacking the MHb will 
discount reward value more readily than wild-type mice and will select the option 
that provides the quickest reward. 

 In the open fi eld arena (OFA) and elevated plus maze (EPM), which assess anxi-
ety, MHb:DTA mice exhibited minor defi cits in both tasks. MHb:DTA mice made 
slightly fewer entries to the center in the OFA and to the open arms of the EPM, 
together indicating a modest increase in anxiety. This appears in slight contrast to the 
previous study [ 117 ], which found decreased anxiety following ablation of afferent 
innervation from the NT, excitatory (glutamatergic and ATPergic) inputs into the 
MHb [ 137 ]. Our group demonstrated that mice null for the α5 and β4 nAChR 
subunits display reduced anxiety-like behavior in the EPM, suggesting a direct role 
for the nicotinic cholinergic system in these behaviors [ 94 ,  138 ]. 

 To test whether the nAChRs along the MHb-IPN pathway modulate impulsivity 
and compulsivity, performance in the 5-CSRTT was measured following systemic 
nicotine administration [ 133 ]. In wild-type animals, nicotine administration induced 
delayed nose-pokes and increased errors due to omission. However, neither of these 
measures was affected in MHb:DTA mice. Furthermore, while habituation to a 
novel environment was accelerated by nicotine within and across sessions, neither 
of these measures was affected by nicotine in MHb:DTA mice. Altogether, this 
genetic ablation study strengthens the role of MHb-IPN pathway nAChRs in the 
modulation of these motivational and emotive behaviors.  

7     The Potential Role of the MHb-IPN Pathway in Aversion 
and Negative Reinforcement: Inferences from LHb Studies 

 The role of the MHb-IPN pathway in basal- and nicotine-related behaviors is con-
sistent with the established infl uences of the LHb on behavior [ 117 ,  139 ,  140 ]. 
Early work hinted at the role of the LHb in the representation of negative 
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motivational value, negative reinforcement, and aversion [ 140 – 148 ]. Physiological 
studies reported the ability of the LHb (most likely due to its projections caudally, 
toward the RMTg) to modulate the reward-related centers [ 149 ,  150 ]. In rats, elec-
trical stimulation of the LHb inhibited the fi ring of DA neurons in the SNc and 
VTA [ 151 ], as well as that of serotonergic neurons in the dorsal and median raphe 
nuclei [ 149 ]. 

 A series of studies in macaques from Hikosaka and colleagues focusing on the 
behavioral roles of the LHb led to the maturation of our understanding of this modu-
latory circuit [ 112 ,  114 ,  115 ,  152 ,  153 ]. Since their seminal study, in which they 
demonstrated that LHb neurons fi re in response to negative outcomes, as well as 
inhibit the fi ring of SNc DA neurons [ 112 ], they have expanded their studies to 
further clarify the behavioral roles of this nucleus. In cleverly designed experiments 
that varied the severity of negative outcomes in a task, so as to include punishments 
and lack of rewards as possible outcomes, LHb neurons fi red most robustly in 
response to the worse-case scenario between the options of the particular task [ 114 ]. 
They further demonstrated that LHb neurons signal reward values derived from 
both the animal’s experience and inference [ 152 ]. Additional studies have also 
implicated the LHb in the representation of memory for reward, signaling of reward 
prediction errors, and learning of behaviors to avoid unpleasant outcomes [ 115 ,  152 , 
 153 ]. The involvement of the Hb in error signaling during the prediction of rewards 
was subsequently demonstrated in humans using functional magnetic resonance 
imaging (fMRI) [ 35 ].  

8     Dopaminergic Adaptations During Withdrawal 

 Given the global reach of nicotine within the brain, multiple mechanisms in differ-
ent brain areas are likely responsible for the behavioral experiences during nicotine 
withdrawal. For example, the dopaminergic mesolimbic pathway participates in the 
mechanisms underlying nicotine abstinence manifestations. Principally consisting 
of dopaminergic projections from the VTA and SNc to the striatum, the mesolimbic 
pathway is known to infl uence behaviors associated with reward and motivation 
[ 154 ,  155 ]. Upon cessation of nicotine intake, the extracellular levels of DA decrease 
in the nucleus accumbens [ 156 – 160 ]. Consistent with withdrawal as a qualitatively 
aversive and generally unpleasant experience, this decrease in extracellular accum-
bal DA is also observed in withdrawal from many other drugs of abuse, such as that 
from ethanol, morphine, cocaine, and amphetamine [ 161 ,  162 ]. Therefore, common 
mechanisms and circuits operate to produce similar behavioral states during with-
drawal to nicotine and other drugs of abuse. Because the mesolimbic pathway func-
tionally interacts with the habenular circuitry, which is associated with negative 
reinforcement and aversion, a potential shift in the balance between these two sys-
tems could be responsible for the hypodopaminergic state during withdrawal from 
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nicotine. As already mentioned, the LHb sends excitatory projections to the RMTg 
[ 140 ,  163 ,  164 ], which, in turn, projects GABAergic efferents to DA neurons in the 
VTA and SNc [ 112 ,  163 ]. This inhibitory control of RMTg projections onto DA 
neurons is a substantial modulator of their fi ring behavior [ 164 ]. 

 Notably, α3β4* nAChRs within the MHb modulate the accumbal DA release in 
response to acute nicotine [ 165 ]. As projections from the MHb to LHb are docu-
mented [ 166 ], modulation of DA release by the MHb might occur via its anatomical 
connections with the LHb. However, as discussed above, there is robust evidence 
that the MHb-IPN pathway mediates aspects of nicotine aversion and withdrawal. 
Data suggest that MHb can affect the activity of the dopaminergic neurons in the 
ventral tegmental area (VTA) via the IPN [ 167 ], but the anatomical underpinning of 
this phenomenon remains unclear. One possibility through which the MHb-IPN 
pathway might regulate the activity of VTA DA neuron fi ring is via connections of 
the IPN to the laterodorsal tegmentum (LDTg) [ 168 ]. The LDTg is a cholinergic 
nucleus that sends inputs to the VTA that are required for proper bursting activity of 
DA neurons [ 169 ,  170 ]. Whether and how this circuit participates in the mecha-
nisms of nicotine withdrawal remains to be established. 

 It should be noted that the hypodopaminergic state during nicotine withdrawal 
itself likely refl ects a combination of many neuroadaptive processes triggered by 
withdrawal from nicotine. A reduction of striatal DA release certainly contributes 
and is accompanied by increased protein levels of vesicular monoamine transporter 
2 (VMAT2) in the striatum [ 171 ]. An important player in DA reuptake, this eleva-
tion of VMAT2 is proposed to be a compensatory mechanism to counteract the 
defi ciencies in DA release. Indeed, increased DA uptake into striatal synaptosomes 
was observed during nicotine withdrawal, as well as an increase in mRNA expres-
sion of another key participant in DA reuptake, the DA transporter (DAT), in the 
SNc and VTA [ 172 ]. Furthermore, an increase in DA clearance during nicotine 
withdrawal has been observed in vivo using microdialysis, corroborating the model 
of enhanced DA reuptake during withdrawal [ 158 ]. Regardless, these alterations in 
DA reuptake are transient, as the changes during withdrawal return to basal levels 
by 48 h of abstinence from nicotine [ 172 ]. Due to the synchronicity with nicotine 
withdrawal behavior, these alterations in DA release and reuptake might be a key 
mechanism underlying nicotine withdrawal symptoms [ 9 ]. 

 Interestingly, DA transmission does not uniformly decrease throughout the 
brain during nicotine withdrawal. In contrast to striatal effects, DA release in the 
prefrontal cortex (PFC) is heightened during withdrawal to nicotine [ 159 ]. The role 
of this mesocortical innervation is related to the roles of some DA neurons in moti-
vational salience, as those DA neurons signal the beginning of stimuli via phasic 
bursts, regardless of valence [ 115 ]. Since the experience during nicotine with-
drawal can be signifi cantly aversive and PFC DA release increases during aversive 
and stressful situations, the increased PFC DA release during nicotine withdrawal 
might coordinate the necessary mechanisms for the proper aversive behavioral 
response [ 173 – 177 ].  
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9     Conclusion 

 Addiction to nicotine, similar to other drugs of abuse, likely results from multiple 
mechanisms that involve interactions among various brain circuits. nAChRs, which are 
distributed on almost all brain circuits, stimulate responses to nicotine intake that 
ultimately produce an addicted state under prolonged use of the drug. Here, we 
discussed a specifi c brain circuit, the MHb-IPN pathway, that is involved in the 
nicotine withdrawal syndrome and other aversive aspects of nicotine use. Recent 
genome-based studies have identifi ed genes encoding the α5, α3, and β4 subunits as 
important genetic determinants for the risk of nicotine dependence. All three of 
these subunits are highly expressed along the MHb-IPN pathway, highlighting its 
importance to overall addiction to nicotine. Resulting from a series of studies, the 
prevailing functional model of the Hb and its projection pathways is that it regulates 
dopaminergic and serotonergic function in the midbrain and, consequently, aversion 
and negative reinforcement. Given that withdrawal is arguably the most aversive 
and unpleasant experience associated with nicotine dependence, this model is con-
sistent with the circuit’s roles in withdrawal behavior. Targeting the nAChRs along 
the MHb-IPN pathway should be a goal in future approaches at pharmacological 
treatment of nicotine dependence.     
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    Chapter 19   
 Nicotinic Acetylcholine Receptors 
in Alzheimer’s and Parkinson’s Disease 

             Kelly     T.     Dineley     

    Abstract     In the CNS, nicotinic acetylcholine receptors prominent roles in modulating 
presynaptic and postsynaptic signaling and have been implicated in several CNS 
disorders including the two most prominent neurodegenerative diseases: Alzheimer’s 
disease and Parkinson’s disease. These neurodegenerative diseases affect scores of 
millions of persons worldwide with their prevalence increasing as human longevity 
increases. 

 This chapter will provide an overview of Alzheimer’s disease and Parkinson’s 
disease, the cholinergic system affected in each disorder, and the types of nicotinic 
acetylcholine receptors affected during disease progression. Finally, a discussion of 
therapeutic strategies targeting nicotinic acetylcholine receptors is included based 
upon the most current preclinical and clinical research.  

  Keywords     Neurodegeneration   •   Cholinergic   •   Basal forebrain cholinergic system   • 
  Hippocampus   •   Striatum   •   Substantia nigra   •   Acetylcholine   •   Dopamine  

1         Alzheimer’s Disease 

 Alzheimer’s disease affects an estimated 5.2 million people in the USA and 26.6 
million people worldwide; Alzheimer’s disease is the leading cause of dementia in 
elderly people [ 1 ]. With the proportion of elderly people in the population increas-
ing steadily, the burden of the disease, both to caregivers and national economies, is 
expected to become substantially greater over the next 2–3 decades [ 1 ]. Alzheimer’s 
disease is a progressive neurodegenerative disorder with survival of 4–8 years 
between diagnosis and death [ 1 ]. Brain regions that are associated with higher men-
tal functions lose cholinergic innervation; thus, cholinergic denervation is most 
severe in the temporal lobes and the adjacent limbic and paralimbic areas including 
the hippocampus [ 2 ,  3 ]. These brain regions preferentially accumulate misfolded 
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amyloid-β peptide (Aβ) and tau-containing neurofi brillary tangles [ 4 – 6 ]. The soma 
of cholinergic projection neurons resides within the nucleus basalis of Meynert and 
the septal diagonal band complex to provide the major source of cholinergic inner-
vation to the cerebral cortex and hippocampus, respectively [ 7 ]. In early Alzheimer’s 
disease, there is impairment in hippocampus-based episodic memory that is 
improved through enhancement of cholinergic transmission, indicating that com-
promise of septo-hippocampal connectivity underlies the earliest symptomatology 
in Alzheimer’s disease dementia [ 8 ]. The current model for the cholinergic defi cit in 
Alzheimer’s disease posits that inappropriate accumulation of misfolded oligomeric 
aggregates of amyloid-β (Aβ) peptide leads to presynaptic deterioration of the 
septo-hippocampal pathway fi rst manifest as loss of the cholinergic phenotype, 
e.g., loss of cholinergic markers and eventually cholinergic neurons from the basal 
forebrain cholinergic system, and is postulated to result from altered nicotinic 
acetylcholine receptor function and disruption of the nerve growth factor trophic 
support system [ 9 – 19 ]. 

1.1     The Basal Forebrain Cholinergic System 

 Acetylcholine is an essential neurotransmitter for a variety of attentional, learning, and 
memory processes [ 20 – 22 ]. The cholinergic basal forebrain, a midbrain complex 
that most notably includes the medial septum, diagonal band, and nucleus basalis of 
Meynert, is a major source of acetylcholine and provides the principal cholinergic 
innervation to the cortex and hippocampus. In presynaptic nerve terminals, choline 
acetyltransferase synthesizes acetylcholine, and the vesicular acetylcholine trans-
porter is responsible for the transport of acetylcholine into synaptic vesicles for 
storage until exocytotic release into the synapse [ 22 ,  23 ]. 

 Nerve growth factor (NGF) neurotrophic signaling maintains the cholinergic 
phenotype by promoting cholinergic neuron survival and expression of cholinergic 
markers such as choline acetyltransferase and the high-affi nity receptor for NGF, 
TrkA (tyrosine kinase receptor A), through its role in maintaining and promoting the 
cholinergic phenotype; NGF plays an important role in learning and memory. Lesions 
of the septo-hippocampal pathway are an avenue by which NGF deprivation can be 
induced in vivo, and this leads to cholinergic hypofunction expressed as reduced cho-
line acetyltransferase protein and activity accompanied by impaired hippocampus-
dependent memory [ 24 ,  25 ] which can be ameliorated through infusion of NGF into 
the septum and restoration of cholinergic activity [ 26 ,  27 ]. Furthermore, endogenous 
NGF levels correlate with an animal’s capacity for hippocampus- dependent learning 
[ 28 ,  29 ]. As such, a central concept regarding the maintenance of the cholinergic 
phenotype in the basal forebrain (i.e., neuronal survival and expression of cholinergic 
marker genes) requires NGF-mediated signaling through interaction with both 
high-affi nity TrkA and low-affi nity p75 neurotrophin receptors. 

 NGF is a target-derived neurotrophin that is internalized upon binding to its 
receptor(s) on cholinergic nerve terminals then packaged for retrograde axonal 
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transport to the cholinergic soma and nuclei in the cholinergic basal forebrain [ 30 ]. 
In order to exert its pro-survival and cholinergic phenotype-promoting activities, 
NGF must be synthesized and secreted in adequate quantity from basal forebrain 
target regions such as the hippocampus. Mature NGF is generated after cleavage at 
the carboxy terminus of its monomeric precursor form, pro-NGF [ 31 ,  32 ]. Thus, the 
secreted neurotrophin is a collective mixture of pro- and mature NGF that will 
potentially bind TrkA and/or p75 neurotrophin receptors. 

 Mature NGF binds to the TrkA receptor, while pro-NGF preferentially binds to p75 
neurotrophin receptors over TrkA leading to apoptotic death of cells co- expressing 
both receptors [ 33 ]. Although the regulatory mechanisms underlying the retrograde 
traffi cking of NGF-engaged TrkA and p75 neurotrophin receptors are not fully char-
acterized, it is postulated that when NGF bound to its receptor(s) arrives at its presyn-
aptic locus within cholinergic basal forebrain target regions, it activates pro-survival 
signaling cascades to infl uence target gene transcription (e.g., ChAT, TrkA; [ 34 ]. 

 For example, NGF receptor signaling activates the mitogen-activated protein 
kinase pathway, which participates in a wide array of biologic functions, including 
cell survival, synaptic plasticity, and learning and memory [ 35 ]. The classic MAPK 
cascade involves activation of the ribosomal S6 kinases which phosphorylates several 
transcription factors including cAMP-regulated response element-binding protein 
(CREB) [ 35 ,  36 ]. A second downstream pathway is the PI3K/Akt pathway that also 
mediates neurotrophin-mediated survival [ 37 ]. As will be discussed below, NGF 
receptor signaling and α7 nAChR activation share these downstream mediators and 
support the hypothesis that α7 nAChRs contribute to cholinergic basal forebrain 
integrity which may be exploited during Alzheimer’s disease progression.  

1.2     Nicotinic Receptors in the Basal Forebrain 
Cholinergic System 

 The nuclei of the basal forebrain primarily contain cholinergic and GABAergic neu-
rons that project to the hippocampus, cortex, and olfactory bulbs, brain regions that 
are particularly vulnerable to the ravages of early Alzheimer’s disease. Nicotinic 
acetylcholine receptors, primarily α4β2* and α7 subtypes (where the asterisk 
denotes the possible contribution of an additional α or β subunit), are expressed 
within the cholinergic forebrain nuclei as well pre- and postsynaptically in the basal 
forebrain cholinergic neuron targets. For example, in the hippocampus, α4β2* and 
α7 nicotinic acetylcholine receptors have been localized presynaptically and 
somatodendritically on GABAergic interneurons as well as principal cells [ 38 ], and 
the cholinergic defi cit in Alzheimer’s disease is due in part to altered expression of 
these receptors within the septo-hippocampal pathway [ 39 – 42 ]. Within this circuit, 
α4β2* nicotinic acetylcholine receptors and α7 nAChRs are important players in 
hippocampal excitability, the induction of LTP, and learning and memory, as well as 
mediating the cognitive enhancing effects of in vivo administered nicotine [ 43 – 47 ].  
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1.3     Alzheimer’s Disease and Nicotinic Acetylcholine Receptors 

 In advanced Alzheimer’s disease, there is profound loss of cholinergic markers 
(e.g., choline acetyltransferase protein) and nicotinic acetylcholine receptors within 
neocortical areas, with muscarinic acetylcholine receptors left relatively intact [ 48 – 54 ]. 
Binding studies on brain tissue obtained at autopsy employing radiolabeled nico-
tinic agonists such as [ 3 H]acetylcholine, [ 3 H]nicotine, and [ 3 H]methyl carbamylcho-
line at nmol/L concentrations that defi ne high-affi nity α4β2* nicotinic acetylcholine 
receptor binding sites have consistently concluded that 20–50 % of these receptors 
are lost from a number of neocortical areas and hippocampi of patients with 
Alzheimer’s disease [ 54 – 60 ]. Although follow-up studies utilizing immunoblot and 
immunohistochemistry have been called into question due to potential antibody 
technical issues, it is thought that the major contributor to the loss of high-affi nity 
nicotinic acetylcholine receptors in Alzheimer’s brain cortical areas is likely due to 
loss of the α4 subunit [ 61 – 68 ]. The reduction in α4 subunit protein does not appear 
to be the result of attenuated gene transcription because mRNA levels in Alzheimer’s 
brain samples appear comparable to those of age-matched control subjects [ 69 ]. 

 With regard to α7 nicotinic acetylcholine receptors in Alzheimer’s disease, the 
extent of defi cits in cerebral cortical areas appears to be more restricted than for 
α4-containing receptors in terms of magnitude and areas involved. Of note is the 
observed lack of consistency between individual cases [ 51 ]. To summarize several 
studies utilizing radiolabeled toxin specifi c for CNS α7 nicotinic acetylcholine 
receptors, it has been determined that frontal cortex does not exhibit loss of 
α-bungarotoxin-binding sites [ 70 ,  71 ]; within temporal cortex, entorhinal cortex, 
and hippocampus, considerable variation has been found leading to reports of both 
no signifi cant difference and 25–40 % reduction in [ 125 I]α-bungarotoxin-binding 
sites [ 69 ,  70 ]. 

 While loss of nicotinic acetylcholine receptors at end-stage disease is not actively 
debated, the story for early phases of Alzheimer’s disease is quite different. An early 
form of Alzheimer’s disease has recently been clinically defi ned and has been termed 
“mild cognitive impairment due to probable Alzheimer’s disease” and is identifi ed as 
a prodromal phase based on newly defi ned diagnostic and staging criteria [ 72 ]. Studies 
utilizing postmortem samples from this stage of Alzheimer’s disease have concluded 
that choline acetyltransferase activity is preserved in the neocortex of these patients; 
in fact, some studies have concluded that choline acetyltransferase activity is actually 
elevated in the hippocampus and frontal cortex of mild cognitive impairment subjects 
[ 73 – 75 ]. Mechanisms proposed to underlie this increase include sprouting in response 
to loss of glutamatergic input and/or resilience of particular cholinergic nuclei to 
Alzheimer’s disease processes [ 76 – 78 ]. An alternative explanation is ligand-induced 
nicotinic receptor upregulation resulting from an interaction with elevated levels of 
soluble Aβ during early Alzheimer’s disease [ 79 – 82 ]. 

 Along the lines of transient compensatory changes in cholinergic markers within 
the basal forebrain cholinergic system, one study specifi cally investigated mRNA 
expression levels of nicotinic and muscarinic acetylcholine receptor subtypes and 
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choline acetyltransferase in single cells isolated from the cholinergic basal forebrain 
of postmortem Alzheimer’s disease tissue and age-matched controls. No differences 
in mRNA expression were observed for the other nicotinic acetylcholine receptor 
subunits, muscarinic acetylcholine receptor subtypes, or choline acetyltransferase 
[ 75 ]. However, cells from Alzheimer’s disease basal forebrain exhibited a signifi -
cant upregulation of α7 nicotinic acetylcholine receptor subunit mRNAs [ 75 ]. This 
increase in α7 nicotinic acetylcholine receptor expression levels within cholinergic 
basal forebrain neurons was inversely correlated with global cognitive score and 
with mini-mental state examination performance, neuropsychological tests that are 
used to help diagnose Alzheimer’s disease and other dementias [ 75 ]. As such, 
increased α7 nAChR may be a compensatory attempt to regulate cholinergic tone at 
the gene transcription level. 

 Elucidating the molecular mechanisms that underlie the selective vulnerability of 
cholinergic neurons to Aβ toxicity would greatly advance our capability to treat the 
Alzheimer’s cholinergic defi cit. The observation that Aβ preferentially accumulates 
in neuronal populations that are also enriched for α4β2 and α7 nicotinic acetylcho-
line receptors may provide an important clue given the mounting evidence that these 
two abundant nicotinic acetylcholine receptors interact with Aβ [ 80 ,  81 ]. Importantly, 
α7 nicotinic acetylcholine receptors exhibit an exceptionally high affi nity (picomolar 
range) for Aβ peptides [ 83 ], suggesting that these two proteins may interact under 
normal physiological conditions and evidence is mounting that this interaction may 
infl uence synaptic transmission and plasticity in the hippocampus [ 79 ,  84 ,  85 ]. 
Regarding Aβ and the α4β2* subtypes of nicotinic receptors, there are indications 
that basal forebrain cholinergic neurons express such a nicotinic receptor that is 
responsive to nM Aβ. Neurons acutely isolated from the diagonal band nucleus 
of the basal forebrain cholinergic region were found to be responsive to Aβ [ 86 ]. In 
these studies, electrophysiological recordings demonstrated that a nicotinic current 
was blocked by the broad-spectrum nicotinic acetylcholine receptor antagonist 
mecamylamine but not the α7-selective antagonist methyllycaconitine. These stud-
ies indicate that on basal forebrain cholinergic neurons (rather than GABAergic 
which more abundantly express α7 nicotinic acetylcholine receptors [ 87 ]), there is 
a population of postsynaptically located non-α7 nAChRs that are activated by nM 
concentrations of Aβ. Recent reports that α7 nicotinic acetylcholine receptors are 
upregulated on astrocytes, peripheral blood leukocytes, and cortical and hippocam-
pal neurons harvested from the tissue of Alzheimer’s patients [ 19 ,  69 ,  88 ,  89 ] further 
suggest that these increases in α7 nAChR protein may be in response to a direct 
interaction with the increasing burden of Aβ in Alzheimer’s disease. Nicotinic ace-
tylcholine receptors upregulate in response to agonist and antagonist exposure 
through receptor desensitization-mediated upregulation [ 90 – 94 ]. Recent studies 
have shown that in Alzheimer’s disease tissue samples, much of the α7 nAChR 
protein in brain regions targeted by the cholinergic basal forebrain is associated 
with Aβ; disruption of this association in postmortem Alzheimer’s cortex leads to 
increased availability of functional α7 nAChRs [ 18 ,  19 ]. These  observations suggest 
that in Alzheimer’s disease, α7 nAChRs are likely inactive due to desensitization as 
a consequence of prolonged association with Aβ peptide [ 83 ,  95 ]. This model of α7 
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nAChR desensitization is supported by in vitro studies showing that acute exposure 
of organotypic slice cultures derived from hippocampus to low (picomolar) concen-
trations of Aβ leads to PI3K activation that results in CREB phosphorylation 
[ 95 – 99 ]; second messengers that are thought to promote neuronal survival as well 
as contribute to neuronal plasticity [ 100 – 103 ]. In contrast, intermediate exposure 
times to Aβ (i.e., minutes to hours) reduced activation of these signaling pathways 
[ 96 ,  99 ], whereas extended exposure to Aβ (i.e., over the course of days) upregu-
lated α7 nAChRs in hippocampal slice cultures, which is observed in Aβ animal 
models [ 82 ] and for Alzheimer’s disease autopsy brain samples [ 75 ]. Thus, several 
have speculated that under normal physiological conditions and early in the disease, 
α7 nAChR–Aβ interaction likely results in transient α7 nAChR activation and 
downstream signal transduction cascades that promote neuronal survival and func-
tion; however, as Aβ concentration increases, prolonged association with Aβ leads 
to receptor desensitization and  functional  downregulation [ 79 ,  104 ,  105 ]. Thus, the 
observed increase in α7 nAChR expression in human Alzheimer’s disease basal 
forebrain cholinergic system may refl ect an α7 nAChR–Aβ interaction that actually 
contributes to the disease process. 

 Although relatively uncharacterized in Alzheimer’s disease, it is imperative to 
mention a recently identifi ed nicotinic acetylcholine receptor subtype in basal fore-
brain cholinergic neurons and interneurons of the hippocampus that exhibit particu-
lar sensitivity to Aβ antagonism [ 106 – 108 ]. This new subtype appears to be 
comprised of α7 and β2 subunits in a heteromeric complex. Not too surprising given 
previous reports of both subunit mRNA’s localized to cholinergic neurons in the 
basal forebrain [ 87 ]. In comparison to homomeric α7 nAChRs, heteromeric α7β2* 
nAChRs exhibit relatively slow whole-cell current kinetics and are more sensitive to 
the β2 subunit-containing nAChR selective antagonist, DHβE. This current profi le 
was absent in neurons prepared from β2 nicotinic acetylcholine receptor knockout 
mice. α7β2* nicotinic acetylcholine receptors were antagonized by 1 nM Aβ, 
whereas homomeric α7 nicotinic acetylcholine receptors were not, suggesting that 
the heteromeric receptors are more sensitive to Aβ antagonism. Such selective sen-
sitivity to relatively low concentrations of Aβ suggests that this nicotinic receptor 
may contribute to the selective sensitivity of the basal forebrain and hippocampus to 
early Alzheimer’s disease pathology.  

1.4     Targeting Nicotinic Acetylcholine Receptors 
in Alzheimer’s Disease 

 Since the discovery that cholinergic basal forebrain neurons degenerate in 
Alzheimer’s patients and treatment with cholinergic antagonists disrupts learning 
and memory function in humans and rodents, the cholinergic hypothesis of cogni-
tive dysfunction has been under intense investigation [ 9 ]. An early observation in 
Alzheimer’s research and a fundamental principle for current treatment strategies is 
the loss of cholinergic markers within the basal forebrain cholinergic system. 
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Current understanding of the disease posits that the manifestation of episodic memory 
impairments during early-stage Alzheimer’s disease is thought to be triggered by 
accumulating Aβ and is associated with synaptic dysfunction and compromised 
cholinergic neurotransmission between the cholinergic basal forebrain and its targets 
in the cortex and hippocampus [ 109 – 112 ]. As such, most FDA-approved drugs cur-
rently used in Alzheimer’s treatment are geared toward boosting acetylcholine- 
mediated neurotransmission through the use of drugs that block the main enzyme 
responsible for degrading acetylcholine at the synapse, acetylcholinesterase, with 
the idea that prolonging the half-life of acetylcholine at the synapse will boost cho-
linergic signaling [ 9 ,  113 ]. 

 In general, long-term clinical assessments indicate that the main effect of anti-
cholinesterase drugs is symptomatic treatment with limited disease-modifying 
actions [ 114 ]. Since the cholinergic defi cit may not represent an early defect in the 
progression of Alzheimer’s disease [ 73 – 75 ], the use of these drugs in the prodromal 
stages of Alzheimer’s disease and for the treatment of cognitive decline in mild-to- 
moderate Alzheimer’s disease should be continued. However, the limited effect of 
cholinesterase inhibitors on behavioral symptoms in severe Alzheimer’s disease 
poses a signifi cant clinical challenge [ 115 ]; loss of nicotinic acetylcholine receptor 
function and protein may be a signifi cant contributor to perceived therapeutic limi-
tations associated with cholinesterase inhibitor drugs [ 116 ,  117 ]. 

 Nicotine treatment has been shown to improve attention, as well as learning and 
memory performance in patients with mild-to-moderate Alzheimer’s. In fact, α4β2* 
and α7* nicotinic acetylcholine receptors, either on cholinergic projection neurons 
or within the neocortex of the basal forebrain cholinergic system, are important for 
the types of cognitive performance that are impaired in early Alzheimer’s disease. 
An additional bonus from nicotinic acetylcholine agonist therapy is a neuroprotec-
tive effect that appears to result following activation of nicotinic acetylcholine 
receptors. Such activation has been shown to protect neurons from a variety of toxin 
insults including Aβ through stimulation of the PI3K pathway, presumably through 
transactivation of src kinase receptors [ 118 – 122 ]. Thus, several preclinical as well 
as clinical trials have tested subtype-selective agonists and partial agonists that tar-
get α4β2 nicotinic receptors [ 123 – 133 ] as well as α7 nicotinic receptors [ 134 – 138 ] 
in mild-to-moderate Alzheimer’s disease. While, in all cases, effi cacy was found in 
preclinical models, trials in subjects diagnosed with Alzheimer’s yielded mixed 
results [ 139 ]. While study design and placebo effects may account for some of the 
variability, it is now evident that many Alzheimer’s disease clinical trials likely 
“fail” due to enrollment of patients at disease stages that preclude any opportunity 
for disease-modifying effects, thus the emerging consensus that the best treatment 
strategy for Alzheimer’s disease is to treat people during the earliest stages of dis-
ease, e.g., prodromal Alzheimer’s or mild cognitive impairment due to Alzheimer’s 
disease [ 140 – 143 ]. The current challenge is to reliably diagnose at such early stages 
using a combination of biomarkers, brain imaging, and cognitive testing [ 72 ,  144 ]. 

 An alternative therapeutic strategy was initially pursued by Servier. S-24795 is 
an α7 nAChR partial agonist that both inhibits and partially reverses Aβ binding to 
these receptors [ 18 ,  19 ]. However, it remains to be seen if the dislodged Aβ is then 
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free to interact in alternative but equally deleterious ways. Possibly coincident Aβ 
immunotherapy would alleviate this potential negative side effect of S-247945 ther-
apy. Another possible strategy, albeit somewhat diffi cult to envision at the receptor 
level, would be to develop a compound that is capable of maintaining α7 nAChR 
neuroprotective signaling capabilities on the one hand and continue to sequester Aβ 
on the other. Again, this in conjunction with interventions that decrease Aβ levels 
might prove most effi cacious. 

 An α7 nAChR–Aβ interaction was fi rst described over a decade ago. Initial studies 
reported seemingly incongruent consequences of this interaction such as receptor 
antagonism versus activation [ 80 ,  81 ]. As we delve deeper and refi ne our understand-
ing of this interaction and how it relates to the pathophysiology of Alzheimer’s disease 
progression, it is evident that Aβ effects on α7 nAChRs are quite dynamic and, at 
minimum, depend upon the concentration and aggregation state of Aβ which may 
have profound effects on receptor responsiveness which, in turn, may have profound 
effects on the responsiveness of the basal forebrain cholinergic network. 

 Assuming that, under normal physiological conditions, Aβ and α7 nAChRs inter-
act and result in receptor activation implies that this interaction may serve a neuro-
protective role given that α7 nAChRs couple to neuroprotective signaling cascades 
(PI3K, etc.). Therefore, it seems unwise to prophylactically block  all  α7 nAChR–Aβ 
interaction. However, as Alzheimer’s disease progresses and soluble Aβ acquires 
pathological concentrations and conformations, it might be useful to develop ways in 
which to interrupt specifi c α7 nAChR–Aβ interactions, especially if this interaction 
antagonizes receptor function or is involved in accumulating intracellular Aβ [ 145 ]. 
As is being currently pursued, targeting Aβ directly with immunotherapy is one 
approach that holds promise [ 140 ]. 

 Nicotinic acetylcholine receptors comprised of α4β2 or α7 subunits have been 
strongly implicated in the molecular etiology of Alzheimer’s disease. Specifi cally, 
these nicotinic receptor subtypes have been implicated in conferring Alzheimer’s 
disease-specifi c vulnerability of the cholinergic basal forebrain system, the initial 
presentation of attentional and episodic memory defi cits, and the therapeutic effi -
cacy of cholinesterase inhibitors during initial disease progression. Continued 
design and synthesis of nicotinic receptor ligands with the desired pharmacokinetics 
and pharmacodynamics to target the desired receptor population in combination 
with continued elucidation of the disease-stage properties of nicotinic receptors dur-
ing the prodromal phase of Alzheimer’s disease as well as during early progression 
may ultimately achieve the goal of developing an interventional tool to combat the 
loss of cholinergic basal forebrain connectivity in this most prevalent of the devas-
tating neurodegenerative disorders.   

2     Parkinson’s Disease 

 Parkinson’s disease is the second most common neurodegenerative disease affect-
ing 10 % of people over the age of 65 (for review, see [ 146 ]. This neurodegenera-
tive movement disorder is characterized by postural instability, bradykinesia, 
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and asymmetric onset of tremor and rigidity that result from degeneration of the 
nigrostriatal dopaminergic pathway [ 147 ,  148 ]. Although numerous CNS neurotrans-
mitter systems are compromised in Parkinson’s disease, including the adrenergic, 
cholinergic, serotonergic, glutamatergic, and GABAergic systems, the nigrostriatal 
dopaminergic pathway is most severely affected. Degeneration of these other neu-
rotransmitter systems both centrally and peripherally likely contribute to the nonmo-
tor symptoms associated with Parkinson’s disease such as defi cits in cognition and 
memory, depression, affect, circadian patterns, and autonomic function. 

 Similar to Alzheimer’s disease, Parkinson’s disease is comprised of a minority 
(~5 %) of familial cases that arise from mutations that cause either autosomal domi-
nant (SNCA and LRRK2) or autosomal recessive (PARKIN, PINK1, and DJ1) 
Parkinson’s disease [ 149 ]. Mutations in  PARK2  and  PINK1  appear to be the most 
common causes of early-onset (<45 years of age) Parkinson’s disease. Mutations in 
LRRK2, coding for leucine-rich repeat serine/threonine-protein kinase 2, are the most 
frequent cause of genetic Parkinson’s disease, with the most common mutation 
(G2019S) accounting for 1 % of sporadic and 4 % of familial cases [ 150 ]. Furthermore, 
the penetrance of LRRK2 mutations is age dependent—less than 20 % at age 45 and 
more than 80 % at age 80. The remainder of Parkinson’s disease cases are classifi ed 
as sporadic and are attributed to a complex interplay between genetic and environ-
mental factors (for review, see [ 151 ]. However, similar to Alzheimer’s disease, age or 
the aging process is the most signifi cant contributing factor to the development of 
Parkinson’s disease, and a current challenge in the Parkinson’s disease fi eld is to 
understand how autosomal genes as well as GWAS- identifi ed risk genes and the aging 
process (including environmental factors) may intermingle to contribute to the disease 
process [ 152 ]. From an environmental perspective, Parkinson’s disease risk is most 
strongly linked to pesticide exposure whereas tobacco use has consistently been 
linked to a decreased frequency of the disease [ 153 ]. Nonetheless, the etiology of 
Parkinson’s disease is currently indeterminate. 

 Currently, the most effective treatment for Parkinson’s disease is dopamine 
replacement therapy with levodopa, also called  L -DOPA, which is the precursor to 
the neurotransmitters dopamine, norepinephrine (noradrenaline), and epinephrine 
(adrenaline) collectively known as catecholamines.  L -DOPA is sometimes pre-
scribed in combination with dopamine agonists and inhibitors of dopamine turnover 
as adjunctive therapies [ 154 ]. These drugs remain the most effective symptomatic 
treatment of Parkinson’s disease; however, long-term administration of  L -DOPA 
and related dopaminergic therapies is marred by the emergence of abnormal invol-
untary movements, i.e.,  L -DOPA-induced dyskinesia, that diminishes its long-term 
therapeutic effi cacy [ 155 ]. Moreover, the nonmotor symptoms, especially  depression 
and dementia, are not alleviated with dopamine-directed therapies [ 156 ]. In short, 
pharmacological management of Parkinson’s disease is complex and requires con-
tinual monitoring and individualization for each patient such as appropriate timing 
of dopaminergic therapy and adoption of strategies to delay and treat  L -DOPA- 
related  motor complications and nonmotor Parkinson’s disease-related symptoms. 
Moreover, as is the case in all neurodegenerative diseases, there is great need for 
disease-modifying therapies and interventions that can address the spectrum of 
Parkinson’s disease symptoms. Given the extensive anatomical and functional overlap 
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between the nicotinic cholinergic and dopaminergic systems in the nigrostriatal 
pathway and the epidemiological and pharmacological evidence that nicotinic 
receptor drugs alleviate some of the nonmotor as well as motor symptoms of 
Parkinson’s disease, the nicotinic acetylcholine receptor system has been proposed 
as a potential therapeutic strategy in Parkinson’s disease. The following sections 
will discuss these aspects with particular emphasis on nicotinic acetylcholine receptor 
functional anatomy and nicotinic receptor subtypes affected during disease progres-
sion and when targeted in Parkinson’s disease preclinical models. 

2.1     The Nicotinic Cholinergic and Dopaminergic Systems 
Involved in Parkinson’s Disease 

2.1.1     Striatum 

 While the function of the striatum in motor control is not completely understood, it 
appears that it is involved in the enabling of practiced motor movements and in gating 
the initiation of voluntary movements. Thus, voluntary movements are not initiated 
in the striatum; however, proper functioning of the striatum appears to be necessary 
in order for the motor cortex to relay the appropriate motor commands to the rest of 
the circuitry during voluntary movement. The following is a brief discussion of the 
circuitry and neurotransmitter systems that comprise the striatum and how nicotinic 
acetylcholine receptors are functionally integrated. 

 Parkinson’s disease has traditionally been considered a motor syndrome that 
results from degeneration of the dopaminergic afferents from the substantia nigra to 
the striatal medium spiny neurons. The striatum is a subcortical part of the forebrain 
that in primates consists of the caudate and putamen separated by a white matter 
tract termed the internal capsule; in rodents the caudate and putamen are a single 
merged structure. The dorsal striatum is primarily innervated by dopamine neurons 
from the substantia nigra pars compacta, with little input from the ventral tegmental 
area. It is this nigrostriatal pathway that degenerates in Parkinson’s disease. The 
ventral striatum (or nucleus accumbens core), on the other hand, mainly receives 
dopaminergic input from the ventral tegmental area with a minor component com-
ing from the dorsal substantia nigra. As stated above, the dorsal striatum and the 
nigrostriatal dopaminergic projections are most severely affected in Parkinson’s dis-
ease leaving the mesolimbic projection from the ventral tegmental area relatively 
spared (for review, see [ 157 ,  158 ]. 

 The dopaminergic input to the striatum arrives from the substantia nigra to innervate 
GABAergic medium spiny neuron dendritic shafts (corticostriatal glutamatergic affer-
ents converge on the dendritic spine heads) and substantially contribute to the output 
of the striatum via the direct and indirect pathways to the basal ganglia whereby motor 
function is arbitrated [ 158 – 160 ]. The direct pathway sends information from the 
striatum directly to the substantia nigra pars reticulata and the entopeduncular nucleus 
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(rodents) or the internal segment of the globus pallidus (primates), then onward to 
the brainstem to mediate motor movements of the head, neck, and eye or onward to 
the thalamus and motor cortex to mediate motor movements involving the arms, 
legs, and trunk. It should be noted that both the striatal and thalamic/brainstem con-
nections are inhibitory such that when the direct pathway striatal neurons fi re, they 
inhibit the activity of their downstream connections (substantia nigra/entopedun-
cular nucleus in rodents and the internal segment of the globus pallidus in primates) 
that leads to disinhibition of thalamus/brainstem allowing them to excite the motor 
cortex and cranial nerves. 

 The indirect pathway starts with a different set of cells in the striatum that make 
inhibitory connections to the globus pallidus (the external segment in primates) that 
make subsequent inhibitory connections within the subthalamic nucleus which in 
turn make excitatory connections with the substantia nigra pars reticulata and the 
entopeduncular nucleus (the internal segment of the globus pallidus in primates). 
Again, take note that when the substantia nigra pars reticulata and entopeduncular 
nucleus (internal segment of the globus pallidus in primates) cells are active, they 
inhibit thalamic neurons, thus making the motor cortex/brainstem less active. When 
the subthalamic neurons are fi ring, they increase the fi ring rate of substantia nigra 
pars reticulata and entopeduncular nucleus neurons, thus increasing the net inhibi-
tion on motor cortex/brainstem. Thus, when the indirect pathway striatal neurons 
are active, they inhibit the globus pallidus neurons, thus disinhibiting the subtha-
lamic neurons. With the subthalamic neurons free to fi re, the substantia nigra pars 
reticulata and entopeduncular nucleus neurons inhibit the thalamus/brainstem, 
thereby producing a net inhibition on the motor activity. 

 Within the striatum, in addition to the symmetric dopaminergic inputs from the 
substantia nigra pars compacta that impinge upon synaptic as well as extrasynaptic 
dopamine receptors, there are corticostriatal glutamatergic afferents that synapse on 
the medium spiny neuron dendritic heads to activate metabotropic glutamate recep-
tors to modulate striatal activity. Additionally, there is a widespread cholinergic 
interneuron system that is tonically active under basal conditions. Since these cholin-
ergic arborizations extensively intermingle with that of the dopaminergic network, 
there is much cross talk between the two systems within the striatum. These, in addi-
tion to a GABAergic interneuron system and serotonergic input from the raphe 
nucleus, intrinsic activity within the striatum is integrated with the various afferent 
inputs to determine whether the striatum maintains “resting” state tonic activity or 
shifts to burst fi ring. 

 Tonic striatal activity has been attributed to low dopaminergic afferent activity and 
high intrinsic pulsatile acetylcholine release. The high level of  acetylcholinesterase 
in the striatum expedites the hydrolysis of acetylcholine, enabling extracellular ace-
tylcholine to refl ect its release pattern as well as minimizing receptor desensitiza-
tion [ 161 ]. It is thought that the coordinated reciprocal actions of the dopaminergic 
afferents and cholinergic interneurons within the striatum, which in turn rely upon 
substantia nigra and thalamic inputs to the striatum, drive striatal dopaminergic 
activity [ 162 – 164 ]. However, recent work using simultaneous electrophysiological 
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recordings of striatal channelrhodopsin2-expressing cholinergic interneurons with 
simultaneous detection of dopamine release in striatal slices suggests that cholinergic 
neurons facilitate, or potentially drive, dopamine release from dopaminergic axonal 
inputs [ 165 ]. Thus, presynaptic nicotinic acetylcholine receptors on dopaminergic 
afferents from the substantia nigra potentially synergize with ascending dopaminergic 
activity [ 165 ,  166 ]. 

 Therefore, the presynaptic location of nicotinic acetylcholine receptors through-
out the striatum (except the cholinergic interneuron population which are endowed 
with inhibitory muscarinic acetylcholine autoreceptors) designates this receptor 
system as a major infl uence on striatal output despite being greatly outnumbered by 
muscarinic acetylcholine receptors which are located presynaptically on afferents 
and somatodendritically on medium spiny neurons [ 167 – 172 ].  

2.1.2     Substantia Nigra 

 The dopaminergic neurons arising from the substantia nigra pars compacta projecting 
to the dorsal striatum are the seat of control for modulating motor functions as well 
as cognitive aspects of motor learning (for review, see [ 173 ]. In addition to this 
major striatal innervation, the substantia nigra sends projections to innervate the 
cortex and related limbic areas that modulate the principal glutamatergic and 
GABAergic transmission. Within the substantia nigra (as well as the ventral teg-
mental area), dopamine is also released; this local release can be modulated by nico-
tinic acetylcholine receptors located somatodendritically on dopaminergic neurons 
as well as by nicotinic acetylcholine receptors located presynaptically on GABAergic 
interneurons as well as GABAergic and glutamatergic afferents. The substantia 
nigra pars compacta GABAergic interneurons serve to inhibit dopaminergic neuron 
activation thus contributing to the reciprocal striatal dopamine neuron tonic and 
burst fi ring. The switch to dopaminergic neuron burst fi ring is dependent on gluta-
matergic innervation of the substantia nigra pars compacta received from the sub-
thalamic nucleus and pedunculopontine nucleus [ 174 ] which may also be endowed 
with presynaptic nicotinic acetylcholine receptors [ 175 ]. Again, as is the case in the 
striatum, nicotinic acetylcholine receptors signifi cantly infl uence the activity of the 
substantia nigra pars compacta due to their presynaptic location on glutamatergic 
and GABAergic afferents as well as somatodendritic location on GABAergic inter-
neurons and dopaminergic neurons. 

 The acetylcholine that binds nicotinic acetylcholine receptors in the substantia 
nigra pars compacta comes from the pedunculopontine nucleus located in the pons, 
the origin for the glutamatergic input to this brain region. While stimulation of the 
pedunculopontine nucleus elicits burst fi ring in the substantia nigra pars compacta 
and dopamine release in the striatum, either nicotinic or glutamatergic receptor 
broad antagonists applied to the substantia nigra inhibits these processes suggesting 
that these two receptor systems work in concert to maximize dopaminergic neuron 
burst fi ring [ 176 ,  177 ].   
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2.2     Nicotinic Acetylcholine Receptor Subtypes 
in the Nigrostriatum 

 Much effort has been expended to decipher the subunit combinations that form 
functional nicotinic acetylcholine receptors within defi ned brain regions and circuits 
as well as their subcellular location. While in situ hybridization provides the fi rst 
level of information along these lines, genetic deletion of specifi c subunits and 
lesion studies (e.g., lesioning the nigrostriatal pathway with 6-hydroxydopamine or 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyradine), in combination with pharmacolog-
ical tools that defi ne receptors at the subunit composition level (most notably 
α-conotoxin MII; [ 178 ,  179 ]), the subunit composition, and in some cases, the stoi-
chiometry, can be deduced based upon affi nity of these subunit-selective com-
pounds. These approaches, in combination with electrophysiological recordings 
complemented by binding studies and immunoprecipitation assays, have signifi cantly 
contributed to the identifi cation of nicotinic acetylcholine receptor subtypes and 
stoichiometry in the striatum and substantia nigra [ 180 ]. 

 In the substantia nigra pars compacta, where the dopaminergic cell bodies that 
innervate the striatum reside, a broad array of nicotinic acetylcholine receptor 
subunits is expressed. The spectrum expressed by dopamine neurons is diverse and 
more complex than those expressed by GABAergic neurons. The dopamine neuron 
cell bodies in the substantia nigra pars compacta exhibit α4β2* and α6β2* nicotinic 
acetylcholine receptor subtypes where the asterisk denotes the possible contribution 
of an additional α4 or β2 subunit or α5 in the case of α4β2* and denotes the possible 
contribution of an α5 or β3 subunit with two each of the α6 and β2 subunits [ 181 , 
 182 ]. In addition, α7 nicotinic acetylcholine homopentameric receptors are present 
on a smaller fraction of these cell bodies [ 175 ,  182 ]. Those expressed by the 
GABAergic interneurons and afferents exhibit a somewhat simpler expression pat-
tern comprised mainly of α4β2* subunits somatodendritically and presynaptically, 
respectively. The asterisk in this instance designates the possible participation of an 
additional α4 or β2 subunit or α3 [ 175 ,  182 ]. Clearly, these populations of nicotinic 
acetylcholine receptors comprised of discrete subunit combinations are predicted to 
exhibit unique pharmacological profi les. This, in addition to the discrete localiza-
tion of certain of these receptor subtypes to GABAergic and dopaminergic neurons, 
offers an opportunity to target specifi c substantia nigra functions with nicotinic ace-
tylcholine receptor pharmaceuticals possessing subtype-selective properties. 

 In the striatum, dopamine terminals express a remarkable diversity of nicotinic 
acetylcholine receptors, yet it must be noted that α3 and α7 subunits do not contrib-
ute to this population of presynaptic nicotinic acetylcholine receptors. Presynaptic 
dopaminergic nicotinic receptor subtypes include α4β2, α4α5β2, α4α6β2β3, α6β2β3, 
and α6β2 [ 183 – 185 ]. The alternate forms of the α4β2 subtype have distinct agonist 
sensitivities depending on whether α4 (lower) or β2 (higher) occupies the non-ligand-
binding site receptor subunit position [ 186 ,  187 ]. α6β2* varieties are unique to dopa-
mine presynaptic terminals in the striatum and are lost during progression of 
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Parkinson’s disease [ 183 – 185 ,  188 ,  189 ], thus providing a unique pharmaceutical 
target to boost dopamine release in early Parkinson’s disease. Interestingly, the 
α4β2* varieties, which represent the high-affi nity nicotine-binding sites in brain, are 
resistant to nigrostriatal degeneration, possibly due to the more diverse expression 
pattern for this receptor type that includes non-dopaminergic neuronal components in 
the striatum [ 183 ,  185 ,  188 ,  190 ,  191 ], in contrast to the α6- and β3-containing 
nicotinic acetylcholine receptors which are restricted to catecholaminergic neurons 
[ 192 ,  193 ]. For example, α4β2* nicotinic acetylcholine receptors are found on the 
presynaptic terminals of the GABAergic medium spiny neurons and interneurons of 
the striatum [ 194 ]. There is also evidence for functional α7 nicotinic acetylcholine 
receptors on glutamatergic afferents as well as on a proportion of medium spiny 
neurons, GABAergic interneurons, and cholinergic interneurons [ 195 – 197 ]. While α7 
nicotinic acetylcholine receptors are detectable using electrophysiological techniques 
[ 195 ], the expression level of this receptor subtype in striatum is apparently low based 
upon binding studies [ 198 ]. While much has been revealed regarding the α6β2* nico-
tinic receptor subtype on dopamine terminals in the striatum, much less is known 
regarding the subunit composition and cellular localization of the other nicotinic 
receptor varieties within the striatum, not to mention how they contribute to striatal 
output so critical to motor movement and the etiology of Parkinson’s disease. 

 The activity of dopamine neurons in the substantia nigra pars compacta that 
project to the striatum is thought to be driven, in part, by cholinergic input from the 
pedunculopontine nucleus. As discussed previously, substantia nigra dopamine neu-
ron fi ring exhibits a tonic pacemaker pattern [ 199 ,  200 ] predominantly in response 
to these cholinergic inputs. Nicotinic acetylcholine receptors, most likely α6β2* 
somatodendritically located to dopaminergic neurons within the substantia nigra 
pars compacta, are considered the primary mediators of acetylcholine effects in 
addition to promoting responses to glutamatergic afferents as well as facilitating the 
contribution of presynaptic α7 nicotinic acetylcholine receptors on these afferents. 
In an analogous fashion to their role in the ventral tegmental area [ 201 ,  202 ], pre-
synaptic α7 nicotinic acetylcholine receptors on glutamatergic afferents may con-
tribute to substantia nigra pars compacta burst fi ring and synaptic plasticity. 
Excitability of dopamine neurons within the substantia nigra pars compacta is con-
strained by GABA afferents and local interneurons [ 174 ,  203 ]; the presence of nico-
tinic acetylcholine receptors on these elements presents a more complex scenario 
for nicotinic regulation of dopamine cell activity. For example, nicotine, but not 
intrinsic acetylcholine release, preferentially desensitizes α4β2* nicotinic acetyl-
choline receptors on GABA interneurons, relieving this inhibitory infl uence, thus 
providing a potential therapeutic strategy for Parkinson’s disease. This, in combina-
tion with the effect of chronic nicotine on upregulation of α4β2 nicotinic acetylcho-
line receptors in human tobacco users as well as nonhuman primates and rodents 
exposed to nicotine [ 194 ,  204 – 210 ], suggests an explanation as to why tobacco use 
is protective against Parkinson’s disease and nicotine is neuroprotective against 
nigrostriatal damage in animal models of the disease [ 211 – 215 ]. 

 Given that substantia nigra pars compacta dopamine neuron activity results in dopa-
mine release in the striatum, it is a likely conclusion that the nicotinic acetylcholine 
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receptor populations within this brain region as well as the cholinergic input from the 
pedunculopontine nucleus are crucial for proper striatal infl uence over motor move-
ment modulation. However, intrinsic striatal properties that govern sensitivity and 
effi ciency of responses to dopamine release within the striatum are an equally impor-
tant component of the equation. In this regard, striatal nicotinic acetylcholine recep-
tors are a major determinant of dopamine release probability in the striatum and 
shaping local dopaminergic responses in this brain region [ 165 ,  216 ]. For example, 
presynaptic nicotinic acetylcholine receptors resident on dopaminergic afferents, 
GABAergic interneurons, and corticostriatal glutamatergic afferents may serve to 
integrate acetylcholine input reciprocally with dopamine neuron fi ring in order to 
discriminate between tonic and burst fi ring of substantia nigra pars compacta dopa-
mine neurons. Nicotinic acetylcholine receptor agents could be exploited to improve 
the signal-to-noise ratio between tonic and phasic patterns of striatal stimulation with 
recognizable implications for Parkinson’s disease treatment. For additional informa-
tion on nAChRs in the striatal dopaminergic system refer to Chap.   15    .  

2.3     Parkinson’s Disease and Nicotinic Acetylcholine Receptors 

 A key pathologic hallmark of Parkinson’s disease is loss of midbrain dopaminergic 
neurons of the substantia nigra pars compacta and their terminals that innervate the 
dorsal striatum. In addition to the well-known reduction in dopamine and damage to 
the nigrostriatal dopaminergic pathway whether it is due to Parkinson’s disease or 
parkinsonian animal model lesions, on nicotinic acetylcholine receptor expression in 
striatum is also signifi cantly affected [ 52 ,  53 ,  55 ,  188 ,  190 ,  191 ,  217 – 219 ]. The α6β2* 
variety of nicotinic acetylcholine receptors is particularly vulnerable to the ravages 
of Parkinson’s disease and may be due to the observation that this subtype of receptor 
is restricted to dopaminergic terminals that innervate the striatum [ 185 ,  188 ,  190 ]. 
The extent of α6β2* nicotinic acetylcholine receptor loss parallels that of the dopa-
mine transporter, and pharmacological studies using toxins that can discriminate 
α6-containing nicotinic receptors at the stoichiometric level indicate that the α4α6β2β3 
receptor subtype may represent a particularly vulnerable set of dopaminergic afferents 
to the striatum [ 220 ]. Since this pattern of loss is observed across rodents, monkeys, 
and humans, it suggests that this particular nicotinic acetylcholine receptor subtype 
represents the signature vulnerable neuronal population for Parkinson’s disease 
(nigrostriatal dopaminergic neurons). Furthermore, this receptor variety may also 
represent a fruitful therapeutic target to maintain dopaminergic afferents if Parkinson’s 
disease could be diagnosed early enough in the disease process. 

 As mentioned previously, α4β2* nicotinic acetylcholine receptors do not suffer 
the same fate as the α6β2* nicotinic acetylcholine receptors in Parkinson’s disease. 
In fact, an almost complete dopaminergic lesion leads to only a 30–50 % decline in 
striatal α4β2* nicotinic receptors. This selective sparing is thought to be due to the 
more promiscuous distribution of this receptor subtype compared to the α6β2 
subunit- containing nicotinic acetylcholine receptors that are restricted to 
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 catecholaminergic neurons by an as yet to be determined mechanism [ 193 ]. These 
studies are further supported by studies on striatal synaptosomal preparations (con-
taining predominantly presynaptic components) which have shown that striatal 
α4β2* nicotinic receptors are comprised of both α4β2 and α4α5β2 subtypes [ 221 , 
 222 ] and that nigrostriatal damage leads to ~90 % loss of α5 subunits whereas α4 
declines by only ~50 % [ 185 ]. Thus, the vast majority of α4α5β2 nicotinic acetyl-
choline receptors are located presynaptically on dopaminergic afferents in the stria-
tum, whereas α4β2 nicotinic acetylcholine receptors are more widely distributed. 

 Although studies on α7 nicotinic acetylcholine receptors following nigrostriatal 
lesions are sparse and diffi cult to execute due to the already low expression level of 
this receptor type in striatum of rodents and primates, such studies have found that α7 
nicotinic acetylcholine receptor expression is, for the most part, unaffected by nigros-
triatal damage [ 188 ,  223 ]. Akin to the α4β2* receptor, these results with α7 nicotinic 
acetylcholine receptors have been attributed to their presence on non- dopaminergic 
terminals, for example, the glutamatergic afferents that arrive from the cortex [ 197 ]. 

 Nicotinic acetylcholine receptor changes within the substantia nigra pars 
compacta resulting from Parkinson’s disease and nigrostriatal lesions should also be 
considered since the main neurodegenerative feature of Parkinson’s disease is loss 
of striatal dopaminergic innervation from the substantia nigra pars compacta. 
Because the decrease in α6β2* is greater than that of α4β2* nicotinic acetylcholine 
receptor expression in the substantia nigra pars compacta following nigrostriatal 
damage [ 224 ,  225 ] and α6β2* loss correlates with dopamine transporter reductions, 
it is thought that these nicotinic acetylcholine receptors reside somatodendritically 
on dopaminergic neurons [ 182 ]. As is the case in the striatum, the less severely 
affected α4β2* nicotinic acetylcholine receptor population in the substantia nigra 
pars compacta likely refl ects its presence on GABAergic interneurons and afferents 
from the substantia nigra pars reticulata in addition to dopaminergic neurons. Based 
on these observations, nicotinic acetylcholine receptors most affected in preclinical 
models of Parkinson’s disease nigrostriatal damage are those receptors present on 
dopaminergic neurons that reside in the substantia nigra pars compacta and project 
to the striatum. Since α6β2* and α4α5β2 are most affected with less dramatic 
changes in α4β2 and essentially no loss of α7 nicotinic acetylcholine receptors, 
targeting α6β2* and α4β2* nicotinic acetylcholine receptors that remain on the 
dopaminergic neurons resident in the substantia nigra pars compacta during early 
stages of Parkinson’s disease may represent a viable nicotinic receptor-targeted 
therapeutic strategy.  

2.4     Targeting Nicotinic Acetylcholine Receptors 
in Parkinson’s Disease 

 Several lines of evidence suggest that nicotinic acetylcholine receptors represent a 
valid therapeutic target in Parkinson’s disease in spite of the historical perspective 
that underlying the disorder is degeneration and loss of functionality of the 
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nigrostriatal dopaminergic pathway. The fi rst evidence arose from epidemiological 
studies that emerged over a half-century ago establishing that tobacco use (smoking 
duration, intensity, and recentness) is inversely correlated with the incidence of 
Parkinson’s disease without a relationship to mortality risk related to smoking; that 
is, Parkinson’s disease patients appear to die of Parkinson’s rather than of smoking- 
related health issues [ 226 – 234 ]. More recent work implicates this receptor system 
as a potential therapeutic target in Parkinson’s disease as it has been discovered that 
the acetylcholine and dopamine neurotransmitter systems are functionally inter-
twined within the nigrostriatal pathway [ 216 ,  235 ,  236 ]. Further, work in preclini-
cal models suggests that nicotine and nicotinic receptor ligands may directly 
stimulate dopaminergic transmission to alleviate motor-related symptoms as well 
as serve a neuroprotective role against nigrostriatal damage [ 211 – 215 ,  237 ,  238 ]. 
Augmented dopamine release via nicotinic acetylcholine receptor activation is 
postulated to occur mainly through α6α4β2 nicotinic receptors due to the notion 
that systemic nicotine levels would desensitize α4β2 nicotinic acetylcholine receptors 
more quickly and at lower concentrations. Although there is no direct evidence of 
a role for α7 nicotinic acetylcholine receptors in nicotine-mediated neuroprotection, 
the fact that α7 nicotinic acetylcholine receptors are present somatodendritically 
on the substantia nigra pars compacta dopaminergic neurons as well as couple to 
the PI3K/Akt neuroprotective pathway indicates that targeting this receptor class 
may also benefi t preservation of nigrostriatal dopamine neurons. Additional neuro-
protective mechanisms are based upon nicotine-induced nicotinic acetylcholine 
receptor upregulation, effects on receptor stoichiometry, and enhanced nicotinic 
receptor chaperoning [ 239 ,  240 ]. 

 Additional neuroprotective properties may be provided by non-nicotine compo-
nents of tobacco smoke that act as monoamine oxidase inhibitors [ 241 ,  242 ] presum-
ably through inhibiting the synthesis of nigrostriatal toxins as well as enhancing the 
availability of dopamine. Finally, there is some evidence that nicotinic receptor stim-
ulation augments cytochrome p450 expression [ 243 ] and ameliorates Parkinson’s 
disease treatment-related side effects, specifi cally dyskinesias that result from 
long-term dopamine precursor treatment with  L -DOPA as a replacement therapy 
[ 244 – 249 ]. This side effect has stimulated much debate within the treatment com-
munity as how to best initiate and maintain  L -DOPA therapy [ 250 ,  251 ]. Although 
long-term nicotine administration has shown benefi t in preclinical models, the sub-
type and anatomical location of the nicotinic acetylcholine receptors responsible for 
this effect have only recently been elucidated. Using β2 nicotinic acetylcholine 
receptor knockout mice in combination with nigrostriatal damage, it was revealed 
that the β2* nicotinic receptor population plays an essential role in nicotine reduc-
tion of  L -DOPA-induced dyskinesias [ 252 ]. Subsequent studies indicate that α4β2* 
and α6β2* nicotinic receptor subtypes differentially contribute to this therapeutic 
benefi t, possibly due to respective anatomical location and nicotine pharmacology 
for each of these receptor subtypes [ 253 ]. Furthermore, these nicotinic receptor 
subtypes, in addition to α7* nicotinic acetylcholine receptors, are implicated in the 
expression of  L -DOPA-induced dyskinesias that also likely involve their anatomical 
location within the nigrostriatal system and involvement in dopamine transmission 
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[ 253 – 255 ]. Thus, the intricate subtype receptor profi le, anatomical localization, and 
pharmacologic properties of nigrostriatal nicotinic acetylcholine receptors present a 
challenging pharmaceutical therapeutic conundrum. Nonetheless, a handful of 
preclinical trials using FDA-approved and candidate nicotinic receptor ligands have 
provided some insight to carry the fi eld forward. For example, recent preclinical 
studies tested the broad-spectrum nicotinic agonist varenicline and 5-iodo-A-85380, 
a nicotinic acetylcholine receptor agonist that preferentially interacts with the α4β2* 
and α6β2* subtypes, and showed both to be of benefi t [ 256 ,  257 ]. 

 Since preclinical studies indicate that nicotine provides an approximate 30 % 
protection against nigrostriatal toxin-induced damage if administered prior to deliv-
ery of the toxin [ 258 ] and since Parkinson’s disease motor symptoms typically arise 
only when nigral dopaminergic neurons are depleted by at least 50 % and striatal 
dopamine release by greater than 70 % [ 259 ,  260 ], one might consider utilizing a 
therapeutic strategy targeting nicotinic acetylcholine receptors for nigrostriatal neu-
roprotection to be provided prior to this therapeutic window of opportunity [ 261 ]; 
again, early diagnosis is the major challenge in developing disease-modifying inter-
ventions for neurodegenerative diseases such as Parkinson’s. This latter issue may 
have contributed to the mixed results thus far obtained from several clinical trials 
[ 262 – 271 ]. 

 In summary, extensive epidemiological evidence supports that long-term smok-
ing is associated with a decreased risk for Parkinson’s disease. This association is 
thought to be due to a neuroprotective role for the nicotine in tobacco acting at nico-
tinic acetylcholine receptors in the nigrostriatal pathway to preserve the dopaminer-
gic system; thus, agents that target α4β2* and α6β2* nicotinic acetylcholine 
receptors may be useful for the treatment of Parkinson’s disease if administered 
early enough in its etiology. Targeting nicotinic acetylcholine receptors may also be 
useful to counteract  L -DOPA-induced dyskinesias; for this applicability, again 
α4β2* and α6β2* receptors appear to be important. Still, much work remains to 
elucidate the specifi c composition and location of nicotinic acetylcholine receptors 
that mediate the benefi cial effects of nicotine in Parkinson’s disease and models for 
nigrostriatal damage as well as elucidate the mechanism by which nicotinic receptors 
may alleviate  L -DOPA-induced dyskinesias.      
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    Chapter 20   
 Nicotinic Receptors and Mental Illness 

             Sherry     Leonard     

    Abstract     The prevalence of smoking in the mentally ill, particularly in schizophrenic 
patients, is much higher than in the general population. While smoking demograph-
ics are altered in these patients, nicotinic receptors are implicated in the disorder. 
Nicotine normalizes several sensory processing defi cits in schizophrenia, as well as 
improving cognition and disease symptomatology. Smoking has a large effect on 
gene expression in human brain, and many genes abnormally expressed in schizo-
phrenic nonsmokers are brought to control levels in schizophrenic smokers. The α7 
nicotinic receptor gene,  CHRNA7 , is genetically linked to the disorder in multiple 
studies. Deletion of  Chrna7  in mice results in several traits found in schizophrenic 
individuals. The expression of  α7nAChR s is decreased in postmortem brain of 
schizophrenic subjects, as measured by α-bungarotoxin binding. Nicotine binding is 
also decreased in schizophrenic brain, suggesting that high-affi nity nicotinic recep-
tor expression is reduced as well. Regulation of the  CHRNA7  gene is complex. 
Promoter methylation and several transcription factors have been identifi ed that affect 
transcription. The human  CHRNA7  gene is unusual in that it is partially duplicated. 
The duplicated sequences are expressed with exons from a second partial duplication, 
forming a new, chimeric gene,  CHRFAM7A . The duplicated gene is human specifi c, 
not being found in rodents or primates. The duplicated sequences in  CHRFAM7A  are 
nearly identical to exons 5–10 of the full-length gene,  CHRNA7 . Thus, exons 5–10 
cannot be accurately queried for  CHRNA7  in genome-wide association studies. 
Further, the duplicated gene product, dupα7, is a dominant negative regulator of 
α7nAChR function, reducing current in response to acetylcholine application. 
Functional mutations in the  CHRNA7  gene promoter and in  CHRFAM7A  have been 
identifi ed and are associated with schizophrenia. Several agonists of the α7nAChR 
have been identifi ed as possible therapeutic drugs, including DMXB-A and choline. 
Type II allosteric modulators appear to potentiate function of the human heteromeric 
receptor, containing both  CHRNA7  and  CHRFAM7A  gene products.  
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1        Introduction 

 Mental illness, including depression, attention-defi cit hyperactivity disorder 
(ADHD), autism, bipolar disorder, and schizophrenia, occurs in approximately 
30 % of our population [ 1 ]. This group of people uses tobacco products more fre-
quently than the general population. Somewhere between 50 and 90 % of individu-
als, depending on the specifi c mental illness, smoke cigarettes, compared to 20 % of 
the general population [ 2 ]. The use of tobacco products has declined in this country 
since its connection to cancer etiology, but it has not decreased in individuals who 
suffer from mental illness. It is estimated that of the total number of smokers in the 
United States today, 30 % are mentally ill [ 1 ,  3 ]. Further, they are heavier smokers 
generally and purchase the majority of cigarettes [ 4 ]. Utilizing demographic data on 
subjects from our postmortem brain bank and blood samples, Fig.  20.1  illustrates 
the use of tobacco across the mental illness spectrum.

   Smoking prevalence is highest in schizophrenic patients, most of which use 
some type of tobacco product [ 3 ,  5 – 9 ]. Schizophrenics appear to extract more 
nicotine from each cigarette, as evidenced by higher blood nicotine and cotinine 
levels [ 10 ,  11 ]. Higher levels are not related to nicotine metabolism differences [ 12 ], 
but may be related to topography. Patients have shortened inter-puff intervals and 
take more puffs per cigarette [ 13 ,  14 ]. Normally aversive, rapid smoking appears to 
be a normal pattern in schizophrenia [ 15 ]. 

  Fig. 20.1    Comparison of smoking prevalence in the mentally ill. Subjects are from the Denver 
Schizophrenia Center Brain Bank and from locally collected blood samples. Smoking history was 
reported as nonsmoker (NS), smoker (S), or former smoker (FS). The percent of subjects in each 
of the smoking history groups is shown for controls (No Dx), schizophrenia (Schiz), schizoaffec-
tive disorder (SA), bipolar disorder (BP), bipolar with psychosis (BP w P), and major depressive 
disorder (MDD). There were signifi cantly more smokers among the schizophrenics than in 
the control group ( χ  2  = 31.61, 1;  P  < 0.0001****). Patients with schizoaffective disorder also had 
a higher prevalence of smoking ( χ  2  = 4.497, 1;     P  = 0.0340**). Although there were also more 
 smokers than nonsmokers in the bipolar and MDD groups, the difference was not statistically 
signifi cant       
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 Although smoking levels are highest in the schizophrenia spectrum disorders, 
subjects with depression are also heavy users of tobacco products [ 16 ]. A recent 
study of substance use in the mentally ill suggested that schizophrenics were more 
likely to use tobacco for coping and illness motives, while individuals with depression 
were more likely to use alcohol for the same reasons [ 17 ]. Many years ago, Janowsky 
suggested that mental illnesses involving mania and affective symptoms might both 
involve cholinergic function with mania being a hypocholinergic state and depres-
sion a hypercholinergic condition [ 18 ,  19 ]. Brain imaging studies show that 
high-affi nity nicotinic receptor occupancy is high in depression [ 20 ] and low in 
schizophrenia [ 21 ,  22 ], consistent with either low levels of acetylcholine or recep-
tors in schizophrenia and high cholinergic function in depression. Supportive of this 
hypothesis, recent work shows that many antidepressants are AChR blockers 
[ 23 ,  24 ], and in rats, a decrease in α7nAChR function increases self-administration 
of nicotine [ 25 ]. Thus, while there may be underlying biological etiology for the 
heavy use of tobacco products in both depression and schizophrenia, the aberrant 
pathways may be quite different.  

2     Why Are Schizophrenics Heavy Smokers? 

 A biological basis for smoking in schizophrenia could be informative for treatment 
and drug development. It has been suggested that smoking in these patients may be 
a form of self-medication [ 26 ,  27 ]. Schizophrenics often describe smoking not only 
as enjoyable but as a crutch [ 2 ,  28 ]. 

 Nicotine normalizes an auditory sensory processing defi cit in schizophrenia, the 
P50 defi cit [ 29 ,  30 ]. This defi cit is measured utilizing paired auditory stimuli 500 ms 
apart. In the normal response, the second stimulus is inhibited; in schizophrenics, 
this does not occur [ 31 ,  32 ]. Nicotine improves eye-tracking defi cits in patients 
[ 33 – 35 ]. Smoking also improves cognition in schizophrenic subjects [ 36 – 40 ] and 
decreases psychiatric symptoms [ 41 ,  42 ]. 

 Another reason why smoking might offer relief to schizophrenic patients is the 
release of dopamine. Dopamine levels in patient brains are high in the mesolimbic 
pathways and low in the mesocortical pathways [ 43 ]. Virtually all effective antipsy-
chotic drugs block D 2  dopamine receptors. Nicotine releases dopamine through a 
presynaptic mechanism stimulating the release of glutamate and subsequent release 
of dopamine [ 44 – 48 ]. Smoking may, thus, compensate for low levels of dopamine 
in these patients. 

 Smoking cigarettes profoundly changes gene expression in human brain. In a 
microarray study of mRNA levels in postmortem hippocampus of control and 
schizophrenic smokers and nonsmokers, we found that smoking in all subjects 
resulted in expression changes for more than 200 genes, including increased expres-
sion of genes in the NMDA postsynaptic density [ 49 ]. Interestingly, there were 70 
genes that were differentially regulated by smoking in schizophrenia. Expression 
was either up- or downregulated in schizophrenic nonsmokers compared to control 
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nonsmokers. In schizophrenic smokers, however, expression was more similar to that 
in control smokers, suggesting that patients may be utilizing smoking to normalize 
underlying biological defi cits. 

 Smoking cessation in mental illness is usually not successful, particularly in 
schizophrenic patients [ 2 ,  50 ]. Failure to quit smoking in schizophrenia seems to be 
associated with a poor performance on cognitive tests that depend on the prefrontal 
cortex [ 51 ].  

3     Nicotinic Receptor Genetics in Mental Illness 

 The heavy use of tobacco products in schizophrenia suggests the involvement of 
nicotinic receptors that respond to nicotine in cigarettes and other forms of tobacco. 
Genetic analysis, including linkage and association studies, shows that the gene 
cluster of  CHRNA5 - CHRNA3 - CHRNB4  at 15q25 is strongly associated with nicotine 
dependence [ 52 – 54 ]. A recent meta-analysis of variants in the 15q25 gene cluster 
was positive for both schizophrenia and bipolar disorder, but none of the three genes 
was specifi cally targeted [ 55 ]. It is possible, however, that the strong association 
of this locus to smoking and nicotine addiction could have infl uenced the study 
outcome. A comprehensive association study in comorbid psychiatric disorders, 
including alcohol dependence, cannabis dependence, major depression, panic attack, 
social phobia, posttraumatic stress disorder, attention-defi cit hyperactivity disorder, 
conduct disorder, and antisocial personality disorder, did not show association at the 
A5-A3-B4 locus [ 56 ]. 

 Somewhat stronger genetic evidence exists for the α7 nicotinic receptor gene, 
 CHRNA7 , which has been linked to schizophrenia in multiple linkage and associa-
tion studies [ 57 – 64 ], and also to bipolar disorder [ 65 ,  66 ]. Deletions at 15q13-14, 
involving the  CHRNA7  gene are rare, but strongly associated with schizophrenia 
[ 67 ,  68 ]. Such deletions, and sometimes duplications, are also seen in rare cases of 
developmental delay, mental retardation, autism, seizures, and bipolar disorder [ 69 ]. 
The part of chromosome 15 affected by these chromosomal anomalies involves two 
large regions of homology originally identifi ed as breakpoint regions (BP) in 
Prader–Willi syndrome [ 70 ,  71 ]. Deletions at 15q13.3 involve BP4 and BP5, which 
contain the  CHRNA7  gene cluster. Approximately 20 % of Prader–Willi patients 
have psychotic disorders [ 72 ,  73 ]. 

  Chrna7  knockout animals exhibit many of the traits seen in schizophrenia. 
 Chrna7  (−/−)  mice have impaired attention [ 74 ] and delayed procedural learning, 
where repeated patterns signal acceptance of a rule [ 75 ]. A  Chrna7  knockout gener-
ated in the C3H/2j mouse exhibits impaired sensory gating [ 76 ] and decreased LTP 
(manuscript submitted). Pharmacologically decreasing expression of  Chrna7  results 
in an increase in the motivation for nicotine self-administration [ 25 ]. The  CHRNA7  
gene has also been associated with smoking in schizophrenia [ 77 ,  78 ].  
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4     Decreased Expression of Nicotinic Receptors 
in Postmortem Brain of Schizophrenic Subjects 

 Both high- and low-affi nity nicotinic receptors are decreased in expression in 
postmortem brain of schizophrenic patients. High-affi nity receptors, as measured 
by [ 3 H]-nicotine binding, are increased in postmortem brain of normal smokers by 
about 50 % [ 79 – 81 ]. Receptor number is also increased in blood leucocytes of 
smokers compared to nonsmokers [ 82 ]. In both tissues, the receptor number is dose 
dependent, being correlated with the number of cigarettes smoked per day. In hip-
pocampus from schizophrenic smokers, however, there was 50 % less [ 3 H]-nicotine 
binding [ 83 ]. We also found decreased [ 3 H]-nicotine binding in blood leukocytes 
from schizophrenic patients (Fig.  20.2 ). As in postmortem brain, nicotine binding 
was increased by 50 % in polymorphonuclear cells (PMN) of control smokers. 
This increase was not seen in PMN from schizophrenic smokers. The specifi c 
high- affi nity receptor subtypes involved in these changes in schizophrenic brain 
and periphery have not yet been identifi ed.

   The α7nAChR is downregulated by 50 % in schizophrenia, as measured by 
[ 125 I]-α-bungarotoxin binding, in the hippocampus [ 84 ], in the cortex [ 85 ,  86 ], and 
in the reticular thalamic nucleus [ 87 ]. While nicotine abundantly upregulates 
high- affi nity receptors in both the brain and periphery of control subjects, only in 
very heavy smokers did we fi nd an increase in [ 125 I]-α-bungarotoxin binding [ 83 ].  

  Fig. 20.2       High-affi nity nicotinic receptors are not upregulated in schizophrenic smokers. 
Polymorphonuclear (PMN) cells were isolated from the blood of control and schizophrenic, smok-
ers and nonsmokers (12 in each group), and [ 3 H]-nicotine binding was performed as described 
[ 82 ]. Control subjects upregulate binding by approximately 50 %; there was no increase in schizo-
phrenic smokers. **  p  = 0.0022; ***  p  = 0.0007;  NS  nonsmoker,  S  smoker,  FS  former smoker       
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5     Structure of the Human 15q14 Chromosomal Region 

 Within this region of human genetic linkage and chromosomal instability on 
15q13.3, a further chromosomal rearrangement occurred, which partially duplicated 
the  CHRNA7  gene [ 88 ,  89 ]. Exons 5–10 were duplicated along with a 3′ cassette of 
DNA; this duplicon was inserted into a partial duplication of another gene from 
chromosome 3 and lies 5′ to the full-length  CHRNA7  gene at chromosome 15q13.3. 
The new chimeric gene, with at least 4 exons from the gene on chromosome 3 
( ULK4 ) and exons 5–10 of  CHRNA7 , now named  CHRFAM7A , is expressed in the 
human brain and periphery [ 88 ]. This is a new duplication and is human specifi c, 
not being found in either primates or rodents [ 90 ]. The duplicated sequences from the 
 CHRNA7  gene are 99.9 % identical. This is a major problem for association studies 
of  CHRNA7 ; the entire gene cannot be interrogated because polymorphisms are not 
mapped in the current genome-wide association studies (GWAS). Only exons 1–4 
and the promoter of the  CHRNA7  gene can be properly studied. This has likely 
resulted in an underestimation of linkage and association of nicotine addiction and 
mental illness to this gene cluster!  

6     Mutations in the CHRNA7/CHRFAM7A Gene Cluster 

 Several polymorphisms in the regions of  CHRNA7  and  CHRFAM7A  that can be 
mapped have been associated with schizophrenia. The proximal promoter of 
 CHRNA7  is approximately 250 bp [ 91 ]. Within this small fragment of regulatory 
control, 21 mutations have been found to date. This is very high, considering that 
the estimated mutation rate in the human genome is one base pair in ~10 −8  base pairs 
[ 92 ], and gene promoters often have sites for regulatory protein binding, which 
would likely lead to increased sequence conservation. Most of these promoter muta-
tions are functional in in vitro assays of promoter strength, generally decreasing 
function. Further, these promoter mutations were found more frequently in schizo-
phrenic patients [ 91 ]. They were also found to be associated with the P50 auditory 
evoked potential defi cit [ 91 ,  93 ]. An SNP (rs3087454) upstream of the proximal 
promoter in  CHRNA7  is strongly associated with schizophrenia [ 94 ] and with a 
positive fMRI response in the default network in schizophrenia following adminis-
tration of the α7nAChR partial agonist 3-[(2,4-dimethoxy)benzylidene]-anabaseine 
(DMXB-A) [ 95 ,  96 ]. The same SNP was associated with improved P50 gating in 
newborns of mothers treated prenatally with choline, a specifi c α7AChR agonist 
[ 97 ]. These results suggest SNP rs3087454 as a possible pharmacogenomics target 
for the evaluation of α7nAChR therapeutic drugs. 

 Polymorphisms in the duplicated gene,  CHRFAM7A , are also associated with 
schizophrenia. A 2 bp deletion in exon 6 was mapped to  CHRFAM7A , utilizing mRNA 
[ 98 ]. This deletion is evolutionarily new, being found almost exclusively in Caucasian 
individuals. The 2 bp deletion is associated with schizophrenia [ 99 ], and also with the 
P50 gating defi cit [ 100 ,  101 ]. Presence of the 2 bp deletion in  CHRFAM7A  apparently 
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results in a gene inversion. The normal copy of  CHRFAM7A  is in a head-to-head 
orientation with the full-length  CHRNA7  gene; the copy of  CHRFAM7A  containing 
the 2 bp deletion in exon 6 is in a tail-to-head orientation with  CHRNA7  [ 102 ]. This 
could have implications for the regulation of the duplicated gene, since the DNA 
upstream of the promoter would be different in each case.  

7     Function of the Duplicated Gene, CHRFAM7A 

 The  CHRFAM7A  gene differs in copy number. Approximately 10 % of individuals 
have only one copy and about 5 % have no copies [ 88 ,  99 ]. We have also found 
subjects with more than two copies of this chimeric gene. Thus, if  CHRFAM7A  
were to have a function, the number of copies could be important. The  CHRFAM7A  
gene product, dupα7, was found to be a dominant negative regulator of α7nAChR 
function. When expressed in oocytes,  CHRFAM7A  does not have a function as a 
cholinergic receptor [ 103 ]. As it is missing exons 1–4 of  CHRNA7 , it has no signal 
peptide and would require co-assembly in the endoplasmic reticulum for surface 
expression. While this is likely a very ineffi cient process, it appears to occur. 
Co-expression of  CHRNA7  and  CHRFAM7A  in oocytes results in a large decrease 
in current following stimulation with acetylcholine compared to  CHRNA7  expressed 
alone [ 104 ,  105 ]. Co-expression of the copy of  CHRFAM7A  with the 2 bp deletion 
in exon 6 and full-length  CHRNA7  resulted in a further decrease in current [ 104 ]. 
Reduced current amplitude was not associated with a decrease in [ 125 I]-α- 
bungarotoxin binding, suggesting a decrease in the number of acetylcholine activat-
able receptors. This hypothesis was supported by the stimulation of current by the 
type II allosteric modulator 1-(5-chloro-2,4-dimethoxy-phenyl)-3-(5-methyl-isoxa-
zol-3-yl)-urea, PNU-120596, which binds in the transmembrane segment of the 
receptor [ 104 ]. It is not yet known how dupα7 results in decreased function of the 
receptor. It is possible that at least some of the α7/dupα7 receptors could be seques-
tered in the endoplasmic reticulum, resulting in fewer surface receptors.  CHRFAM7A  
is transcribed very effi ciently but appears to be translated at low levels. However, it 
was clear from titration experiments that even low levels of expression were suffi -
cient to disrupt function [ 104 ,  105 ]. 

 The  CHRFAM7A  gene is downregulated by both nicotine [ 105 ] and by bacterial 
infection [ 106 ], which could result in increased activity of α7nAChRs. Thus, the 
dupα7 peptide may play a role in important α7nAChR pathways in infl ammation.  

8     Complex Regulation of CHRNA7 and CHRFAM7A 

 Like all genes,  CHRNA7  and  CHRFAM7A  are regulated by a complex set of 
mechanisms.  CHRNA7  is regulated by at least a dozen different pathways, and it is 
clear that we are far from understanding them all. Some are direct, including muta-
tions in each of the genes and by differences in copy number. Others are indirect, 
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involving infl uence from regulatory molecules. These regulatory modulators are 
sometimes also associated with schizophrenia. 

 As described earlier, both  CHRNA7  and  CHRFAM7A  differ in copy number due 
either to large segmental deletions or duplications [ 67 ,  68 ,  88 ]. These are rare but 
are associated with schizophrenia. The duplications appear more frequently in the 
autistic spectrum disorders [ 70 ]. Deletion does not always involve both genes [ 67 ]. 
This is important as additional copies of  CHRFAM7A , where the gene product, 
dupα7, is a dominant regulator of α7nAChR function [ 104 ], could affect the level of 
activatable receptor in the patient. 

 Transcription of  CHRNA7  is affected directly by promoter mutations, which are 
unusually common [ 91 ]. Multiple other mutations were found in both  CHRNA7  and 
 CHRFAM7A  by mutation screening of mRNA [ 107 ], but most were rare and not 
associated with schizophrenia. A 2 bp deletion in exon 6 of  CHRFAM7A  is associ-
ated with schizophrenia [ 99 ], with the P50 defi cit [ 100 ,  101 ], and with a more domi-
nantly negative gene product [ 104 ]. It is not known whether the 2 bp deletion affects 
transcription of  CHRFAM7A . A promoter for  CHRFAM7A  has not been identifi ed. 

 Regulation of the  CHRNA7  promoter occurs by several other methods. The pro-
moter is methylated in cells that do not express this gene, including in a cell line 
commonly used in neuroscience research, SHEP1 [ 108 ]. In human tissues, methyla-
tion was associated with decreased expression. Additionally, the transcription factor 
AP2α is a potent repressor of  CHRNA7  transcription [ 109 ]. 

  CHRNA7  can be regulated by steroids, which affect both transcription and func-
tion [ 110 ]. Neurosteroids and antidepressive drugs, such as sertraline, are noncom-
petitive inhibitors of α7nAChR function, likely binding in the ion channel [ 23 ,  111 ]. 
Glucocorticoid regulation appears to involve the transcription factor  Egr1  [ 112 ]. 

 Another gene that is strongly associated with schizophrenia is neuregulin 1 
( NRG1 ) [ 113 – 115 ]. An isoform of  NRG1  regulates the expression of α7nAChRs 
[ 116 ,  117 ]. Further, genetic variants in  NRG1  are associated with mRNA levels of 
 CHRNA7  in human prefrontal cortex [ 118 ], suggesting that these two genes are 
functionally connected. 

 nAChRs are modifi ed posttranslationally. Phosphorylation of the large intracel-
lular loop occurs in both alpha 4 [ 119 ] and alpha 7 [ 120 ], principally by protein 
kinase A. Lipid moieties may be important in the regulation of surface expression 
of α7nAChRs. Palmitoylation in the N-terminus occurs in the endoplasmic reticu-
lum during assembly and promotes the formation of functional receptors [ 121 ,  122 ]. 
Phospholipid abnormalities in plasma membranes isolated from human postmortem 
brain occur in schizophrenia and potentially could alter nAChR function [ 123 ]. 

  CHRNA7  also interacts with various chaperone moieties, which can affect func-
tion.  RIC3 , resistance to inhibitors of cholinesterase 3 homolog, promotes surface 
expression of α7nAChR [ 124 ,  125 ]. Lynx1, a protein that shares characteristics with 
snake toxins, is an enhancer of cholinergic function, apparently without receptor 
subtype specifi city [ 126 ,  127 ]. And nicotine, being membrane soluble, can bind to 
intracellular receptors, facilitating migration to the plasma membrane [ 128 ]. 

 Recent research suggests that the glutamatergic postsynaptic density is modu-
lated by α7nAChRs [ 129 ]. The α7nAChR lies either in or very near the NMDA 
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postsynaptic density [ 130 ], where it has a permissive role on NR2B-NMDARs 
following treatment with α7-specifi c agonists [ 129 ]. Chronic nicotine promotes the 
formation of an α7nAChR-NMDA(NR2A) complex [ 131 ], disruption of which 
blocks smoking cessation relapse. Both NR2A and NR2B are upregulated in post-
mortem brain of smokers, as are other genes in the NMDA PSD [ 49 ]. 

 There are surely yet to be defi ned regulators of  CHRNA7  expression and  function. 
A recent study targeted to Rett syndrome and autism suggests that there are long-
distance chromatin interactions between the  CHRNA7  gene at 15q13.3 and the Prader–
Willi syndrome region at 15q11.2-13.3 that involve epigenetic regulation [ 132 ].  

9     Nicotinic Cholinergic Drug Development 
for Schizophrenia 

 Several approaches have been taken to study the effects of nicotinic cholinergic 
drugs in schizophrenia. These include effects on sensory processing defi cits, on 
cognition, and on perinatal development. Cognition is a major focus, as it is almost 
universally affected in schizophrenic patients [ 133 ], and is important in other types 
of mental illness [ 70 ,  134 ]. It was noted early that schizophrenics are heavy smokers 
[ 5 ,  6 ] and that such heavy use might be a form of self-medication [ 26 ,  27 ]. This has 
led to the investigation of the nicotinic cholinergic system as a therapeutic target 
[ 43 ,  135 ]. Some atypical drugs already utilized for schizophrenia affect cholinergic 
systems. Clozapine, the most effi cacious drug developed to date for schizophrenia 
[ 136 ,  137 ] interacts with multiple receptors, including the 5HT3 receptor where it is 
an antagonist [ 138 ], resulting in massive release of acetylcholine [ 139 ]. Olanzapine 
is even more effi cient for acetylcholine release at a dose equivalent to the dose of 
clozapine, but not at therapeutic doses. Clozapine decreases smoking in schizophre-
nia [ 140 ] and has positive effects on cognitive measures [ 141 ], suggesting that the 
release of acetylcholine might play a role in these improvements. Other 5HT3 
antagonists, such as tropisetron, have similar effects on cognition [ 138 ]. 

 Nicotine and smoking normalize auditory sensory processing in schizophrenia 
[ 29 ]. Nicotine normalizes the P50 defi cit in patients [ 29 ] and in relatives [ 142 ]. 
Abnormal gating is also normalized by the 5HT3 antagonists clozapine [ 143 ] and 
tropisetron [ 144 ], consistent with a cholinergic effect. Varenicline, a partial agonist–
antagonist of nicotinic receptors, effi cacious in smoking cessation [ 145 ], has also 
shown some promise for cognitive and antismoking effects in schizophrenia 
[ 146 ,  147 ]. However, reports of exacerbation of psychosis in a few patients suggest 
caution [ 148 ,  149 ]. 

 Initial clinical trials of the α7nAChR partial agonist 3-[(2,4-dimethoxy)
benzylidene]-anabaseine (DMXB-A) have been encouraging. DMXB-A normalizes 
the P50 sensory processing defi cit and improves cognition, with specifi c effects on 
attention [ 150 ,  151 ]. DMXB-A has recently been shown to improve the fMRI default 
network response in schizophrenic patients [ 95 ]. The effect was associated with an 
SNP in  CHRNA7  (rs3087454), previously associated with schizophrenia [ 152 ]. 
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 Another α7nAChR-specifi c agonist, choline, has also shown promise, particularly 
for perinatal treatment. Choline levels, essential for both membrane and brain 
development, are variable and decrease during pregnancy [ 153 ,  154 ]. A recent 
study, which utilized the P50 defi cit recorded shortly after birth [ 155 ], showed 
that prenatal administration of choline to the mother resulted in normal sensory 
processing in the infant and was associated with the same  CHRNA7  SNP 
(rs3087454) [ 97 ]. Thus, prenatal treatment with a dietary supplement shows 
promise for prevention of sensory defi cits associated with schizophrenia in the 
offspring. Such treatment might also affect normal development of inhibitory pro-
cesses.  CHRNA7  gene expression regulates the chloride switch during development, 
controlled by the Cl −  transporters  NKCC1  and  KCC2  [ 156 ]. Regulators of  NKCC1  
expression are elevated in schizophrenia, which could have serious effects on 
neuronal differentiation [ 157 ]. This potentially might be corrected in utero with 
perinatal choline. 

 A complication for the development of drugs acting at α7nChRs is the partial 
duplication of the  CHRNA7  gene discussed earlier. The product of this chimeric 
gene,  CHRFAM7A , appears to assemble with  CHRNA7  subunits, resulting in a domi-
nant negative effect [ 104 ]. The  CHRFAM7A  gene is found only in humans, not in 
primates nor in rodents [ 90 ], and, thus, presents a problem for preclinical studies in 
these animal species. The  CHRFAM7A  gene product is missing amino acids coded 
by exons 1–4 and does not, therefore, have a signal peptide [ 88 ]. However, the mem-
brane and pore structure of a receptor composed of both α7 and dup-α7 subunits 
could be unchanged. This hypothesis is supported by the potentiation of α7/dup-α7 
receptors with a type II modulator, 1-(5-chloro-2,4-dimethoy-phyl)-3-(5-methyl- 
isoxazol-3-yl)-urea (PNU-120596) [ 104 ], which acts in the transmembrane portion 
of the receptor [ 158 ]. It is important, therefore, that drugs targeting human α7nAChRs 
be evaluated in a tissue model with  CHRFAM7A  expression.  

10     Summary and Future Directions 

 An important future contribution to research and drug development for the α7nAChR 
will be the generation of rodent and primate models expressing the duplicated gene, 
 CHRFAM7A . Without a preclinical model for the human receptor, assembling with 
both α7 and dupα7 subunits, it will be diffi cult to optimize drug doses in the devel-
opment of human therapeutics. This could lead to toxicity or inadequate dosing, 
obscuring effi cacy. Additional contributions could be made in study of the regulation 
of  CHRFAM7A  expression. 

 The  CHRNA7 / CHRFAM7A  gene complex is expressed widely in human tissues 
and has multiple functions. The development of therapies involving the α7nAChR, 
and the many other molecules involved in its regulation, is important not only for 
mental illness but also for many other diseases involving cognitive defi cits, such as 
Alzheimer’s disease, and brain development disorders. Additionally, such treatments 
might be useful in infl ammation and cancer.     
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    Chapter 21   
 Current and Future Trends in Drug Discovery 
and Development Related to Nicotinic 
Receptors 
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    Abstract     The potential of nicotinic acetylcholine receptors (nAChRs) as therapeu-
tic targets has evolved over the last 50 years. First focused on peripheral, muscle and 
ganglionic, therapeutics, it evolved toward more CNS focus, mainly thanks to the 
identifi cation and cloning of various CNS nAChRs. A minimalistic approach was 
initially taken to identify drugs that worked on recombinant versions of the two 
main CNS nAChRs: the homomeric α 7  and the heteromeric α 4 β 2 . From the early 
1990s to the present, selective α 4 β 2  agonists and modulators have been discovered. 
In the last decade highly selective α 7  agonists and positive allosteric modulators 
(PAMs) have emerged. Unfortunately, success in the clinic has been limited. 
Improved understanding of the molecular nature of drug–receptor interactions, mol-
ecules with optimized pharmaceutical properties, biomarkers that refl ect pharmaco-
dynamic and clinical benefi t, and foundational understanding of the underlying 
disease physiopathology are all needed for delivering the new nicotinic drugs of the 
twenty-fi rst century. We here review advances in some of these areas, summarizing 
the growing evidence that CNS nAChRs represent a family of receptors with signifi -
cant roles in human diseases and a strong potential for delivering much needed 
therapies to patients with unmet medical needs.  
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1         Introduction 

 The potential of nicotinic acetylcholine receptors (nAChRs) as therapeutic targets 
has evolved over the last 50 years with interest waxing and waning as new insights 
have emerged to support or refute each emerging fi nding. A review on the drug 
discovery perspective of this rich fi eld can be found covering advances from 1987 
to 2007 [ 1 ]. 

 The focus of this chapter is to give an update on both the successes and chal-
lenges that have faced the therapeutic fi eld of nAChRs from 2008 until 2013, and to 
project where the future trends in discovery and development efforts will be directed 
over the next 5–10 years. 

1.1     The nAChR Family of Receptors: Structure and Function 

 In the late 1980s, Heinemann and co-workers and Patrick and co-workers cloned 
and expressed nAChRs from a variety of species [ 2 ]. The nAChR family has as its 
basic motif a functional pentamer consisting of fi ve transmembrane spanning sub-
units around a central pore. Typically, neuronal nAChRs are composed of combina-
tions of α (α 2 –α 6 ) and β (β 2 –β 4 ) subunits, homomers of α subunits (α 7  and α 9 ), and α 
subunit heteromers (α 9  and α 10 ). Mammals do not appear to have the α 8  subunit 
identifi ed in avian brain. Each subunit has    four transmembrane (TM) segments, a 
long extracellular N-terminal domain, an intracellular loop between TMs 3 and 4, 
and a short C-terminal domain. A major advance in understanding the structure of 
nAChRs at less than 3 Å resolution was the identifi cation and crystallization of an 
ACh binding protein (AChBP) of unknown physiological function secreted by snail 
glial cells [ 3 ]. For comprehensive reviews on the structure and function of nAChRs 
we refer the readers to [ 4 – 8 ]. 

 Drug discovery efforts over the last 25 years have primarily focused on neuronal 
nAChRs containing the α 4 β 2  heteromer and the α 7  homomer. At the former con-
struct, ACh binds in a small pocket between the α 4  and β 2  subunits and in the latter, 
the binding site is defi ned by the adjacent α 7  subunits [ 7 ]. α 4 β 2  heteromers, however, 
may be anticipated to exhibit different pharmacology based on the precise subunit 
ratio. For example, the α 4 (3)β 2 (2) heteromer would be anticipated to be different in 
terms of both the number and structure of binding sites to the α 4 (2)β 2 (3) heteromer 
[ 9 ]. In the last few years emerging data suggests that α 7 β 2  heteromers may also play 
a unique and important role in specifi c brain areas [ 10 ,  11 ]. Moreover, substitution 
of the alternative subunits (e.g., α 5 ) can further signifi cantly alter the properties of 
the channel [ 12 ]. 

 Other proteins not directly part of the nAChR pentamer could become relevant 
for drug discovery in the near future. Auxiliary subunits are known to regulate the 
traffi cking, localization, and gating kinetics of various ion channels, including 

S.P. Arneric and E. Sher



437

AMPA receptors, calcium and potassium channels, etc. [ 13 ]. More importantly, 
they increasingly appear to allow for selective pharmacological targeting of ion 
channel subtypes within a particular family. In recent years, new transmembrane 
proteins that might be important for the expression, function and, possibly, pharma-
cology of nAChRs have also been described. Boulin and co-workers [ 14 ] proposed 
to call this new class of proteins “Nicotinic receptor associated proteins” or NRAPs. 
One example of these NRAPs is the CNS protein Lynx-1 [ 15 ], also referred to as a 
“prototoxin,” based on the fi nding that it adopts the three-fi ngered toxin fold char-
acteristic of α-neurotoxins, such as α-Bungarotoxin (α-Bgtx), which bind and block 
nAChRs. Both soluble and membrane-bound Lynx-1 have been shown to modulate 
nAChR function. In particular, Lynx-1 modulation of α 4 β 2  receptors includes the 
promotion of large conductance single-channel openings, an increase in ACh EC 50 , 
an enhanced desensitization, and a slower recovery from desensitization. How these 
biophysical changes affect the physiology of nicotinic transmission in the brain is 
still unclear. However, since Lynx-1 co-localizes with α 4 β 2  and α 7  nAChRs in the 
somato-dendritic compartment of neurons in many brain areas (the cerebral cortex, 
thalamus, substantia nigra, and cerebellum, in particular), it is likely that important 
modulatory roles for Lynx-1 in the mammalian brain will be soon discovered. 

 SLURP1 is a protein similar to Lynx1, secreted by keratinocytes and involved in 
immune regulation. Mutation in SLURP1 has been shown to cause a skin disease 
called Mal de Meleda [ 16 ]. 

 MOLO-1 was recently identifi ed by Boulin et al. [ 14 ] as a positive regulator of 
the levamisole-sensitive acetylcholine receptors (L-AChRs) at the  Caenorhabditis 
elegans  neuromuscular junction. It will be very important to study if orthologs or 
homologues of MOLO-1 are found associated also with CNS nAChRs and, specifi -
cally, within the human brain.   

2     Stoking the Clinical Development Engine 

 In 2008 there were 17 compounds disclosed to be in clinical development and var-
enicline [Chantix™/Champix™] had been approved for smoking cessation only 
2 years prior. With many compounds progressing to enter Phase 2 development, 
there was remarkable optimism that the fi eld would yield a number of promising 
new therapeutics. A 2009 Nature Review in Drug Discovery by Taly and co-workers 
[ 7 ] captures this early wave of development compounds and comprehensively high-
lights some of the key scientifi c breakthroughs at that time. In their summary they 
state it was a time when there was a “…. gap between the two rapidly progressing 
fi elds in nicotinic receptor research: the knowledge on the atomic structure, func-
tional organization and conformational transitions of the nAChRs, and the develop-
ment of nicotinic agents as novel therapeutics for nervous-system disorders by the 
pharmaceutical industry.”  
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3     Where Are the Smoking Guns? 

 From 2009 to 2012 there were 24 novel nAChR compounds disclosed to be in clini-
cal development and at least a similar number of compounds being pursued in pre-
clinical development ([ 8 ], Tables  21.1  and  21.2 ). Reports of psychotic episodes 
related to Chantix™ (varenicline) had raised a specter of target-related side effect 
that many feared would follow all subsequent α 4 β 2  preferring therapeutics. This 
clearly had a negative impact on Chantix™ sales which declined from a global sales 
high of nearly $1 billion in 2007, to approximately $0.7 billion in 2008–2010 and is 
anticipated to level off at $0.5–0.6 billion from 2013 until its patent expiration in 
2018. It was also a source of continued pharmaceutical development conversation 
when discussing the continued advancement of molecules in the clinic, despite the 
fact that nicotine patches and other related nicotine products had not had the same 
incidence of bizarre psychotic side effects. In Sect.  4  we discuss the compounds 
remaining in 2013 that may provide the clinical momentum required to propel this 
fi eld of therapeutics.

    In parallel, a number of key scientifi c advances were being made in understand-
ing how channel stoichiometry could drive pharmacology and, importantly, how 
positive allosteric modulation (PAM) and negative allosteric modulation (NAM) of 
the two major subtypes (α 4 β 2 - and α 7 -preferring) could be achieved. For those look-
ing for a more extensive review of the scientifi c advances and archiving of numer-
ous clinical and preclinical compounds up to 2012 we recommend the review by 
Hurst and co-workers [ 8 ]. Below are some key highlights through 2013. 

3.1     New nAChR Stoichiometries Drive Novel Pharmacology 

 It has been known for a while that the hetero-pentameric nAChRs, such as α 4 β 2 , can 
be assembled in different stoichiometries, such as α 4 (2)β 2 (3) and α 4 (3)β 2 (2), which 
have high affi nity and low affi nity for acetylcholine, respectively [ 9 ]. What has been 
emerging more recently is the dramatic importance of these changes in stoichiom-
etry in defi ning the properties and the pharmacology of the receptors. 

 We have previously shown that synthetic compounds such as 5-I-A-85380, and 
TC-2559 are more active at the high affi nity (HA) α 4 (2)β 2 (3) stoichiometry than the 
low affi nity (LA) α 4 (3)β 2 (2) stoichiometry, which were achieved by injection of dif-
ferent ratios of α 4  and β 2  in  Xenopus laevis  oocytes [ 17 ]. These fi ndings were con-
fi rmed and extended by Carbone et al. [ 18 ] who confi rmed this selective pharmacology 
but using concatenated α 4  and β 2  subunits. Sazetidine-A is a particularly intriguing 
example. It was suggested to act as a “silent desensitizer” and as a functional antago-
nist in vivo [ 19 ,  20 ]. However, only one stoichiometry of α 4 β 2  receptors was studied 
in these papers and with a low sensitivity assay. To better understand this potential 
“new mechanism” of action of sazetidine-A, we expressed alternative stoichiome-
tries of α 4 β 2  nAChR in  Xenopus laevis  oocytes and investigated the agonist properties 
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of sazetidine-A on both HA α 4 (2)β 2 (3) and LA α 4 (3)β 2 (2) nAChRs [ 21 ]. We found 
that sazetidine-A was indeed a full agonist on HA α 4 (2)β 2 (3) nAChRs, and a very 
partial agonist on LA α 4 (3)β 2 (2) nAChRs, with similar potency at both subtypes. We 
therefore concluded that sazetidine-A has no “new mechanism” of action in terms of 
desensitization, but rather a very interesting selectivity, mainly in terms of effi cacy, 
toward different stoichiometries of the “same” α 4 β 2  receptor. 

 Ussing et al. [ 22 ] have recently characterized some new compounds at both HA 
α 4 (2)β 2 (3) and LA α 4 (3)β 2 (2) receptors. Their results confi rmed that it is possible, 
also by rational design, to selectively target individual α 4 β 2  stoichiometries. 
Importantly, recent studies combining biochemistry and the use of heterozygous α 4  
and β 2  KO mice elegantly demonstrated that different α 4 β 2  stoichiometries exist also 
in vivo [ 23 ], suggesting that agonists “biased” to specifi c stoichiometries of the 
nAChR could exert profoundly different in vivo effects. 

 The α 4 β 2  receptor not only comes in HA and LA stoichiometries, but can also 
assemble in trimeric combinations, for example with the α 6  subunit. The trimeric 
α 4 α 6 β 2  receptors seem to be selectively expressed in the nigro-striatal part of the 
dopaminergic system, at variance to α 6 β 2  receptors (lacking α 4 ) that are preferen-
tially expressed in the meso-limbic pathway [ 24 ]. New compounds that target pref-
erentially α 6 -containing nAChRs have recently been disclosed [ 25 ]. 

 Similar studies as those mentioned above with α 4 β 2  need to be extended now also 
to α 7  nAChRs (the prototypical homomeric nAChRs) since it has been shown they 
can co-assemble with the β 2  subunit [ 10 ,  11 ,  26 ,  27 ]. The native stoichiometry of 
these newly described hetero-pentameric α 7 β 2  receptors is not known. Exciting early 
available data pointed to a preferential expression of α 7 β 2  in basal forebrain cholin-
ergic neurons and hippocampal GABAergic interneurons, cell types that are both 
highly relevant to the physiopathology of neuropsychiatric diseases, and important 
therapeutic targets. It is possible that, like with α 4 β 2 , different stoichiometries of 
α 7 β 2  will also be discovered, with potentially different localizations, function, and 
pharmacology. 

 New fi ndings suggest that also the known “duplicated” α 7  chimeric subunit, 
coded by the  CHRFAM7A  gene, and devoid of the orthosteric acetylcholine binding 
site, could co-assemble with “normal” α 7 , and exert a dominant-negative effect on 
its expression and/or function [ 28 ,  29 ]. This has been investigated in recombinant 
systems in vitro and we recently replicated these fi ndings (Zwart and Sher, unpub-
lished data). However, to the best of our knowledge, no evidence of functional het-
eromeric α 7 /dup-α 7  nAChRs has been reported yet in native preparations or in 
human brain. This is a human-specifi c issue that warrants further investigation, 
especially considering that both genes are linked to neuropsychiatric conditions 
([ 30 ] and references therein). 

 In general, the possible presence of α 7 β 2  and α 7 /dup-α 7  nAChRs in the human 
brain needs to be further investigated, not only because of its biological relevance, 
but also because this might shed some light into the reasons why several “typical” 
α 7  agonists failed to show signifi cant effi cacy in recent clinical trials. More founda-
tional science determining the native stoichiometry and corresponding pharmacol-
ogy is required to pave the road toward clinical success.  
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3.2     Recently Described “Co-agonist” Effects of Novel Ligands 

 nAChRs need to bind at least two or three agonists (or acetylcholine) in order to be 
fully activated [ 7 ,  8 ]. Some novel selective α 7  agonists, exemplifi ed by EVP-6124 
[ 31 ], have been shown to  activate  α 7  nAChRs at micromolar concentrations, but 
also to potentiate the actions of low concentrations of acetylcholine at nanomolar 
concentrations to activate α 7  nAChRs. It has been suggested that this could be a 
mechanism common to several drugs, including nicotine and selective agonists. The 
hypothesis is that at low acetylcholine concentrations only one orthosteric binding 
site will be occupied and unrelated orthosteric agonists will be able to bind to the 
free orthosteric site and synergize with acetylcholine. There is also evidence that at 
these low concentrations agonists could induce α 7  nAChR upregulation [ 32 ]. We 
should refer to this mechanism as co-agonism or orthosteric potentiation, to keep it 
distinct from the allosteric potentiation described below.  

3.3     New Allosteric Modulators 

 In addition to extensive studies aimed at characterizing new nAChR selective ago-
nists and their novel mechanisms of action, a large body of work has been generated 
in the last few years regarding the identifi cation and characterization of a diverse 
group of allosteric modulators of nAChRs [ 33 ]. Potentiation of nAChRs has been 
demonstrated with a few compounds including galanthamine, a cholinesterase 
inhibitor approved for the treatment of Alzheimer’s disease, AD [ 34 ]. However, 
while the nAChR potentiating effects of galanthamine might contribute to its clini-
cal effi cacy, the degree of potentiation is mild, at best, and relatively nonspecifi c. 
More potent and more selective nAChR allosteric modulators have been recently 
described, and reviews detailing the emerging pharmacologic tools for this impor-
tant area have recently been published by Mantione and co-workers [ 35 ], and 
Pandya and Yakel [ 36 ]. Below we highlight some of these advances. 

3.3.1     Mixed nAChR PAMs 

 Novel (2-amino-5-keto)thiazole compounds, such as LSN1078733 and LSN2087101, 
were identifi ed by Lilly in high-throughput screening assays and their activities 
thoroughly profi led on seven subtypes of nAChRs expressed in mammalian cells 
and  Xenopus  oocytes [ 37 ]. Electrophysiological recordings, calcium imaging, and 
radioligand binding experiments all showed that these ligands are unique nAChR 
positive allosteric modulators, i.e., they are specifi c for α 7  and α 4 β 2  nAChRs but 
devoid of activity at muscle α 1  or ganglionic α 3 β 4 . 

 The effects of these compounds on native nAChRs were also investigated [ 38 ], a 
key step in verifying the functional relevance of the pharmacology. Nicotine is 
known to increase the spontaneous fi ring rate of dopamine neurons in the somatic 
regions of the ventral tegmental area (VTA) and to stimulate dopamine release in 
the dopaminergic terminal fi elds in the striatum. The application of LSN1078733 or 

S.P. Arneric and E. Sher



445

LSN2087101 signifi cantly enhanced both nicotine-induced dopamine cell fi ring in 
VTA slices and nicotine-stimulated dopamine release in striatal slices. ACh- 
induced, α 7 -mediated, GABA release in rat hippocampal cultures was also enhanced 
by LSN2087101. In contrast, this potentiator had no effect on nicotine-induced nor-
adrenaline release from hippocampal slices, mainly driven by α 3 β 4  nAChRs, con-
fi rming, in native preparations, the interesting subtype selectivity previously 
demonstrated in recombinant systems. 

 A new series of pyrazole carbamates has been described by the Amgen group, 
which show selective potentiation of acetylcholine-induced current through the α 4 β 2  
nAChR [ 39 ]. These compounds did not displace  3 H-cytisine binding to α 4 β 2  from rat 
cerebral cortical membranes, suggesting that they are not binding to the orthosteric 
site. No published molecular biology data are available to confi rm the identity of the 
allosteric binding site(s) for these compounds. 

 The scientists at NeuroSearch, in collaboration with Abbott, have also disclosed 
a series of α 4 β 2  potentiators exemplifi ed by NS-9283 [ 40 ]. Interestingly, these new 
PAMs show selectivity for the different stoichiometries of α 4 β 2 , with high prefer-
ence for the low-affi nity, α 4 (3)β 2 (2) stoichiometry. However, they also potentiate 
other brain subtypes such α 2 β 2 , α 2 β 4  and α 4 β 4  but not α 3 -containing receptors. In vivo 
effects of these PAMs have been reported in rat pain models but only when com-
bined with an agonist [ 41 ]. It will be important to understand whether these com-
pounds potentiate not only the benefi cial, but also the detrimental (i.e., seizure and 
sympathomimetic) effects of nicotine.  

3.3.2     Selective α 7  PAMs 

 Highly selective α 7  PAMs have been identifi ed by several groups in recent years. 
The very fi rst ones were actually reported back in 2005 when both the Pfi zer and the 
Lilly groups presented data on novel and highly selective molecules [ 42 ,  43 ]. The 
magnitude of potentiation with these new compounds was very marked in compari-
son to the few previously known allosteric potentiators for α 7  nAChRs, like iver-
mectin or 5-Hydroxyindole [ 33 ]. In particular, some of these compounds, also 
referred to as type-II compounds, have dramatic effects on the desensitization of α 7  
receptors and on their single-channel properties [ 42 – 44 ]. These highly selective α 7  
potentiators enhanced choline-induced, α 7 -mediated, GABA release in rat hippo-
campal cultures. The effects were reversibly prevented by the selective α 7  antagonist 
methyllycaconitine, MLA. Over the years, other selective α 7  PAMs have been 
 discovered by many groups [ 8 ,  33 ].  

3.3.3     Selective α 7  and α 4 β 2  NAMs 

 The inhibitory effect of (R,S)-dehydronorketamine was characterized recently by 
Moaddel et al. [ 45 ]. They showed that the block of α 7  was voltage-independent and 
that the compound did not competitively displace selective α 7 -nicotinic acetylcholine 
receptor orthosteric ligands, suggesting that (R,S)-dehydronorketamine could act as 
a negative allosteric modulator of the α 7  nicotinic acetylcholine receptor. 
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 A reported example of a naturally occurring α 4 β 2  NAM is progesterone, which 
inhibits the response of α 4 β 2  nAChRs in an allosteric manner [ 33 ]. Henderson et al. 
[ 46 ] identifi ed a novel allosteric site on human α 4 β 2  nAChRs using a series of com-
putational and in vitro approaches. The authors characterized the allosteric site via 
site-directed mutagenesis. Three amino acids (Phe118, Glu60, and Thr58) on the β 2  
subunit were shown to participate in the inhibitory properties of the selective antag-
onist KAB-18. SAR studies with KAB-18 analogues and various mutant α 4 β 2  
nAChRs also provided information concerning how different physicalchemical 
 features infl uence the inhibition of nAChRs through this allosteric site. 

 Menthol, a compound with analgesic properties, is another compound that might 
act as an α 4 β 2  NAM, albeit with relatively low potency [ 47 ]. The authors showed 
that menthol did not affect nicotine’s EC 50  value for currents through recombinant 
human α 4 β 2  nAChRs but caused a signifi cant reduction in nicotine’s effi cacy, as well 
as selective effects at the single-channel level. Taken together, the fi ndings of Hans 
et al. indicate that menthol acts as a NAM of nAChRs.  

3.3.4     α 7  PAM Binding Site Characterization 

 From studies with a series of subunit chimeras, we have identifi ed the transmem-
brane regions of α 7  as being critical in mediating the potentiation of agonist-evoked 
responses [ 48 ]. Furthermore, we have identifi ed fi ve transmembrane amino acids 
that, when mutated, signifi cantly reduce potentiation of α 7  nAChRs. The amino 
acids we have identifi ed are located within the α-helical transmembrane domains 
TM1 (S222 and A225), TM2 (M253), and TM4 (F455 and C459). Mutation of 
either A225 or M253 individually has particularly profound effects, reducing poten-
tiation of EC 20  concentrations of acetylcholine to a tenth of the level seen with wild- 
type α 7 . Reference to homology models of the α 7  nAChR, based on the 4 Å structure 
of the  Torpedo  nAChR, indicates that the side chains of all fi ve amino acids point 
toward an intra-subunit cavity located between the four α-helical transmembrane 
domains. Computer docking simulations predict that the allosteric compounds such 
as PNU-120596 (type II) and LSN-2087101 (type I) may bind within this intra- 
subunit cavity, much as neurosteroids and volatile anesthetics are thought to interact 
with GABA-A and glycine receptors. Our fi ndings suggest that this is a conserved 
modulatory allosteric site within neurotransmitter-gated ion channels, and suggest 
that different classes of PAMs might bind to overlapping sites but induce quite dif-
ferent gating changes in α 7  receptors.  

3.3.5     Ago-Allosteric Compounds 

 TQS (4-(1-napthyl)-3 a ,4,5,9 b -tetrahydro-3 H -cyclopenta[ c ]quinoline-8- sulphonamide) 
has been described previously as a type II α 7  nAChR PAM [ 49 ]. We recently showed 
[ 50 ] that 4BP-TQS(4-(4-bromophenyl)-3 a ,4,5,9 b -tetrahydro-3 H - cyclopenta[ c ]quino-
line-8-sulphonamide), a compound that is similar in chemical structure to TQS, has 
potent, but atypical, “agonist” activity at α 7  nAChRs. We further demonstrated that 
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these atypical α 7  agonists, or ago-allosteric compounds, bind to the same transmem-
brane allosteric site we identifi ed before for more typical α 7  PAMs [ 48 ,  50 ], but they are 
able to activate α 7  nAChRs in the absence of agonist binding at the orthosteric site. This 
supports the idea that ligand-induced channel activation can be driven by both ortho-
steric and allosteric agonists, presumably by affecting allosteric transitions and stabiliz-
ing the open conformation of the receptor. With an eye on the therapeutic potential of 
these ago-allosteric α 7  compounds, we recently confi rmed that this novel mechanism is 
not unique to recombinant receptors but it is active also in native neurons, including rat 
hippocampal cultures and human iPSCS-derived neurons [ 51 ].   

3.4     Areas of Interesting but Limited Advances 

 Limited advances have occurred with the pharmacology of α 9 /α 10  nAChR agonists or 
antagonists. McIntosh and co-workers have identifi ed non-peptide molecules that dis-
play effi cacy in preclinical pain models that represent a small breakthrough in this area 
[ 52 ]. However, the physicochemical properties of these molecules will require signifi -
cant advances before they can be further developed into clinical experimentation. 

 nAChR agonists have been known to modulate cellular proliferation. In 2010 
Schedel and co-workers reported the expression of α 7  receptors on platelets [ 53 ], and 
in 2011 [ 54 ] they reported that MLA, used at concentrations known to antagonize α 7 , 
blocks megakaryocyte differentiation. These fi ndings suggest that α 7  agonists may 
therapeutically augment cell differentiation and offer a new approach to the treat-
ment of thrombocytopenia. In 2013, Gahring and co-workers [ 55 ] provided evidence 
that a novel subpopulation of bone marrow cells containing α 7  nAChRs that include 
hematopoietic progenitor cells can re-populate an animal’s infl ammatory/immune 
system. The authors suggest that: “α 7  exhibits a pleiotropic role in the hematopoietic 
system that includes both the direct modulation of proinfl ammatory cell composition 
and later in the adult the role of modulating pro-infl ammatory responses that would 
impact upon an individual’s lifelong response to infl ammation and infection.” 

 Finally, Stegemann and co-workers demonstrated that tropisetron directly 
reduces collagen synthesis in human dermal fi broblasts via an α 7  nAChR- dependent, 
not 5-HT3 mechanism, and was effective in a mouse model of bleomycin-induced 
scleroderma [ 56 ]. If the antifi brogenic and antifi brotic effects of other α 7 -preferring 
compounds can be replicated with similar effects, the unmet needs of treating 
fi brotic diseases such as scleroderma may have a safe and effective avenue.   

4      Future Trends: Will the Phoenix Rise? 

 In the vernacular of venture capitalists “past performance does not predict future 
returns.” For those vested in the fi eld of CNS nicotinic drug discovery we hope this 
is true. Over the last decade there has been a tremendous investment both in the 
basic sciences around nAChRs as well as the commitment to fi nd new medicines 
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that would treat unmet medical needs. The approval of Varenicline in 2006 was 
viewed as just the fi rst of several soon to be approved nicotinic therapeutics, as a 
dozen α 4 β 2 - and a dozen α 7 -preferring compounds (Tables  21.1  and  21.2 ) were in 
clinical development at the height of this endeavor (2009–2012). 

 Unfortunately, this development surge has waned signifi cantly, primarily due to 
clinical effi cacy/safety profi les that did not warrant continued development, such 
that in 2013 only 11 compounds have been confi rmed to remain in development. 
Interestingly, the stock history of Targacept, one of the industry leaders in nAChR 
pharmacology and development, has been a remarkably refl ective barometer of the 
drug discovery trends from 2008 to 2013 (see Fig.  21.1 ).

   In 2013 the current focus of the clinical pipeline is on α 7 -preferring mechanisms, 
while many of the α 4 β 2 -preferring compounds have been discontinued (see 
Table  21.1 ). Three compounds to keep an eye on are ENV-6124 (EnVivo 
Pharmaceutics), ABT-126 (AbbVie), and TC-5619 (Targacept). Two of these three 
have shown promising Phase 2 data for treating domains of schizophrenia not cur-
rently addressed by available therapies such as negative symptoms and cognitive 
defi cits. If the ongoing Phase 3 data remain supportive, then the fi eld could expect a 
resurgence of interest with commensurate discovery and clinical investments. If not, 

  Fig. 21.1    Targacept stock: a barometer of the nAChR fi eld (2008–2013)       
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and especially if ABT-126 and TC-5619 also do not meet their primary outcome 
objectives, then the fate observed with a majority of the α 4 β 2  approaches could 
 possibly prevail for α 7 -preferring nAChR treatments. 

4.1     α4β2-Preferring Clinical Compounds 

 We have chosen to summarize the status of those remaining compounds where the 
most information currently exists. 

  TC - 1734 : Also known as Ispronicline (and AZD3480) is a partial agonist at α 4 β 2 , 
with excellent separation from α 7  ( K  i  = 11 nM α 4 β 2 ; >5,000 nM α 7 ) [ 8 ,  57 ,  58 ]. 

 Targacept initiated a Phase 2b study evaluating the effi cacy of a fi xed dose of the 
full agonist TC-1734 head-to-head with donepezil, the marketed medication most 
often prescribed for Alzheimer’s disease, in late 2011. The ongoing study is the 
second clinical trial of TC-1734 in Alzheimer’s disease. The fi rst was conducted by 
Astra-Zeneca and its outcome was inconclusive, as neither TC-1734 nor donepezil 
met the study’s primary outcome measure. The ongoing study was designed to ran-
domize approximately 300 patients to receive either a fi xed dose of TC-1734 or 
donepezil daily over a 12-month period. The study was subject to a Special Protocol 
Assessment (SPA) agreement with the U.S. Food and Drug Administration as a 
potential registration trial. Results are not anticipated until 2014. 

  TC - 5214 : Is the (S)-(+)-enantiomer of mecamylamine, a pan nAChR antagonist 
(e.g., IC50s: α 4 β 2  = 2.5 μM; α 3 β 4  = 0.6 μM; α 7  = 6.9 μM). Targacept published pre-
clinical work suggesting that this compound differentially interacted with the HA 
and LA states of α 4 β 2 , an effect that was buttressed by the emerging data that com-
pounds with similar properties had demonstrated activity in preclinical models of 
mood/depression [ 59 ,  60 ]. Targacept, together with Astra-Zeneca, mounted an 
aggressive clinical campaign to test this hypothesis in individuals with refractory 
depression. Reasons for the ultimate failure of these studies are unclear. Some have 
suggested it is related to the clinical recruitment sites chosen, the fact that other labo-
ratories have had diffi culty in reproducing the initial scientifi c fi ndings on the HA/
LA sites, or it simply, the hypothesis was proven incorrect for this patient population. 
Recent imaging results in patients with major depression [ 61 ] and bipolar disorder 
[ 62 ] showing that β 2 *-nAChRs are reduced during depressive episodes may provide 
additional insight into the pharmacology required to achieve clinical benefi t. 

 Notably, TC-5214 and Inversine™ are listed in 26 trials in ClinicalTrials.gov. 
A variety of industry studies have explored antagonism of α 4 β 2 -like nAChRs across 
a spectrum of indications (see Table  21.1 ), while others are being conducted by 
NIDA to understand “Nicotinic Modulation of the Default Network of Resting 
Brain Function” [e.g., NCT01240616]. 

 Targacept announced in September 2012 plans to pursue development of 
TC-5214 as a treatment for overactive bladder (OAB) (  http://www.targacept.com/
therapeutic-pipeline/TC-5214.cfm    ). They stated that they are planning to start a 
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Phase 2b clinical study in the second quarter of 2013. Given that (1) approximately 
2,400 subjects in a different patient population demonstrated a well-established 
safety and tolerability profi le for TC-5214; (2) additional preclinical studies have 
revealed physiological fi ndings that they believe to be consistent with marketed 
treatments for OAB; and (3) TC-5214 is largely eliminated unchanged through 
the bladder, Targacept has taken a well-calculated decision to explore the low dose 
(0.5, 1.0, 2.0 mg, PO, BID) use of TC-5214 to treat OAB while minimizing 
unwanted systemic effects [NCT01868516]. These doses are ~10–25 % of those 
needed to lower blood pressure, or cause constipation, by racemic mecamylamine 
(Inversine™). 

  Varenicline  (Chantix™/Champix™) is a potent partial agonist of α 4 β 2  and 
α 6 /α 4 β 2 , and full agonist of α 7  [ 8 ,  63 ]. It is rather disappointing that more progress 
hasn’t been made with this compound or the “α 4 β 2  approach” given the monumental 
clinical investment that Pfi zer made, and the 222 clinical trials listed in ClinicalTrials.
gov [  http://clinicaltrials.gov/ct2/results?term=varenicline    ].  

4.2     α 7  -Preferring Clinical Compounds 

 The rationale of targeting α 7  nAChRs in cognition [ 64 ] and schizophrenia [ 65 ] has 
been recently reviewed. 

  EVP - 6124 : EVP-6124 is a partial α 7  agonist with high affi nity for the receptor 
( K  i  = 4 nM) and selectivity against all other nAChRs [ 8 ,  31 ]. While it also has affi n-
ity for the 5-HT3 receptor [IC50 ~ 10 nM], it is unclear whether this contributes to 
its favorable therapeutic profi le. This compound has perhaps the most consistent 
development path of any other α 7  compound to date [see Table  21.2 ]. It has been 
exposed to ~1,700 people and has demonstrated reliable, linear oral  pharmacokinetics 
(1–180 mg) that support once daily dosing. In 2009 EnVivo Pharmaceuticals 
announced an agreement with Mitsubishi Tanabe Pharma Corporation granting 
them exclusive rights to develop and commercialize EVP-6124 in Japan, Korea, 
Taiwan, Indonesia, and several other Asian markets. 

 In 2012 EnVivo released results from a Phase 2b trial of EVP-6124 for the treat-
ment of AD. This double-blind, placebo-controlled study enrolled 409 patients with 
mild to moderate AD. Subjects, some of whom were receiving acetylcholinesterase 
inhibitor (AChEI) treatments (donepezil and rivastigmine) as well as some not on 
AChEIs treatment, received EVP-6124 0.3, 1.0, or 2.0 mg once daily or placebo for 
24 weeks. The 2.0 mg dose met both primary endpoints with statistically signifi cant 
positive effects on cognition ( p  = 0.0189) as measured by the Alzheimer’s Disease 
Assessment Scale-Cognitive subscale-13 (ADAS-Cog-13) and clinical function 
( p  = 0.0253) as measured by the Clinical Dementia Rating Scale Sum of Boxes 
(CDR-SB). The 2.0 mg dose also showed an improvement in cognition composite 
( p  = 0.0037), memory composite ( p  = 0.0088), and executive function composite 
( p  = 0.0427). EVP-6124 was well tolerated. The most frequent adverse events were 
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mild to moderate gastrointestinal side effects in the 1.0 and 2.0 mg groups. Based 
on these data, EnVivo will continue to advance EVP-6124 for AD and is planning a 
Phase 3 trial for 2013. 

 EVP-6124 has also shown promising results in a randomized, double-blind, 
placebo- controlled, parallel, 12-week Phase 2b trial evaluating the safety and effi -
cacy of two doses (0.3 and 1.0 mg per day) versus placebo in chronic schizophrenia 
patients on stable second-generation antipsychotic drugs (except clozapine). In 
addition to safety and tolerability, the trial’s primary endpoint was overall cognition 
as measured by the CogState overall cognitive index. EVP-6124 had a clinically 
meaningful and statistically signifi cant impact on patients’ overall cognition as 
measured by the full CogState overall cognitive index, or “OCI” ( p  = 0.05 for all 
patients treated with EVP-6124 versus placebo). Additionally, results from this 
Phase 2b trial demonstrated that patients treated with EVP-6124 (1.0 mg) showed 
clinically meaningful and statistically signifi cant effects in key secondary end-
points: improvement in clinical function ( p  = 0.011; as assessed by the Schizophrenia 
Cognition Rating Scale (SCoRS)) and reduction of the negative symptoms of 
schizophrenia ( p  = 0.028; as measured by the Negative Symptom Scale of the 
Positive and Negative Symptoms Scale (PANSS)). Importantly, EVP-6124 was gen-
erally safe and well tolerated over the trial’s 3-month dosing period. The most com-
monly reported adverse events were headache, nausea, and nasopharyngitis (all less 
than 4 %). There were no drug-related serious adverse events. 

 With these encouraging results EnVivo are working with leading clinicians and 
researchers to fi nalize the design of their Phase 3 Clinical Trials to maximize these 
learnings [  http://www.envivopharma.com/news-item.php?id=32    ]. 

  TC - 5619 : TC-5619 is a potent ( K  i  = 0.3 nM) full agonist at α 7  nAChRs [ 8 ,  66 ]. 
Targacept has an ongoing Phase 2b study that is evaluating the compound as a treat-
ment for negative symptoms and cognitive dysfunction in schizophrenia at sites in 
the USA and eastern Europe. This trial is a double-blind, placebo-controlled, paral-
lel group study in schizophrenia patients with stable psychosis taking a fi xed dose 
of an atypical antipsychotic. Following a 4-week screening period, patients will 
receive either one of two doses of TC-5619 (5 or 50 mg) or placebo, randomized in 
a 2:1:1 ratio (placebo:TC-5619 5 mg:TC-5619 50 mg). The primary outcome mea-
sure is change from baseline on the Scale for Assessment of Negative Symptoms 
(SANS). Key secondary outcome measures include the composite score on the 
CogState Schizophrenia Battery and the University of California, San Diego 
Performance-Based Skills Assessment, brief version [  http://www.targacept.com/
therapeutic-pipeline/TC-5619.cfm    ]. 

  ABT - 126 : Limited published information exists on ABT-126 [ 64 ,  65 ]. Fourteen clin-
ical trials with ABT-126 were registered in ClinicalTrials.gov as of August, 2013. 

 In July 2013 AbbVie reported results from a Phase 2a randomized, double-blind, 
placebo- and active-controlled, multi-center Phase 2 study in mild-to-moderate 
Alzheimer’s dementia (Mini-Mental Status Examination [MMSE] score of 10–24, 
inclusive) [NCT00948909]. Subjects not currently receiving acetylcholinesterase 
inhibitors were randomized to ABT-126 (low or high dose QD), donepezil 10 mg QD, 
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or placebo for 12 weeks. The relationship between ABT-126 plasma exposure and 
change in ADAS-Cog score/safety was evaluated as the doses selected were chosen 
based on effi cacy seen in preclinical studies. The primary effi cacy endpoint was the 
change from baseline to fi nal evaluation in the 11-item Alzheimer’s Disease 
Assessment Scale-cognitive subscale (ADAS-Cog) total score. The study randomized 
274 patients with mean (SD) age of 73.9 (7.9) years. The mean (SD) baseline MMSE 
was 19.1 (3.8) and did not differ across treatment groups. High-dose ABT- 126 showed 
a trend toward improvement on the 11-item ADAS-Cog (LS mean [SE] difference 
from placebo = −1.19 [0.90],  P  = 0.095); donepezil performed similarly (−1.43 [0.90], 
 P  = 0.057), demonstrating adequate assay sensitivity. Low-dose ABT- 126 showed 
similar results to placebo. Exposure-response analyses suggested that higher ABT-
126 exposures were associated with greater improvement on the ADAS-Cog ( P  < 0.05). 

 AbbVie concluded [Alzheimer’s Association International Conference (AAIC) 
07/14/2013—Abstract 01-06-03, Company Presentation] that there was evidence for 
an ABT-126 treatment effect on measures of cognition obtained in this proof-of- 
concept study. Improvement in the donepezil treatment group on the ADAS-Cog 11 
item and ADAS-Cog 13 item indicates that the study design and conduct was ade-
quate to demonstrate assay sensitivity. ABT-126 exhibited a dose–response and an 
exposure-response relationship for measure of cognition. ABT-126 exhibited a safety 
and tolerability profi le that supports continued development. Overall, the effi cacy 
and safety data support exploring a higher dose range in ongoing Phase 2b studies. 

 In 2012 Abbott initiated a Phase 2b randomized, double-blind, placebo- and 
active-controlled study to evaluate the effi cacy and safety of ABT-126 in 410 
patients with mild to moderate AD over 24 weeks [NCT01527916]. The primary 
outcome measure is the ADAS-cog; with secondary outcome measures of ADCS- 
ADL, Mini Mental Status Exam (MMSE); DEMentia Quality of Life (DEMQoL); 
Clinician Interview-Based Impression of Change (CIBIC-plus); Neuropsychiatric 
Inventory (NPI), and four others. Three doses of ABT-126 are to be compared with 
placebo and the active comparator, donepezil. AbbVie (previously Abbott) antici-
pates results in late 2013. 

 In parallel, two trials to examine cognitive disorders in schizophrenia 
[NCT01655680 and NCT01678755] have been recruiting during 2012–2013, with 
completion anticipated by mid-2014. These are randomized, double-blind, placebo- 
controlled, dose-ranging, parallel-group, Ph 2 studies of the safety and effi cacy of 
ABT-126 in the treatment of cognitive defi cits in schizophrenia. Eligible subjects 
will take study drug as an add-on treatment to their antipsychotic treatment regimen 
for 24 weeks. The primary outcome measure will be MCCB (MATRICS Consensus 
Cognitive Battery).  

4.3     Other nAChR-Related Therapeutics 

 It is easy to forget that efforts are continuing to improve therapeutic product for 
neuromuscular transmission, smoking cessation, and anthelmintics. This section 
will very briefl y highlight these three therapeutic spaces. 
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4.3.1     Neuromuscular Blockers 

 Incremental improvements in blockers of the neuromuscular junction for use during 
surgical procedures have continued over the last several decades with varying 
advantages/disadvantages being recently reviewed [ 67 ]. They can be grouped into 
three main categories: (1) Short acting (onset 0.5–2 min/duration 5–30 min) that 
includes Mivacurium (Mivacron™), Rapacuronium (Rapion™), Rocuronium 
(Zemeron™), and succinylcholine; (2) Intermediate acting (onset 2–5 min/duration 
20–90 min) that includes Atracurium (Tracrium™), cisatracurium (Nimbex™), 
pancuronium (Pavulon™), and vecuronium (Norcuron™); and (3) Long acting 
(onset 3–6 min/duration 70–100 min) that includes doxacurium (Nuromax™), pipe-
curium (Arduan™), and tubocurarine. 

 Compounds that reverse the actions of neuromuscular blockers have also been 
formally advanced. For example, neostigmine methylsulfate (Bloxiverz™), the fi rst 
FDA-approved version of neostigmine, was only recently approved in May, 2013, 
to reverse the effects of non-depolarizing neuromuscular blocking agents (  www.
Drugs.com    , 06/03/13). Neostigmine is a cholinesterase inhibitor that does not affect 
cholinergic transmission in the CNS, but will increase synaptic acetylcholine levels 
at the peripheral neuromuscular junction. In contrast, Merck (via merger with 
Schering) has continued to have challenges in getting Sugammadex™ (originally 
Org-25969) approved in the USA. Sugammadex™, initially endorsed by an FDA 
Advisory Committee back in 2008, was to be the fi rst and only selective relaxant 
binding agent (SRBA) given to anesthesiologists to rapidly and predictably reverse 
within minutes any depth of muscle relaxation induced by rocuronium and 
vecuronium [ 68 ]. Remarkably, Sugammadex™ is marketed in 40 countries other 
than the USA with more than fi ve million vials of Sugammadex™ having been sold 
as of March 2013. This highlights some of the uncertain challenges moving prod-
ucts through different regulatory agencies.  

4.3.2     Smoking Cessation 

 Marketed smoking cessation agents include bupropion (Zyban™, GSK), varenicline 
(Chantix™/Champix™, Pfi zer), and nicotine patches (Niquitin CQ™, GSK) which 
all interact with the nAChRs via differing mechanisms and with different degrees of 
effi cacy [ 69 ,  70 ]. In Eastern Europe cytisine has shown effi cacy to treat smoking 
cessation [ 71 ], whereas lobeline was shown to be ineffective in a Ph3 study [ 72 ]. 
Cahill and co-workers recently summarized the fi eld of nicotine partial agonists for 
smoking cessation [ 73 ]. 

 Over the last 2 years numerous alternative approaches have stalled in develop-
ment or have been discontinued. Phase 1 efforts that are stalled and are awaiting 
potential development partners include Nicotine MDTS (Acrux), ARD-1600 
(Aradigm), QuitPak (Cary Pharmaceuticals), SEL-068 (Selecta), and Nicotine 
patch (NAL Pharmaceuticals). Phase 2 efforts that have been terminated or are 
assumed to be terminated include Niccine (Independent Pharma), TA-NIC (Celtic 
Pharma), and NIC002 (Cytos/Novartis). NicVax (Nabi Pharma/GSK) a long-term 
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Phase 3 effort failed to meet their primary endpoints resulting in GSK declining its 
licensing option. 

 Two efforts that remain in development are EVP-6124 (EnVivo’s α 7 -preferring 
agonist), a Phase 2 investigator initiated trial that is expected to fi nish in 2014, and 
PF-05402536/PF-06413367 (Pfi zer), Phase 1 vaccines. Whether the promising 
aspects of α 6 /α 4 β 2  modulation [25, e.g., Targacept/GSK identify TC-5653 as dual α 6 /
α 4 β 2  ligand] will have the opportunity to be explored further in the clinic may depend 
upon the success of the nicotinic fi eld as a whole.  

4.3.3     Anthelmintics 

 An area of drug discovery that has been grossly neglected is therapeutics that target 
poverty-related tropical diseases caused by intestinal nematodes: ascariasis (caused 
by  Ascaris lumbricoides ), trichuriasis (caused by  Trichuris trichiura  or whipworm), 
and hookworm disease (caused by  Necator americanus  and  Ancylostoma duode-
nale ). These parasites (Hookworms, Ascaris, and Trichuris or HAT) are amongst the 
most common human parasitic infections, with an estimated 0.6 billion people 
infected with hookworms, ~1 billion infected with Ascaris, and ~0.7 billion infected 
with Trichuris [ 74 ]. Not surprisingly, HAT infections have been reported to have an 
impact on human growth, nutrition, fi tness, stature, metabolism, cognition, immu-
nity, school, attendance/performance, earnings, and pregnancy [ 74 – 77 ]. Despite this 
impact, HAT infections remain one of the most prevalent and important infectious 
diseases in the world where few treatment options exist. The nAChR agonists 
levamisol and pyrantel belong to one of the two classes of anthelmintics approved by 
The World Health Organization (WHO) [ 78 ]. Tribendimidine is the most recent 
member of this class that has been entered into human trials in China [ 79 ]. Finding 
a safe and effective treatment not subject to treatment resistance would have tremen-
dous global health and economic impact.   

4.4     Critical Technical Advances 

 In the paragraphs below we discuss emerging preclinical science that, to our opin-
ion, will help deliver the nicotinic drugs of the future. Two areas are related to a 
better understanding of the functional binding properties of the drugs to nAChRs, 
both in crystal structures and in the human living brain, respectively. A third one, 
which will also act as a bridge to the study of the human brain, is the use of iPSC- 
derived human neurons, from both normal human volunteers (NHVs) and patients. 

4.4.1     Crystal Structures and Molecular Modeling 

 A critical advance to the crystallography of nAChRs was given by the identifi cation, 
purifi cation, and crystallization of a soluble AChBP from snails (see above and [ 3 ,  8 ]). 
Several homology models have been developed in recent years to understand drug 
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binding sites on these extracellular receptor domains. More recently, Li et al. [ 80 ] 
developed an α 7 -AChBP chimera and determined X-ray crystal structures of the 
resulting pentamer and its complex with the agonist epibatidine. 

 Because the ligand-binding site and fl anking regions consist entirely of α 7  resi-
dues, the structures provide the highest resolution images that have so far been 
obtained of the AChR in regions that govern ligand recognition and the initial steps 
in signal transduction. Furthermore, the structures provide realistic templates for 
computational drug design, as well as bases for probing structure–function relation-
ships of the physiologically and clinically important neuronal α 7  AChR.  

4.4.2    Emerging nAChR-Related PET Traces 

 Successful imaging of nAChR with positron-emission tomography (PET) or single- 
photon emission computed tomography (SPECT) would dramatically enhance our 
ability to evaluate novel nicotinic drugs, on one hand, and to better understand the 
role of these receptors in physiology and in diseases. PET imaging of α 4 β 2  nAChR in 
human subjects is a current reality [ 81 ], and very recently has shown intriguing 
insights into the similarities in the direction of changes of β 2 *-containing nAChRs 
during the depressive component of bipolar disorder [ 63 ] and depression [ 62 ], as 
well as the differences in dynamic changes observed during the euthymic stage of 
bipolar, suggesting that there can be rapid neuroplastic changes in nAChR circuits 
during the course of these mood swings. These data highlight that some patient pop-
ulations are in a very dynamic, evolving process. Use of imaging tools such as this 
will be critical in understanding which nAChR therapy should be used, and when. 

 Unfortunately, we still lack human PET radioligands for α 7  nAChRs. Abbott 
Laboratories have recently described [ 11 C]A-833834 and [ 11 C]A-752274 as poten-
tial PET tracers for imaging α 7  nAChRs [ 82 ]. Also Rotering et al. have disclosed 
promising data with [ 18 F]NS14490 [ 83 ]. From a preclinical point of view, a new 
α 7 -specifi c radioligand has been described that has the advantage of being an ago-
nist, and looks promising at least for ex vivo binding assays [ 84 ].  

4.4.3    First Data on nAChRs in iPSC-Derived Human Neurons 

 Nordberg and colleagues described human embryonic derived stem cells that upon 
differentiation into neurons expressed mRNA for some nicotinic receptors, α 3 , α 4 , 
and α 7  in particular [ 85 ]. However, no functional nAChR-mediated responses were 
found. Young et al. reported on a broad ion channel characterization of another 
embryonically derived human stem cell differentiated into neurons [ 86 ]. They also 
showed the presence of mRNA for some nAChR subunits but did not report any 
functional responses. We recently showed that an iPSC-derived human neuronal 
cell line with forebrain characteristics expresses functional α 7  nAChR [ 87 ] as well 
as mRNA related to other nAChR subunits (manuscript in preparation). These are 
exciting developments that will certainly help testing new drugs on native human 
nAChRs and help translation into the clinic.    
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5     Conclusions 

 Basic science is driving an exciting new wave of knowledge on the molecular struc-
ture of CNS nAChRs, the identifi cation of drugs that affects more subtly the different 
subtypes of brain receptors, better understanding of CNS nAChRs dynamics/plasticity 
in human diseases and, importantly from a translational point of view, better bio-
markers to drive rational clinical drug investigations. The promise of effi cacy in 
negative symptoms and cognitive impairments associated with schizophrenia would 
re-invigorate commitment by the pharmaceutical industry to invest in nicotinic med-
icines across a number of maladies that literally affect billions of people.     
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