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Series Preface

Experimental life sciences have two basic foundations: concepts and tools. The Neuromethods
series focuses on the tools and techniques unique to the investigation of the nervous system
and excitable cells. It will not, however, shortchange the concept side of things as care has
been taken to integrate these tools within the context of the concepts and questions under
investigation. In this way, the series is unique in that it not only collects protocols but also
includes theoretical background information and critiques which led to the methods and
their development. Thus it gives the reader a better understanding of the origin of the
techniques and their potential future development. The Newuromethods publishing program
strikes a balance between recent and exciting developments like those concerning new ani-
mal models of disease, imaging, in vivo methods, and more established techniques, includ-
ing, for example, immunocytochemistry and electrophysiological technologies. New
trainees in neurosciences still need a sound footing in these older methods in order to apply
a critical approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Newuromethods
series has been a success since its first volume published through Humana Press in 1985.
The series continues to flourish through many changes over the years. It is now published
under the umbrella of Springer Protocols. While methods involving brain research have
changed a lot since the series started, the publishing environment and technology have
changed even more radically. Neuromethods has the distinct layout and style of the Springer
Protocols program, designed specifically for readability and ease of reference in a laboratory
setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new disci-
plines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research
areas. New developments in electronic publishing make it possible for scientists that
encounter new methods to quickly find sources of information electronically. The design of
individual volumes and chapters in this series takes this new access technology into account.
Springer Protocols makes it possible to download single protocols separately. In addition,
Springer makes its print-on-demand technology available globally. A print copy can there-
fore be acquired quickly and for a competitive price anywhere in the world.

Saskatoon, Canada Wolfgang Walz



Preface

Nicotinic acetylcholine receptors (nAChRs) are neuron proteins that signal muscular con-
traction in response to a chemical stimulus. They are cholinergic receptors that form ligand-
gated ion channels in the plasma membranes of certain neurons and on the presynaptic and
postsynaptic sides of the neuromuscular junction. One of the best-studied ionotropic recep-
tors, nAChRs are linked directly to ion channels and do not use second messengers as
metabotropic receptors do.

To date, 17 nAChR subunits have been identified, which can be divided into muscle
type and neuronal type. Of these subunits, a2—a7 and p2-p4 were identified in humans; the
remainders were discovered in chick and rat genomes.

The nAChR subunits belong to a multigene family, and the assembly of combinations
of subunits results in a large number of receptors. These receptors, with highly variable
kinetic, electrophysiological, and pharmacologic properties, respond to nicotine differently
at very different effective concentrations. This functional diversity allows nAChRs to take
part in two major types of neurotransmission. Classical synaptic (i.e., wiring) transmission
involves the release of high concentrations of a neurotransmitter that act on immediately
neighboring receptors. In contrast, paracrine (i.e., volume) transmission involves neu-
rotransmitters released by synaptic buttons, which then diffuse through the extracellular
medium until they reach their receptors, which may be distant. Nicotinic receptors also can
be found in different synaptic locations; for example, the muscle receptor always functions
postsynaptically. The neuronal forms of the receptor can be found both postsynaptically
(involved in classical neurotransmission) and presynaptically, where they can influence the
release of multiple neurotransmitters.

Because nAChR subunits are one of the largest and most complex receptor families,
numerous studies have been conducted on them in many organisms. These studies docu-
mented clearly that nAChRs are involved in a wide range of neuronal activities, including
cognitive functions, neuronal development, and neuronal degeneration. Because of the
broad distribution of nAChRs in various brain regions and the many types of receptors
tormed by different combination of nAChR subunits, this receptor family has been indi-
cated to play important roles in many psychiatric diseases, such as Alzheimer’s disease,
depression, schizophrenia, addiction, and ingestive behaviors. Importantly, many agonists
and antagonists have been developed for potential treatment of various diseases. For exam-
ple, varenicline (Chantix), an a4p2-nAChR partial agonist, has been approved by the
U.S. Food and Drug Administration to treat smoking addiction. Recently, there has been
evidence that it may be effective in treating alcoholism as well. In addition, agonists or
antagonists of various specific nAChRs have been suggested for the treatment of Alzheimer’s
disease as well as depression.

To understand the biochemistry and function of nAChRs, numerous biochemical and
molecular techniques have been developed for different organisms and experimental sys-
tems. The primary goal of this book is to provide not only updated knowledge about the
properties and biological function of various types of nAChRs but also the methods and
approaches for manipulating them in different organisms. To reach this goal, a group of

Vii



viii Preface

esteemed scientists who have been engaged in research on nAChRs with different approaches
and organisms was invited to contribute. The first chapter, by Ackerman and Boyd, pro-
vides a detailed description of the molecular techniques commonly used to study the expres-
sion of nAChR subunits as well as their identification and characterization in zebrafish. The
second and third chapters describe several behavioral tests used to investigate nicotinic
drugs to obtain knowledge of reinforcement, learning, and memory, again using zebrafish
as the animal model. The fourth chapter, authored by Fuenzalida-Uribe and colleagues,
discusses some methodological approaches, with special emphasis on chronoamperometry,
that have been used to elucidate the contribution of nicotinic ligands to the regulation of
aminergic signaling in the Drosophila brain. In Chap. 5, Philbrook and Francis describe
emerging technologies and methods for the analysis of C. elegans nAChRs with an emphasis
on strategies for identifying and characterizing genes involved in the biological regulation
of the nervous system. In Chap. 6, Wilking and Stitzel provide an update of their investiga-
tion of a naturally occurring single nucleotide polymorphism (SNP) in the mouse nAChR
a4 subunit gene, Chrna4, that leads to an alanine/threonine change in the sequence at
amino acid position 529. By generating a knockin mouse strain, the authors showed that
the Chrna4 T529A polymorphism affects both nAChR function and nicotine-induced
behaviors. In Chap. 7, Fox-Loe and colleagues introduce several cutting-edge fluorescence
techniques used to pinpoint distinct changes in the location, assembly, export, vesicle trat-
ficking, and stoichiometry of nAChRs. In Chap. 8, Nashmi provides a detailed description
of the spectral confocal imaging procedure used to optimize the imaging and quantification
of the a4-nAChR subunit fused to yellow fluorescent protein, from fixation to imaging and
spectral unmixing. Chapter 9, authored by Oz and colleagues, and Chap. 10, by Lorke and
colleagues, provide comprehensive reviews of the rationales and progress for using various
allosteric modulators of a7-nAChRs as novel agents for treating Alzheimer’s disease.
Similarly, in Chap. 11, Zhang and colleagues discuss various compounds developed by tar-
geting a4p2-nAChRs for the treatment of depression. Finally, in Chap. 12, Li and col-
leagues describe a comprehensive evolutional relation of most, if not all, nAChR subunits
in both vertebrate and invertebrate species.

Together, these chapters provide a broad view of recent advances in nAChR research in
different species and various fields. It is our hope that the book can provide readers with a
greater understanding of these new developments, especially the technology aspects. I am
most grateful to the distinguished researchers who have come together to produce this
important and valuable book. These experts, united in their mission to deliver a scholarly
and comprehensive book, come from both animal and human research fields. I am grateful
for all that they taught me through their contributions and for the knowledge they will
convey to all who read this book.

Chavrlottesville, VA, USA Ming D. Li
Hangzhon, Zhejianyg, China
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Chapter 1

Analysis of Nicotinic Acetylcholine Receptor (nAChR)
Gene Expression in Zebrafish (Danio rerio) by In Situ
Hybridization and PCR

Kristin M. Ackerman and R. Thomas Boyd

Abstract

Zebrafish ( Danio rerio) have been established as an ideal model animal to study neural development, with
several advantages over mice, rats, humans, or in vitro cell-based work. Zebrafish embryos develop exter-
nally and can either be genetically (using casper or albino strains) or pharmacologically (PTU) manipulated
to be transparent, which persists throughout adulthood. Optical transparency allows the localization of
gene expression in whole animals with relative ease. Many strains are available, including transgenic fish
expressing a number of fluorescent markers in cell-specific manners. A large number of fish can be raised
inexpensively, and all stages are free swimming and can be exposed to drugs for high-throughput screen-
ing. A number of behavioral assays used in mice, such as those used to test conditioned place preference
(CPP), locomotor function, and anxiety, are available with zebrafish.

Zebrafish express a family of muscle and neural nicotinic acetylcholine receptor (nAChR) genes. Our
laboratory has cloned o2a, a3, a4, a6, a7, p2, p3a, and p4 neuronal cDNAs, although genomic analysis
indicates others exist as well. Several zebrafish nAChR subtypes have been expressed in Xenopus oocytes
and we have shown that some zebrafish nAChR subtypes share similar pharmacological properties with
those of mice, rat, and human nAChRs.

Given the many advantages of the zebrafish to study nAChRs, it is important to analyze the expression
of nAChRs in developing zebrafish, as well as their expression in pharmacologically manipulated animals
or in disease models. We describe how we have used in situ hybridization, polymerase chain reaction
(PCR), and rapid amplification of cDNA ends (RACE) cloning identify and study zebrafish neuronal
nAChR expression.

Key words Danio rerio, Zebrafish, Alpha 2, Nicotinic, Acetylcholine receptor, RNA, Maternal

1 Zebrafish Biology

Zebrafish (Danio rerio) are freely available at pet stores and often
seen in home aquariums. Their prevalence may belie their value as
an important vertebrate research model, but over the last 25 years,
zebrafish have emerged as an important contributing species in the
field of developmental biology [1-3] and in studies of human health
and disease [4]. They have become a popular developmental model

Ming D. Li (ed.), Nicotinic Acetylcholine Receptor Technologies, Neuromethods, vol. 117,
DOI 10.1007/978-1-4939-3768-4_1, © Springer Science+Business Media New York 2016
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2 Kristin M. Ackerman and R. Thomas Boyd

1.1 Why Use
Zebrafish to Study
nAChRs?

system because of ease of maintenance, collection, and experimental
manipulation [5, 6]. Zebrafish embryos quickly proceed through
development from an embryonic stage for the first 72 h post fertil-
ization (hpf), then as a larval stage from 3 days post fertilization
(dpt) to about 29 dpf;, as juveniles from 30 to 89 dpf, and are finally
reproductively mature adults at approximately 90 dpf [7].

A single mating can generate hundreds of embryos (providing
great statistical power) that can be grown in a petri dish at 28.5 °C
for several days without additional feeding [7]. The embryos
develop outside of the female and thus are available for harvesting
at the 1-cell stage and useful for controlled treatment with drugs
such as nicotine without the complications introduced in placental
animals. The embryos develop rapidly, with early nervous system
specification and differentiation and with somites appearing at
about 10 hpf [8]. The early embryos are also transparent, making
it easy to observe changes in gene expression using in situ hybrid-
ization methods as will be described in this chapter. Larvae can also
be maintained in a transparent state by treating the water with
phenyl-2-thiourea (PTU) or by using the casper lines, which lack
pigmentation [9]. Their pattern of development has been well-
characterized [8] and a major portion of brain and nervous system
development occurs within the first 24—48 hpf with most other
organs being fully developed by 96 hpf [6]. Because of large har-
vest numbers and optical transparency, tissue can readily be exam-
ined for changes in gene expression using in situ studies and RNA
can be easily harvested for PCR from both embryos and larvae.
Additionally, expression studies in both wild type and mutant
strains allow for direct gene expression comparisons, both by PCR
and by the use of numerous mutant strains expressing fluorescent
markers in cell-specific manners.

The rapid developmental timeline, and the ease of accessibility and
manipulation of zebrafish embryos and larvae make them an excel-
lent vertebrate model in which to study nAChRs. The zebrafish
model is especially valuable for characterizing the normal time
course of nAChR expression and how this expression may be
altered by drugs. Embryos and larvae can be exposed to controlled
doses of nicotine and other cholinergic drugs for precise periods of
time, and embryos and larvae quickly analyzed at the RNA level by
in situ hybridization or PCR. Multiple mutant strains exist includ-
ing those with mutations in nAChR genes [10, 11].

Zebrafish can also be used to dissect the mechanisms of nico-
tine addiction as well as the role of nicotine and nAChRs in other
complex behaviors. Larval and adult zebrafish demonstrate many
similar behaviors to rats or mice. Assays examining tolerance, CPP,
withdrawal, reward, and locomotion have been used with nicotine,
ethanol, opiates, LSD, cocaine, and amphetamines [12]. The
effects of nicotine on learning, memory, and anxiety have been
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1.2 Overview
of nAChRs in Zebrafish

examined in zebrafish [13-15]. Even the roles of specific nAChR
subtypes in nicotine-induced anxiolytic effects have been studied
in zebrafish [16].

Zebrafish are also useful for testing cholinergic drugs in high
throughput assays. Larvae can be used in 96-384 well formats and
adult zebrafish can also be used in small or medium size through-
put assays. These assays can be biochemical and well as behavioral
[12]. Assays for potential new drugs to treat addiction, modulate
cholinergic signaling or which affect specific vertebrate behaviors
can be screened in zebrafish. Many of the behavioral tests used to
quantify anxiety, CPP, locomotion, and leaning and memory can
be used in a medium or high throughput system with zebrafish
[12]. Since several of these complex behaviors involve nAChRs,
the use of the zebrafish model provides another tool for cholinergic
drug development and studies of nAChR regulation.

Zebrafish express a family of muscle and neural nAChR genes. The
zebrafish genome has been sequenced (https://www.sanger.
ac.uk/). Our laboratory has cloned a2a, a3, o4, a6, a7, B2, f3a,
and P4 neuronal cDNAs; genomic analysis indicates others exist as
well. The DNA and protein identities are quite high across species,
especially for orthologous genes. For example, for the zebrafish a6
subunit, both DNA and protein sequences are over 60 % identical
to the pufferfish, human, rat, chicken, and mouse genes [17]. For
a2a, a3, a5, a6, a7, B2, and f3a nAChRs, the DNA identities to
orthologous rat, human, and mouse genes are all over 69 % (Boyd,
unpublished). Zebrafish nAChR RNAs were detected early in
development, most by 8 hpf (Ackerman and Boyd, unpublished),
and at least two populations of high affinity nAChRs were detected
in 2 dpfand 5 dpf fish [18].

Zebrafish neuronal 042, a2p2, a3p4, a7 nAChR subtypes
and the muscle alB1,€d subtype were expressed in Xenopus oocytes
[19]. All responded well to 3 pm acetylcholine (ACh). Similar to
nAChRs expressed in other species, nicotine had little activity on
zebrafish muscle nAChR, while having good efficacy and potency
on a4p2 nAChRs. Cytisine, while a full agonist for both mamma-
lian a7 and a3p4 receptors, was a full agonist only for zebrafish a7
nAChRs, with unexpectedly low efficacy for a3f4 nAChRs.
Cytisine also showed a higher efficacy for zebrafish a4p2 nAChRs
than for mammalian a4p2 nAChRs. The zebrafish a7 nAChRs
showed the same pattern of concentration-dependent desensitiza-
tionasoccursin a7 nAChRs from otherspecies [ 19]. Mecamylamine,
a commonly used ganglionic nAChR antagonist, displayed the
highest potency for a3p4 nAChRs and the lowest for a7. Overall
nicotine, cytosine, ACh, and mecamylamine likely function at the
receptor level in zebrafish in a similar manner as in other animal
models, with some differences displayed by mecamylamine and
some o7 nAChR ligands [19]. In summary, the pharmacology
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supports the use of zebrafish to study the function of nAChRs in
zebrafish as well as for the screening of cholinergic drugs which
affect behavior [12].

Given the many advantages of the zebrafish to study nAChRs,
it is important to analyze expression of nAChRs in developing
zebrafish, as well as their expression in pharmacologically manipu-
lated animals or in disease models. Our group and others have used
in situ hybridization to locate expression of zebrafish neuronal
nAChRs [17, 18, 20, 21]. We first describe the specific procedure
used to clone the a2a subunit cDNA, as this is illustrative of the
overall strategy and method for cloning nAChRs for which little
sequence information is available. The procedures detailed for the
PCR and in situ work also describe the specific analysis of the
expression of the a2a subunit, but these techniques can be applied
to the analysis of other nAChR genes in zebrafish.

2 Materials

2.1 Zebrafish

2.2 Reagents

Danio rerio (zebrafish) were used for these studies. We generally
follow the procedures outlined in the Zebrafish book [7]. Adult
animals were housed in constant temperature (28.5 °C) and
humidity with a 12 h light: dark cycle in the Ohio State University
Zebrafish Facility. The fish were fed twice daily with flake food
(Tetramin, Aquatic Eco-Systems) and brine shrimp (Biomarine,
Aquafauna Biomarine). Zebrafish embryos were reared, collected,
and allowed to develop in our laboratory in an IsoTemp Incubator
(Fisher) at 28.5 °C in petri dishes with fish water. The embryos
were staged as described by Kimmel et al. [8] and placed into
N-phenylthiourea (PTU) at 20 hpf to block pigment formation.
All studies were performed in accordance with the Guide for Care
and Use of Laboratory Animals as adopted by the National
Institutes of Health, USA, and were approved by the Ohio State
University Institutional Laboratory Animal Care and Use
Committee. Animals were anesthetized by tricaine (m-3-amino
benzoic acid ethyl ester methanesulfonate), also denoted as MS-22.

See Table 1.

3 Methods

3.1 PCR Cloning
of Full-Length nAChR
cDNAs

In order to understand the role of nAChRs in development and
how changes in cholinergic signaling may occur in the presence of
nicotine, we cloned zebrafish orthologues of neuronal nAChRs.
We used PCR with degenerate PCR primers in combination with
5" and 3" RACE to isolate cDNAs encoding zebrafish neuronal
nAChR subunits. Information in the Sanger Centre zebrafish
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Table 1
Reagent list and suggested vendors

Catalog # Vendor

Embryo collection
60 mm VWR® polystyrene petri dishes, sterile 25384-302 VWR International
N-phenylthiourea (PTU) P7629 Sigma
Dumont tweezers #5 to dechorionate 14098 World Precision

Instruments
Tricaine, MS-22 E10521 Sigma
VWR® disposable transfer pipettes 414004-004 VWR International
2-Phenoxyethanol 77699-1L Sigma-Aldrich
Flake food Aquatic Eco-Systems
Brine shrimp Aquaftauna Bio-Marine
RNA isolation
TRIzol® reagent 15596-026 Invitrogen
Isopropanol W292907-1KG Sigma
Ethanol, absolute (200 proof), Molec. Bio. BP2818-4 Life Technologies

Grade

DNase /RNase-free mortar and pestle 7359971, 2359947 Sigma
UltraPure™ DNase RNase-free distilled water 10977-023 Life Technologies
c¢DNA synthesis
SuperScript® I1I first-strand synthesis system 18080-051 Thermo Fisher
First choice RLM-RACE kit AM1700 Thermo Fisher
PCR and DNA gel
Platinum® Taq DNA polymerase high fidelity 11304-011 Life Technologies
Deoxynucleotide mix, 10 mM D7295 Sigma-Aldrich
Custom DNA oligos N/A Invitrogen
Certified molecular biology agarose 161-3101 Bio Rad Laboratories
TBE buffer, 10x V4251 VWR International

(Promega)
Platinum Pfx DNA polymerase 11708-013 Invitrogen
Subcloning
TOPO® TA Cloning® kit, dual promoter K460001 Life Technologies
One Shot® TOP10 chemically competent E. coli ~ C4040-03 Life Technologies
$.0.C. Medium 15544-034 Life Technologies

(continued)
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Table 1
(continued)
Catalog # Vendor
VWR® polypropylene cell spreaders, sterile 89042-021 VWR International
LB agar powder 22700025 Thermo Scientific
Ampicillin sodium salt A9518-5G Sigma-Aldrich
VWR® inoculating loops and needles, sterile 89126-872 VWR International
Luria broth base-LB broth 12785027 Thermo Scientific
PureLink Quick Plasmid Minprep Kit K2100-10 Thermo Fisher
Restriction enzymes N/A New England Biolabs
Chloroform-isoamyl alcohol 24:1 CO549 Sigma-Aldrich
Phenol—chloroform—-isoamyl alcohol 25:24:1 15593-031 Thermo Fisher
Tissue processing befove in situ hybridization
Paraformaldehyde P6148-500G Sigma-Aldrich
10x PBS powder concentrate BP665-1 Fisher Scientific
Sodium hydroxide S$X0593-1 VWR International
(Millipore)
Hydrochloric acid 258148 Sigma-Aldrich
Methanol (certified ACS) A412-4 Fisher Scientific
Probe synthesis
DIG RNA labeling kit (SP6,/T7) 11175025910 Roche Diagnostics
Fluorescein labeling mix 11685619910 Roche Diagnostics
UltraPure™ 0.5 M EDTA, pH 8.0 15575-038 Life Technologies
5 M ammonium acetate, with 100 mM AM9070G Ambion
EDTA
In situ hybridization
Tween 20, molecular biology grade H5152 Promega Corporation
Proteinase K, recombinant, PCR grade 03 115887001 Roche Diagnostics
Formamide (deionized) (500 g bottle) AM9344 Life Technologies
UltraPure™ 20x SSC 15557-044 Life Technologies
Yeast tRNA 15401-029 Life Technologies

Heparin sodium salt from porcine intestinal

mucosa

Anti-digoxigenin-AP, Fab fragments

H3393-25KU

11093274910

Sigma-Aldrich

Roche Diagnostics

(continued)
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Table 1
(continued)

Catalog #

Vendor

Nitrotetrazolium Blue chloride
Anti-fluorescein-AP Fab fragments
Anti-green fluorescent protein antibody

Secondary antibody, Oregon Green 488
conjugate

5-Bromo-4-chloro-3-indolyl phosphate
p-toluidine salt

N6876-250MG

Sigma-Aldrich

11426338910 Roche
AB3080P Sigma
0-6380 Thermo Fisher

B8503-500MG

Sigma-Aldrich

INT (p-iodonitrotetrazolium chloride) 18377 Sigma

Tris hydrochloride BP153-500 Fisher Scientific

Diethyl pyrocarbonate D5758-5ML Sigma-Aldrich

Fast Red F4523 Sigma-Aldrich

Citric acid (1 M stock) 251275-100G Sigma-Aldrich

BSA (bovine serum albumin), fraction 5 $85040C Fisher

Heat-inactivated goat serum $1000 Vector Laboratories

Tissue processing after in situ hybridization

Sucrose S0389-1KG Sigma-Aldrich

Tissue-Tek® Biopsy Cryomold®, 25608-922 (4565) VWR International
10x10x5 mm

Tissue freezing media (TEM™), TBS® 15148-031 VWR International

VWR® Superfrost® plus microscope slides 48311-703 VWR International

ProLong® gold antifade reagent P36930 Life Technologies

Glycerol G5516 Sigma

genome database was also used to design gene-specific 5” and 3’
RACE primers used in the cloning of some of the cDNAs. We were
the first laboratory to clone zebrafish neuronal nAChR ¢cDNAs and
we have now cloned nine full-length ¢cDNAs encoding zebrafish
a2a, a3, o4, a6, a7, B2, p3a, and p4 nAChR subunits.

In this chapter we will describe the cloning of the a2a subunit
cDNA in detail, but the same process was used to isolate the others
as well. The clone we generated was used for in situ hybridization
analysis of gene expression (see below) and pharmacological analy-
sis of zebrafish nAChRs expressed in oocytes [19]. When this proj-
ect was initiated it was necessary to take the approach we describe,
because no sequence information was available for most zebrafish
nAChR genes. With the completion of the sequencing of the
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3.2 Zebrafish RNA
Isolation

3.3 PCR Primer
Design and Initial PCR
Cloning

genome [22], cloning new zebrafish nAChRs can be done with
PCR methods using primers directed to the 5’ and 3’ ends of com-
plete transcripts. However, we feel that our general strategy will be
useful for isolating nAChRs, if not from zebrafish, then from other
species about which less genomic sequence information is known.
In addition, genomic information can only predict the 5" and 3’
ends of specific RNAs. Clones containing the native 5’ and 3’
sequences are important for expression of the full-length proteins
and localization of these RNAs and thus vital for studies of nAChRs.
The RACE technique described here can be used to clone the
actual expressed 5’ and 3’ ends of nAChR ¢cDNAs from zebrafish
or other species. Thus, we feel a detailed description of the RACE
procedure applied to nAChRs is in order.

1. Zebrafish embryos can be grown in 60 mmx 15 mm style.
Corning polystyrene cell culture dishes. Embryos were
allowed to develop at approximately 28.5 °C in fish water
(reverse-osmosis H,O, Instant Ocean, pH 7.0), and staged
according to time in hours or days postfertilization (hpt, dpf)
as in Kimmel [8]. The fish water is changed daily.

2. At desired time points suitable for individual experiments, the
zebrafish should be euthanized with tricaine and then rinsed in
tresh fish water. RNA extraction proceeds as in step 3. Embryos
can also be collected in RNase /DNase-free tubes and frozen at
-70 °C (with approximately 100 embryos/tube) for later use.

3. For the a2a nAChR cloning, total RNA was extracted from 24
hpt zebrafish embryos using TRIzol (Lite Technologies, Inc.)
(Table 1). Generally, 50-100 embryos or larvae are used as the
starting point, but 25 embryos provide sufficient concentra-
tions of RNA to proceed with the cloning steps.

4. Precipitate the RNA with 500 pl of isopropyl alcohol at room
temperature for 10 min, centrifuge the pellet and wash with
1 ml of 75% ethanol, centrifuge the pellet, carefully pour off
the supernatant, air-dry the pellet and resuspend in 25 pl
UltraPURE DNAse, RNAse-free distilled water (Invitrogen).
The pellet should not be vacuum-dried, as this will make sub-
sequent resuspension in water very difficult. A spectrophotom-
eter or NanoDrop device can be used to determine RNA
concentration by reading the 260,280 value (optimal is 1.8—
2.0). Zebrafish RNA is stored at =70 °C until use.

Degenerate primers can be designed based on a DNA alignment of
the transmembrane (TM) regions of goldfish, rat, bovine, mouse,
and human nAChRs. These sequences are highly conserved
amongst nAChRs, within each species as well as between species.
This was our approach to cloning the a2a subunit cDNA, but also
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Table 2

Alpha 2 nAChR cloning primers (5'-3')

Name Sequence Product

ZEBRATM1 ATYATCCCSTGCCTSCTCAT Zebra Neuronal 1
ZEBRATM3-2 AAGACIGTGATGACRATGGASA Zebra Neuronal 1
ZEBRAGSP-1  CAAATACTCGCCGATTAGAGGAATGACTAG  Alpha 2 5 RACE
ZEBRAGSP-2  CTCATTTCATGCCTAACCGTGCTG Alpha 2 3’ RACE, time course
Alpha2 Up GGAGATCCTCCGAGCATCAT Alpha 2 full-length cloning
Alpha2 Down TTTTGCATATTGCGACGCCTG Alpha 2 full-length cloning
Alpha2 8-2 CTCATACTTCTGGAGCAAAGGC Alpha 2 time course

Note: (R=A, G; Y=C, T; S=G, C; I=Inosine; M=A, C)

can be applied to other as yet unidentified nAChRs as well.
Sequences were down loaded from the National Center for
Biotechnology Information (NCBI) website and analyzed using
software available at the European Bioinformatics Institute website
(www.ebi.ac.uk). Ourinitial primers, ZebraTM-1 and ZebraTM3-2
(Table 2), were not made to target a specific subunit, but to target
the conserved TM regions of as many potential zebrafish nAChRs
as possible. Our first cDNA was small and spanned TM1 and TM3
of a zebrafish subunit cDNA with high homology to a2 nAChR

subunits from other species.

1. Use the Superscript 111 First Strand Synthesis System for PCR

(Thermo Fisher) to reverse transcribe total zebrafish RNA iso-
lated from 24 hpt embryos as described in the following.

. Combine (on ice) 1 pg of total zebrafish RNA in a microcen-

triftuge tube with 1 pl of random hexamers (50 ng/pl), 1 pl of
10 mM dNTDP mix, and nuclease-free H,O to a final volume of
10 pl.

. Incubate the sample at 65 °C for 5 min and then put directly

on ice. In a separate microcentrifuge tube, add 2 pl of 10x RT
Buffer, 4 pl 25 mM MgCl,, 2 pl of 0.1 M DTT, 1 pl of RNase
Out (40 U/pl), and 1 pl of Superscript 11T RT (200 U /pl) on
ice. This is the cDNA synthesis mix.

. Next, briefly centrifuge the RNA containing mix and then add

10 pl of the cDNA synthesis mix to the RNA sample and tap to
mix. Centrifuge briefly. It is important to move from the 65 °C
step (RNA denaturing) to the 50 °C incubation quickly. Any
delay allows for the RNA to renature which inhibits the subse-
quent RT reaction.
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5. Incubate the reaction for 50 min at 50 °C, and terminate the

reaction for 5 min at 85 °C using either a programmable ther-
mocycler or multiple preset water baths.

. After the series of heating steps, place the first strand reactions

immediately on ice and then add 1 pl of RNase H. Heat the
sample for 20 min at 37 °C to remove excess RNA template.
The ¢cDNA can be stored at -20 °C for months or used
immediately

. Following first strand production, cDNA can then be amplified

with 10 pM each of your gene specific primers (in our case the
ZebraTM-1 and ZebraTM3-2 primers) by PCR in a PTC-100
Programmable Thermal Controller (M] Research, Inc). For a
50 pl reaction, combine 1 pl of the previous reverse transcrip-
tion reaction, with 5 pl of 10x PCR butfer (Thermo Fisher),
4 pl ANTP mix, 2 pl of a 10 pM stock of ZebraGSP-1 primer,
2 ul of ZebraTM3-2 primer (10 pM), 35 pl of nuclease-free
water, and 1 pl of Platinum Taq DNA Polymerase (Life
Technologies) on ice. Program the thermo cycler to initiate a
3 min hot start denaturation step at 94 °C, followed by 30 s at
94 °C, 30 s at 55 °C, and 3 min at 68 °C and proceeding with
this three-step program for 35 cycles. After the final cycle the
reaction is allowed to proceed for 10 min at 68 °C. The anneal-
ing temperature should be determined specifically for each set
of primers using one of many programs available.

. Visualize PCR products on a 2 % agarose (Invitrogen) gel using

®X 174 /Hae 111 fragments or A/Hind III digest fragments as
a DNA ladder to determine size.

. TOPO subcloning provides a fast and efficient cloning method

for PCR products to be sequenced and analyzed. The plasmid
pCR II-TOPO dual promoter (Invitrogen) can be used to
clone PCR products according to the manufacturer’s instruc-
tions. The plasmid contains a cloning site that supports bidi-
rectional TA-cloning, combined with topoisomerases that are
able to synthesize covalent junctions of single stranded
DNA. Any PCR product with a non-template deoxyadenosine
added to each end, such as those produced by a Taq poly-
merase, can be incorporated into this plasmid.

(a) For cloning, the freshly amplified PCR product (14 pl),
1 pl of salt solution (1.2 M NaCl and 0.06 M MgCl,), and
2 pl of H,O are incubated with 1 pl pCR II-TOPO at
room temperature for 15 min. The reaction is then
stopped by placing on ice.

(b) For selection and multiplication of the cloned plasmids,
2 pl of the TOPO vector containing the inserted DNA is
transformed into 50 pl chemically competent E. coli
TOP10 One Shot cells (Invitrogen). Other bacterial
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3.4 5 RACE

strains can be used, but should be selected for genotypes
which support your cloning goals.

(c) The sample is then mixed by tapping and incubated on ice
for 30 min.

(d) Next, the cells are heat-shocked for exactly 30 s at 42 °C
and immediately placed on ice.

(e) Finally, in a sterile environment, 250 pl of S.O.C. media
(Invitrogen) is added to the transformed cells and incu-
bated at 37 °C for 1 h while shaking horizontally at
200 rpm.

(f) After incubation 50-150 pl of positively transformed col-
onies is spread on pre-warmed selective LB-agar plates
containing ampicillin (50 pg/ml).

(g) Other vectors which support blunt end cloning can be
used with PCR products produced by polymerases which
do not add non-template deoxyadenosine.

For some of the studies, the PCR generated DNA can be
cloned into TOPO TA blunt (Invitrogen). The same protocol
is followed except that the transformations are selected on LB-
agar plates containing zeocin. All plates are incubated at 37 °C
overnight.

(h) Liquid bacteria cultures are used for the multiplication of
recombinant plasmid DNA. For each culture, a single
bacteria colony was transferred into LB-medium (5 ml)
containing the appropriate antibiotic. Cells are grown
overnight (37 °C, 250 rpm) until quiescent.

10. Extract DNA from cells using the PureLink Quick Plasmid
Miniprep Kit (Thermo Fisher) (Table 1) following manufac-
turer’s instructions, and proceed with DNA sequencing.

Our first cloned cDNA was small (227 bp) and spanned the pre-
sumptive TM1 and TM3 regions of a potential zebrafish subunit
with high homology to a2 nAChRs identified in other species.
Small cDNAs spanning conserved sequences in the nAChRs will be
the result of this strategy. Since this was all of the sequence infor-
mation available (as may be the case for cloning nAChRs from
species without sequenced genomes) we used 5 and 3’ Rapid
Amplification of cDNA Ends (RACE) to clone new ¢cDNAs con-
taining sequences from the middle of our initial clone toward each
end. We used the FirstChoice RLM-RACE kit (Thermo Fisher
Scientific) to perform the 5 and 3’ RACE cloning of the zebrafish
a2a nAChR subunit 5" and 3’ ends.

1. Using sequence information from the original RT-PCR prod-
uct, a new primer (Table 2, ZebraGSP-1) was designed to cap-
ture the 5 end of a zebrafish a2 ¢cDNA. This primer was used



12

Kristin M. Ackerman and R. Thomas Boyd

for the initial 5* RACE reaction. Once sequence information is

known about some part of the target, this strategy can be
applied to the cloning of the 5’ end of nAChR ¢cDNA.

. Gloves must be worn and frequently changed throughout all

of these procedures to guard against RNAse contamination.
1 pg of total RNA isolated from 24 hpf zebrafish embryos as
described above is treated with calf intestinal phosphatase
(CIP) to remove 5’-phosphates from degraded DNA, mRNA,
tRNA, or rRNA as follows. 5 pl (200 ng/pl) of 24 hpt zebraf-
ish total RNA is combined with 2 ul 10x CIP buffer
(ThermoFisher), 2 pl of CIP and 11 pl nuclease free water. Mix
gently, do not vortex.

. Incubate at 37 °C for 1 h.
4. Terminate the CIP reaction by adding 15 pl of 3 M ammo-

nium acetate, 115 pl of nuclease-free water and 150 pl phenol-
chloroform-isoamyl alcohol (Thermo Fisher). Vortex
thoroughly and centrifuge the sample for 5 min at 10,000 x g
in a microfuge (Eppendort) at room temperature. Transfer the
upper layer (aqueous phase) to a new tube, add 150 pl of chlo-
roform and vortex the tube for 30 s followed by centrifugation
again for 5 min at 10,000xy4 at room temperature. Again,
remove the top layer and place into a new tube.

. Precipitate the CIP-treated RNA by adding 150 pl of isopro-

panol and place at -20 °C for 20 min. Centrifuge the sample
at maximum speed in a microfuge for 20 min at 4 °C. Remove
the isopropanol carefully so as not to dislodge the pellet (will
be quite small). When centrifuging, always place the hinge of
the microfuge tube outwards so that the pellet can be identi-
fied, even if it is very small. This will ensure that you do not
dislodge it with the pipettor. Rinse in cold 70% ethanol and
centrifuge at maximum speed for 5 min at 4 ° C, remove the
ethanol carefully (do not use Kimwipes) and allow the pellet to
air-dry. Do not vacuum dry, the pellet will be very difficult to
resuspend. Once dry, the RNA should be suspended in 10 pl
nuclease-free water.

. Half of the CIP treated RNA (5 pl) is then treated with tobacco

acid pyrophosphatase (TAP) to remove the 7-methyl guanosine
cap from the remaining full-length zebrafish mRNA. The
remaining RNA is saved as a backup for a second reaction if
needed. The RNA is added to 1 pl 10x TAP buffer (Thermo
Fisher Scientific), 2 pl TAP, and 2 pl nuclease-free water. The
reaction is allowed to proceed at 37 °C for one hour. The reac-
tion can be stored at =20 °C or -70 °C (for long term) at this
point or used immediately for the next step.

. In order to produce a product including the actual 5" end

of the zebrafish a2 transcript, a 5 RACE Adaptor must be
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3.5 3-RACE

10.

11.

added to the 5’ends of the CIP/TAP treated zebrafish
RNAs. 2 pl of the CIP/TAP treated RNA is added to 1 pl
of the 5 RACE adaptor (5'-GCUGAUGGCGAUGAAUGA
ACACUGCGUUUGCUGGCUUUGAUGAAA-3’) provided
by the FirstChoice® RLM-RACE Kit (Thermo Fisher Scientific),
1 pl 10x RNA ligase buffer (Thermo Fisher Scientific), 2 pl of
T4RNA ligase (2.5 U/ml), and 4 pl of nuclease free water. The
RNA ligase buffer should be gently warmed before use, but do
not heat over 37 °C. Mix using a brief centrifugation and incu-
bate at 37 °C for 1 h. The reaction may be stored at -20 °C at
this point or at -70 °C for longer periods.

. 2 pl from the CIP/TAP treated RNA now containing the 5’

RACE adaptor is used for reverse transcription. The reaction is
accomplished as described above in Sect. 3.3 (steps 1-6). The
new cDNA products may be stored at —20 °C.

. The 5’ RACE reaction is done using a 5 RACE primer

(ZEBRAGSP-1) designed to our initial nAChR ¢cDNA
(zebratish neuronal 1) which is expected to amplify
a2 along with the 5" RACE Outer Primer (5'-GCTGAT
GGCGATGAATGAACACTG-3) specific for the 5 RACE
Adaptor. Combine 1 pl of the previous reverse transcription
reaction, with 5 pl of 10x PCR buffer (Thermo Fisher), 4 pl
dNTP mix, 2 pl of a 10 pM stock of ZebraGSP-1 primer, 2 pl
of the 5 RACE Outer Primer (10 pM), 35 pl of nuclease-
free water and 1 pl of Platinum Taq DNA Polymerase (Life
Technologies). Starting with an initial 3 min denaturation step
at 94 °C, proceed for 35 cycles each with 30 s at 94 °C, 30 s at
55 °C (use temperature compatible for both 5 RACE primer
and your gene-specific primer), 3 min at 68 °C. After the final
cycle the reaction is allowed to proceed for 10 min at 68 °C.

Often at this point a second round of PCR is required using a
nested gene -specific primer and the 5 RACE Inner Primer.
1-2 pl of the previous PCR is applied to a second round of
PCR as above. For the cloning of most of our zebrafish nAChR
5" RACE products this was necessary. However, for the o 2
cloning, one round of PCR produced a visible band on a 1%
agarose gel. If enough product is not present (can not be
visualized on a 1% agarose gel), then a second round of
5'RACE is in order. A new nested gene-specific primer can be
designed to a sequence present in your first cONA from your
initial RT-PCR, in our case from zebrafish neuronal 1.

Visualize the 5" RACE PCR products on a 1% agarose gel,
clone and sequence as described in Sect. 3.3.

In order to isolate a full-length a2 nAChR ¢DNA that could be
expressed, we then used 3" RACE to clone the 3" end. Because we
had no knowledge of the 3’ sequence of any of the zebrafish
nAChRs, similar to our starting point for the 5’'RACE, we used the
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sequence information provided by the first cDNA, zebrafish
neuronal 1, to design an a2 specific 3'RACE primer, ZebraGSP-2
(Table 2). This zebrafish alpha 2 specific 3’ end primer was then
used with the 3’ RACE adaptor specific primers to clone 3’ end-
containing cDNAs. This same strategy can be used to isolate 3’ends
of other nAChRs using gene specific primers. The 3" cDNAs rep-
resent actual transcribed 3’ ends, not simply those predicted by
genomic information.

1. 1 pg total RNA isolated from 24 hpf zebrafish embryos
was used for reverse transcription. The RT reac-
tion was accomplished as described in Sect. 3.3 using
the 3’'RACE adaptor (5-GCGAGCACAGAATTAAT
ACGACTCACTATAGGTI12VN-3') as the reverse transcrip-
tion primer, instead of oligo dT or random hexamers. This
primer/adaptor provides a priming site for the 3’ end prim-
ers during subsequent PCR reactions. The completed reaction
may be stored at —20 °C at this point.

2.1 pl of the new ¢cDNA is added to 5 pl of 10x PCR buf-
fer (Thermo Fisher), 4 pl ANTP mix, 2 pl of ZebraGSP-2
(10 pM  stock), 2 pl of “3'RACE Outer primer
(5'-GCTGATGGCGATGAATGAACACTG-3’), 36 pl nucle-
ase-free water, and 1 pl of Platinum Taq DNA Polymerase
(Thermo Fisher). Starting with an initial 3 min denatur-
ation step at 94 °C, proceed for 35 cycles each with 30 s at
94 °C, 30 s at 55 °C (use temperature compatible for both
3’ RACE primer and your gene-specific primer, or in this case
ZebraGSP-2), 3 min at 68 °C. After the final cycle the reaction
is allowed to proceed for 10 min at 68 °C.

3. Usually using one round of PCR with one gene-specific primer
and the 3'RACE Outer primer will be enough to isolate the 3’
end of your target cDNA. We were able to isolate the 3’ end of
the zebrafish o2 starting with the ZebraGSP-2 sequence
designed from the zebrafish neuronal 1 sequence and extended
this to the polyA tail. If enough product is not present (can not
be visualized on a 1% agarose gel), then a second round of
3'RACE isin order. A new gene-specific primer can be designed
to a sequence present in your first cDNA isolated during your
initial RT-PCR (i.e. zebrafish neuronal 1). This primer should
be nested 3’ to the original primer. If'a second round is needed,
use 1-2 pl of your first 3'RACE reaction, and add 5 pl 10x
PCR bufter, 4 pl ANTP mix, 2 pl of your nested second nAChR
gene specific primer, 2 pl of the 3’'RACE inner primer
(5’-CGCGGATCCGAATTAATACGACTCACTATAGG-3'),
1 pl of Platinum Taq DNA Polymerase and water to 50 pl. Use
the same PCR profile as before, making sure the annealing
temperature of your new gene-specific probe is compatible
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3.6 Full-Length
Zebrafish nAChR
Alpha 2 cDNA Cloning

with the annealing temperature of the 3'RACE inner primer.
Clone and sequence the PCR products as described above
(Section 3.3).

The a2 5'RACE cloning yielded a 1 kb product, containing a
Kozak sequence [23] and an open reading frame (ORF) continu-
ing to the end of the clone. The 3’'RACE product was approxi-
mately 1.5 kb and contained a polyA sequence, indicating that we
had cloned the actual 3" end of the a2 transcript. Each of these
RACE products had high homology to a2 nAChRs from other
species. The goal of this strategy however is to clone a full-length
expressible cDNA starting with no specific knowledge of the target
sequence. Now that the 5" and 3’ end sequences were available, the
full-length cDNA can be cloned.

1. Primers based on the 5" end sequence (alpha 2 up) and the 3’
end sequence (alpha 2 down) were synthesized (Table 2).
Total RNA isolated from 24 or 48 hpf zebrafish embryos, iso-
lated as above, were used for the reverse transcriptase reaction.
Again, we used the Superscript III First Strand Synthesis
System for PCR (Invitrogen) and carried out the RT reaction
as described in Sect. 3.3.

2. At this point, a high fidelity PCR enzyme (Platinum Pfx DNA
Polymerase, Invitrogen) should be used because it is important
that the cDNA be amplified accurately, thus maintaining the
normal full ORF. In a microfuge tube, 5 pl of the 10x Pfx
amplification buffer is combined with 1.5 pl ofa 10 mM dNTP
mixture, 1 pl of 50 mM MgSOy, 1.5 pl each of alpha2 up and
alpha2 down primers (10 pM stocks), 2 pl of the cDNA reac-
tion above, 1 pl of the Platinum Pfx DNA polymerase, and
38 pl nuclease-free water. Starting with an initial 3 min dena-
turation step at 94 °C, proceed for 35 cycles each with 30 s at
94 °C, 30 s at 55 °C 3 min at 68 C. After the final cycle, the
reaction is allowed to proceed for 10 min at 68 °C.

3. Visualize the PCR product(s) on a 1% agarose gel, clone as
described above and sequence completely.

As a result of this strategy we isolated a 2 kb cDNA containing
one translational start site and a complete ORF [18]. The transla-
tion of this sequence was highly homologous to a2 nAChR
sequences present in other species. Subsequent genomic analysis
(Boyd et al., in prep) revealed we cloned the a2a nAChR (a2 a and
b genes exist in the zebrafish genome). This cDNA was expressed
in Xenopus oocytes [19] and shown to be functional. The o2a
c¢DNA was also used for the in situ hybridization protocol described
below. By following this strategy we were able to clone an a2a
nAChR from zebrafish for which we had no zebrafish genomic
sequence information. Since the genome has been sequenced, this
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strategy may no longer be as valuable for cloning zebrafish nAChRs,
but is still useful for isolating nAChRs from species without
sequenced genomes. The RACE technique described here can also
be used to clone the actual expressed 5’ and 3" ends of nAChR
cDNAs from zebrafish or other species, important for protein
expression or functional studies of nAChR subunits.

3.7 Using PCR The ability to easily isolate RNA from embryonic and larval zebra in
to Examine the Time large amounts can be advantageous to developmental studies of
Course of nAChR zebrafish nAChR gene expression. Stages of nervous system devel-
Expression opment can easily be observed and nAChR expression correlated

with specific stages. RNA can also be isolated from unfertilized eggs,
allowing examination of nAChR RNA expression in the maternal
RNA population. RNA can be isolated from unfertilized eggs,
embryos, and larvae as above (Section 3.2). We used RT-PCR to
examine the expression of five nAChR genes in maternal RNA and
72 hpf larvae (Fig. 1). The reverse transcription reactions were
accomplished as described in Sect. 3.3 using random hexamers for
the priming. PCR was carried out as described in Sect. 3.3 using
Platinum Taq DNA Polymerse. Zebrafish gene-specific primers were
designed for a2a (Table 2, ZEBRAGSP-2, Alpha2 8-2) and the

Bf-actin —dna
()
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-

Fig. 1 chrna2, chrnb3, and chrnb4 nAChR RNAs are maternally expressed in zebrafish. Semi-quantitative
reverse transcription polymerase chain reaction (RT-PCR) was used to determine that chrna2, chrnb3, chrnb4
nAChR subunit RNAs were expressed in unfertilized embryonic tissues (0) as a part of the maternal RNAs, as
well as during larval development (72). In contrast chrna6 and chrnb4 were not expressed in unfertilized eggs,
but were expressed by 72 hpf. Three micrograms of RNA from either unfertilized eggs (0) or 3 day old larvae
(72) were reverse-transcribed and amplified using subunit-specific primers. Chrnaé had previously been
shown to be expressed later in development and was used as a positive control. -actin was also amplified for
each stage as an internal loading control. Finally, PCR was performed without cDNA (—dna) to control for con-
tamination. The size of each PCR product was consistent with the size predicted by the cDNA sequences
(Zirger et al. [18]; Boyd et al. unpublished). The @x 174 Haelll DNA ladder was used as a size marker
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3.8 Using Whole-
Mount Single
Golorimetric or
Fluorescent In Situ
Hybridization to Detect
Zebrafish nAChR
Expression

3.8.1 Probe Template
DNA Preparation

Frozen Sectioning

other four nAChR subunits. Three of the nAChR RNAs (a2a, p2,
B3) were present in unfertilized eggs, supporting a potential role in
very early embryonic development, even before nervous system is
specified. All five nAChR transcripts were present in 72 hpt'larvae as
well. Zebrafish a2p2 containing nAChRs have been expressed in
Xenopus oocytes [19], raising the possibility that functional a2p2
nAChRs may be assembled in eggs, and in very early embryos.

In situ hybridization is one of the most commonly used methods
in zebrafish research, specifically in the context of developmental
biology. It enables the investigation of gene expression patterns to
be elucidated within intact whole-mount embryos or within frozen
or paraffin sections. During the in situ hybridization procedure, an
antisense mRNA probe is designed to recognize and bind the
endogenous transcript, which is later detected by a color-based or
fluorescence-based assay. The classical approach utilizes a color-
based labeling procedure with the signal visualized using a light
microscope; the use of a fluorescent signal detection system is less
common but it is valuable in specific cases. We describe our process
for using the a2a cDNA to generate labeled RNA probes to localize
a2a RNA expression in the developing zebrafish nervous system
(Fig. 2). The procedures for double whole-mount in situ hybrid-
ization and in situ hybridization in combination with immuno-
chemistry are also described. This general process can be used to
generate probes for other nAChRs as well and we have used this
procedure to examine the expression of other zebrafish nAChR
subunits during development [17].

To synthesize RNA probes labeled with digoxigenin use the DIG
RNA Labeling Kit SP6,/T7 (Roche) and for fluorescein labeled probes
use the Fluorescein Labeling Mixture (Roche). With either method it

PREPARE PROBE TEMPLATE
(DNA-containing vector with SP6 and/or T7)

|

PROBE RNA SYNTHESIS
(DIG, fluorescein)

|

‘Whole Mount /n Situ Hybridization
(DIG or Fluorescein)

| e ¥

Whole Mount Double In Situ Hybridization
(DIG + Fluorescein)

In Situ Hybridization+Immunochemistry

Fig. 2 Flowchart of zebrafish in situ hybridization procedures
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is important to start with pure linearized nAChR ¢cDNA-containing
plasmid. Probes can be synthesized from the full-length cDNAs, such
as our 2 kb a2a cDNA, or from shorter PCR products cloned into a
pCRII-TOPO or asimilar vector. Shorter RNA probes often have bet-
ter tissue penetration; we prefer to use probes of 500-750 bp. For the
analysis of ®2a expression, we cloned an approximately 550 bp frag-
ment of a2a (upstream primer GGAGATCCTCCGAGCATCCAT,
downstream primer GAGCTCTTGTAGATGGCGGGAGG) using
the sequence information from the full-length clone and placed it
into the pCRII-TOPO vector. This is a good vector for subcloning
and synthesis of RNA probes because it contains both SP6 and T7
polymerase promoters at opposite ends of the cloning site.

1. Sense and antisense probes should both be synthesized ini-
tially and the sense probe used as a negative control. Prepare
both probes at the same time from the same template if pos-
sible. Using the pCRII-TOPO vector, the plasmid can be lin-
carized at either side of the insert. Use the map of your clone
to determine which enzyme to use for each probe, keeping in
mind not to choose an enzyme which digests within your
inset. Since T7 or SP polymerases can be used, RNA for both
probes can be synthesized from the same plasmid by linear-
izing some DNA template at one side of the insert and some
at the other. If this is not convenient due to sequence consid-
erations, the cDNA can be cloned into two vectors, one in
each orientation, and use the same enzyme for both sense and
antisense synthesis. We often use the restriction enzyme Not
I to linearize the plasmid, since it is often not represented in
the inset DNA and use SP6 for both sense and antisense RNA
probe synthesis. It is advised to leave either a 5’overhang or
blunt ended template to synthesize riboprobes. Start by cal-
culating 10 pg of purified DNA and add 10 pl of manufac-
turer recommended 10x restriction enzyme buffer, 2 ul of
enzyme (dependent on your sequence), and RNAase,/DNase
free water up to 100 pl.

2. Incubate at 37 °C for 2 h, stop on ice, and run 5 pl of DNA on
a 1% agarose gel to check for complete linearization.

3. Phenol—chloroform extraction and precipitation with EtOH is
next used to remove excess buffer and enzymes from the DNA
solution. Failure to clean the DNA will result in high back-
ground staining during your in situ hybridization. After run-
ning 5 pl of the linearized DNA on a gel to ensure linearization,
you should have 95 pl of purified linearized plasmid left.

4. Add 105 pl of DEPC H,O to your 95 pl of DNA for a total
volume of 200 pl.

5. Add 200 pl of phenol—chloroform-isoamyl alcohol (Thermo
Fisher) at room temperature.
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6.

10.

11.

Vortex the sample for 10 s to mix and centrifuge at room tem-
perature for 30 s at 12,000 x 4.

. Transfer the aqueous upper phase to a fresh microfuge tube

and add 1/10th the volume (approximately 18 pl) of 3 M
NH,OAc at pH 5.3, vortex the sample, and add 2x volume of
ice-cold 100% EtOH (440 ul) to DNA.

. Next, the samples should be vortexed and placed at =70 °C for

at least 30 min, but can go overnight.

. After sufficient freezing to aid in precipitation, centrifuge the

samples at 12,000 x4 for 15 min at 4 °C, remove the superna-
tant, wash the pellet with 1 ml of 70% EtOH by centrifuging
again at 12,000 x4 for 10 min at 4 °C.

Carefully remove the EtOH with a pipettor and air-dry the
pellet for 5-20 min at room temperature or vacuum dry for
3-5 min.

The sample can be suspended into 20 pl of DEPC H,O and

the concentration determined by spectrophotometry. Template
DNA can be stored at -20 °C.

Combine the following components (Table 3) in order on ice
according to the manufacturer’s instructions to generate a
20 pl reaction

2. Incubate the 20 pl reaction in a water bath at 37 °C for 2 h.

3.8.2 RNA Probe 1.
Synthesis
3
4
Table 3

. To remove excess DNA, add 2 pl of DNase 1 and incubate at

37 °C for another 15 min.

. To stop the reaction add 2 pl of EDTA, 1,/10% volume of 3 M

ammonium acetate (~2.4 pl), and 2x volume of'ice-cold 100 %
EtOH (~52 pl).

DIG labeling and fluorescein labeling of DNA-containing plasmids

DIG labeling

Fluorescein labeling

1 pg clean linearized plasmid

1 pg clean linearized plasmid

Up to 13 pl RNase/DNase-free water Up to 13 pl RNase/DNase-free water

2 pl 10x Transcription buffer
2 pl DIG-NTPs
1 pl RNase inhibitor

2 pl 10x Transcription buffer
2 pl 10x Fluorescein RNA labeling mix
1 pl RNase inhibitor

1 pl RNA polymerase (T3, T7, or SP6) 1 pl RNA polymerase (T3, T7, or SP6)

20 pl total

20 pl total
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3.8.3 Whole-Mount

In situ Hybridization

5.

10.

Next, freeze the sample at =70 °C for at least 15 min, but most
optimally up to 1 h and then centrifuge at 12,000xy4 for
15 min at 4 °C.

. Decant the solution off the pellet and wash the pellet with 70 %

EtOH, centrifuge at 4 °C for 10 min. Use a pipettor to remove
the ethanol, as often time the pellet becomes slippery and dis-
lodges from the tube. Take care not to pull your pellet up into
the pipettor.

. Air-dry the pellet until white and suspend in 30 pl of DEPC

H,O on ice for approximately 30 min for a large /clearly visible
pellet. Do not vacuum dry the RNA, as it may not resuspend.
For smaller pellets suspend in 20 ul of DEPC H,O0.

. The concentration and purity of the RNA should be deter-

mined by spectrophotometry (a reading of 1.8-2.2 will yield a
clean in situ hybridization).

. Load 2-3 pg of RNA in a 1% Northern gel to visualize the

condition of the RNA. One band of the predicted size should
be visible with no degradation.

Probe should be stored at =70 °C.

. Wild-type zebrafish embryos are collected upon fertilization,

housed at 28.5 °C in 60 mm petri dishes, and screened at 6 hpf
for viability and proper developmental progression as described
in Kimmel et al. [8].

. Embryos, which have been removed from their chorions, are

then collected at appropriate stages for your experimental
question according to Kimmel et al. [8 ], most commonly: 6, 9,
12, 24, 36, 48, 60, 72, or 96 hpf.

. For visualization within the nervous system after 24 hpf,

embryos are first incubated in .03 g PTU /L system fish water
beginning at 20 hpf to halt pigment production.

. Once the desired developmental stage has been achieved,

approximately 30 embryos are euthanized with 1 ml of tricaine
(MS-22, Sigma) for 2-5 min at room temperature, rinsed with
fish water, and placed into autoclaved 1.5 ml microfuge tubes
(Eppendorf).

. The euthanized animals are then fixed overnight at 4 °C in

freshly prepared 4 % paraformaldehyde (PFA, Sigma) made in
1x phosphate buffer (10x PBS: NaCl: 80 g/1, KCl: 2 g/I,
Na,HPO,: 14.4 g/1, NaH,PO,: 2.4 g /1) with a pH range from
7.20 to 7.40.

. Embryos are washed in 750 pl of 100% methanol (Fisher

Scientific) twice for 5 min, once for 10 min, and stored in fresh
100 % methanol at -20 °C overnight. Embryos may be stored
in 100 % methanol at -20 °C for 6 months.
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3.8.3.1 Day1InSitu
Hybridization

Embryos are prepared to incubate in RNA probes overnight at ~60—
70 °C depending on your gene of interest. All washes are performed
at room temperature with 750 pl of solution on a GryoTwister (or
other rotating platform) at 20-30 rpm unless otherwise noted. It is
important to completely remove all wash solutions with a fire-pol-
ished glass borosilicate pipette pulled to a fine tip. Additionally, all
glassware is to be autoclaved and RNase/DNase free.

1.

After being removed from -20 °C, embryos are taken through
a graded series of methanol: 1x PBS rinses for 5 min each (75 %
methanol: 25% 1x PBS, 50% methanol: 50% 1x PBS, 25%
methanol: 75% 1x PBS).

. Wash embryos four times in PBT (0.1% Tween® 20 in 1x

PBS=50 ml of 1x PBS with 250 pl Tween 20) for 5 min.

. Embryos are then permeabilized with proteinase K (PK;

Roche) (~10 pg/mlin PBT =1 pl of PKinto 2 ml of PBT) for
5-6 min (24 hpf), 10-12 min (48 hpt), 20 min (72 hpf), or
30 min (96 hpt and 5 dpf). Embryos less than 24 hpf do not
need to proceed with PK treatment.

. Embryos are then post-fixed in 4% PFA in 1x PBS (this can be

prepared fresh or taken from a frozen stock that has been
stored at =20 °C) for 20 min.

. Next, rinse the post-fixed tissue five times in PBT for 5 min

each.

. The embryos are then pre-hybridized in 300 pl of hybridiza-

tion buffer (Table 4) for 2-3 h at 68 °C to prepare the tissue
for overnight incubation in riboprobe.

. Incubate embryos with 300 ng RNA probe into 300 pl of

68 °C pre-warmed hybridization buffer for 15-18 h at 68 °C
(hybridization temperature is probe specific and may vary from
60 to 70 °C, and should be empirically determined depending

Table 4
Hybridization buffer preparation

Hybridization buffer 50 % formamide 5 ml total hybridization buffer

Formamide 2.5 ml
20x SSC 1.25 ml
Heparin (100 mg/ml stock) 2.5 ul
Yeast tRNA (50 mg,/ml stock) 50 pl
Citric Acid (1 M stock) 46 pl
DNase /RNase-free water Up to 5 ml

20% Tween 20 25 pl
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3.8.3.2 Day2InSitu
Hybridization

Table 5
AP buffer—in sterile water, pH 9.5

Tris pH 9.5 100 mM Fisher Scientific
MgCl, 50 mM EMD Chemicals
NaCl 100 mM Calbiochem
Tween® 20 0.1% Promega

on the level of background seen). Additionally, at this point
another set of embryos are placed in a 1:500 dilution of anti-
DIG AP fragments (Roche) in PI buffer (2 pl anti-DIG to 1 ml
PI buffer) overnight at 4 °C. This pre-absorption step will
minimize non-specific antibody binding to whole zebrafish
embryos.

After overnight hybridization, the embryos are prepared to incu-
bate in anti-DIG antibody overnight at 4 °C. Again, all washes are
performed with 750 pl of solution and all wash solutions should be
completely removed before adding the next solution.

1.

Remove the probe/hybridization mix from the embryos. This
probe solution should be saved and stored at -20 °C for reuse.

. Hybridized embryos are briefly washed with pre-warmed

68 °C hybridization buffer to rinse off probe.

. Next the tissue is then taken through a gradient series of 75,

50, and 25% hybridization buffer: 2x Saline Sodium Citrate
(SSC) rinses (75 % Hyb Buffer: 25% 2x SSC, 50% Hyb Bufter:
50% 2x SSC, 25 % Hyb Buffer: 75% 2x SSC) in a 68 °C water
bath for 15 min each, followed with a 15 min wash in 2x SSC
at 68 °C.

4. Embryos are rinsed twice for 30 min in 0.2x SSC at 68 °C.

. For 5 min each at room temperature, embryos are taken

through a series of rinses in 75, 50, and 25%: 0.2x SSC pre-
pared in PBT (75% 0.2 % SSC: 25% PBT, 50% 0.2 % SSC: 50 %
PBT, 25% 0.2% SSC: 75% PBT), followed by a 5 min rinse in
PBT.

. Embryos are then incubated in PI buffer (0.1 g BSA, Fisher

Scientific, 300 pl of heat-inactivated goat serum, Vector
Laboratories, in 10 ml of PBT) for 1.5 h at room temperature
before they are exposed to preabsorbed anti-DIG AP frag-
ments at a dilution of 1:10 in PI buffer for a final anti-DIG
concentration of 1:5000 for 15-20 h at 4 °C.
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3.8.3.3 Day3InSitu
Hybridization

3.8.4 Whole-Mount
Microscopy

After overnight incubation in anti-DIG antibody, the tissue is ready
for a staining procedure that is either colorimetric (DIG, fluores-
cein) or fluorescent (Fast Red, see below) in nature and will
proceed at room temperature.

Colovimetric Staining

1. After antibody treatment, briefly wash embryos once with
PBT.

2. Follow with six, 15 min washes in PBT at room temperature.

3. Proceed with three washes in alkaline phosphatase (AP) buffer
(Table 5) for 5 min each.

4. Carefully, transfer the embryos into a six well tissue culture
plate.

5. Developing solution, which consists of NBT (22.5 pl of
50 mg/ml, Sigma) and BCIP (17.5 pl of 50 mg,/ml, Sigma) in
5 ml AP bufter is placed on the embryos. Stain time is probe
specific and may range from 30 min to 3 days. Stain should
remain a light yellow, replace the stain as it starts to turn pink.
Embryos may also be stained at 4 °C, but the time it takes to
stain is greatly increased.

6. Embryos should be observed hourly to monitor the color
development and the reaction is stopped by transferring
embryos into PBT at room temperature for three rinses at
5 min each and then fixed overnight in 4% PFA at 4 °C.

7. After post-fixation the embryos can either be prepared to: (a)
image whole mount, (b) cryopreserve and section, (c) taken
through a double in situ hybridization procedure with additional
riboprobes, or (d) double-labeled with whole-mount immuno-
histochemistry using cell specific protein markers (Fig. 4).

The single digoxigenin-labeled probe method was used to
examine the pattern of a2a nAChR subunit RNA expression in
whole developing zebrafish (Fig. 3). Sense probes gave no labeling
and are not shown. The utility of zebrafish is obvious since whole-
mount studies are relatively easy for these early ages, and signal and
tissue structures can be clearly visualized in 10-96 hpf zebrafish.
a2a is expressed early in the head and along the spinal cord. By
96 h, expression is not detected in the spine and is much reduced
in the midbrain (Fig. 3).

1. To image embryos in a whole-mount state, the embryos are
equilibrated in a 1:1 ratio of 100 % glycerol: 1x PBS for 30 min
at room temperature.

2. Next the embryos are mounted in 100% glycerol (Sigma) in
hanging drop or depression slides (Sigma) or slides built up
with cover slips, and imaged in a drop of 100% glycerol on
slide (Fisher).
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Fig. 3 Chrna2a is specifically expressed in the developing zebrafish nervous system from 10 to 96 h of
Development. Whole-mount in situ hybridization analysis, where the purple stain represents chrnaZa nAChR
subunit mRNA, demonstrates the specific localization of chrna2a to the developing forebrain, midbrain, hind-
brain, and spinal cord. (a) At 10 hpf, ubiquitous expression is visualized in the head, with punctate labeling
along the somites. (b, ¢) By 18 hpf, chrna2a is lacking from anterior forebrain, but ubiquitously expressed in
ventral midbrain and hindbrain regions. Additionally, punctate labeling continues in the central somites. (d, e)
At 24 hpf, there is a restricted chrna2a domain in the forebrain with robust labeling in cells along the anterior
hindbrain. Dim labeling remains within the ventral midbrain region. (f, g) Additionally, at 24 hpf there is
increased chrna2a expression within the anterior spinal cord, that is expressed in bilateral stripes mid-way
down the tail. (h—k) At 48 hpf, expressing cells are more restricted to the midbrain (h, i) and continued to be
present in the spinal cord (j, k). (I-o) By 72 hpf, there is an increased expression of chrnaZa in the midbrain
with limited expression in the hindbrain. In contrast to early development, the chrnaZa expression in the spinal
cord is absent. (p—s) Finally, by 96 hpf, midbrain expression is decreased and spinal cord expression continues
to be absent
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3.8.5 Fluorescent
Staining with Fast Red

3.8.6 Frozen Sectioning

3.

Photographs can be taken on an Axioscope widefield, stereo-
scope, or upright microscope using 4x and 10x oil objective
lens.

The protocol for the single labeled in situ hybridization is followed
as above, except that that the location of the AP conjugated anti-
digoxigenin antibody can also be visualized with Fast Red (Sigma).

1.

After antibody treatment, briefly wash embryos once with
PBT.

2. Follow with four, 30 min washes in PBT at room temperature.

. Proceed with three washes 100 mM Tris buffer pH with pH

8.3 for 5 min each.

. Carefully, transfer the embryos into a six well tissue culture

plate.

. Developing solution, which consists of Tris bufter and Fast

Red tablets are mixed according to manufacturers instructions.
Stain time is probe specific and my range from 30 min to 3
days. Stain should remain a light pink. Embryos may also be
stained at 4 °C, but the time it takes to stain is greatly increased.

. Embryos should be observed hourly to monitor the color

development and the reaction is stopped by transferring
embryos into PBT at room temperature for 3 rinses at 5 min
each and then fixed overnight in 4 % PFA at 4 °C.

. After post-fixation the embryos can either be prepared to: (a)

image whole mount, (b) cryopreserve and section, (c) taken
through a double in situ hybridization procedure with addi-
tional riboprobes, or (d) double-labeled with whole-mount
immunohistochemistry using cell specific protein markers.

Zebrafish embryos and larvae can also be sectioned after the stain-

ing procedure to provide easier imaging of deeper structures.

Despite their relatively small size, the described procedure pro-
duces quality tissue for imaging [17].

2.

3.

To proceed with frozen sectioning, the in situ-labeled parator-

maldehyde post-fixed embryos must be cryopreserved for section-
ing to prevent tissue fractioning.

1.

The embryos are rinsed three times for 5 min in 1x PBS to
remove the paraformaldehyde.

Remove the PBS and incubate in 5% sucrose in 1x PBS for
30 min.

Remove 5% sucrose solution and replace with 30% sucrose in
1x PBS overnight or until the embryos sink to the bottom of
the plate.
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3.8.7 Whole-Mount
Double In Situ
Hybridization

3.8.7.1 Day4InSitu
Hybridization

4. Subsequently embryos are placed in 2:1 freezing media (OCT
or TFM): 30 % sucrose in 1x PBS overnight.

5. Embryos are then oriented in Tissue-Tek® Biopsy Cryomolds®,
with 100% Tissue Freezing Media (TEM™), for both cross
section and mid-sagittal sections and frozen down at
-80 °C. The blocks of tissue are most easily sectioned the same
day, but can be stored for 6 months or longer at -80 °C. 6 to
14 pm cryosections (Thermo Scientific Cryostat) can be pre-
pared, mounted on positively charged slides and either stored
at -80 °C for up to 6 months or mounted with glass coverslips
and ProLong Gold mounting media (Life Technologies)
before imaging on a upright microscope using a 20x or 40x oil
objective lens.

Multiple probes can also be used to different targets during the
same hybridization. The ideal hybridization temperature for each
probe must be compatible and the probes must have no homol-
ogy with each other that might interfere with hybridization to the
target RNAs. Co-localization of our nAChR subunits (digoxi-
genin labeled nAChR RNA stained purple) and cell specific mark-
ers (fluorescein labeled markers stained orange) are easily
identifiable by light microscopy, see Ackerman et al. [17] for addi-
tional data. Day 1 through Day 3 of the single labeling in situ
hybridization protocol is followed using NBT/BCIP produce
dark purple expression of DIG-labeled nAChR RNA and followed
by a post fix with 4% paraformaldehyde overnight at 4 °C. The
DIG labeling is then followed by the fluorescein-labeled ribo-
probe procedure described below.

1. Transfer the embryos from the 6 well plate, in which they were
stained, into a 1.5 ml microcentrifuge tube.

2. Quickly wash with 750 pl of 1x MABT (100 mM maleic acid,
150 mM NaCl, 0.1% Tween, pH 7.5 with NaOH) at room
temperature.

3. The tissue is then washed twice with MABT for 20 min each at
room temperature.

4. To inactivate the residual DIG antibody, heat the embryos to
68 °C for 10 min in 1x MABT /10 mM EDTA.

5. Next, rehydrate the embryos in a graded series of MetOH/
MABT: 75% MetOH/25% MABT, 50% MetOH/50%
MABT, 25% MetOH /75 % MABT for 10 min each at room
temperature.

6. To completely wash out the MethOH, the tissue is rinsed four
times in 100% MABT for 15 min each at room temperature.

7. After the washes, the embryos are pre-blocked in blocking buf-
fer (2% Blocking Reagent, Roche, with 1x MAB (100 mM
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3.8.7.2 Day5InSitu
Hybridization

3.8.8 Whole-Mount
Immunohistochemistry

maleic acid, 150 mM NaCl, pH 7.5 with NaOH) and 20%
normal goat serum) for 2.5 h at room temperature.

8. The anti-fluorescein-AP Fab fragments are diluted 1:5000 in
blocking buffer and incubated overnight at 4 °C.

After overnight incubation in anti-fluorescein antibody, the tissue
is ready for a colorimetric staining procedure and will proceed at
room temperature.

1. Quickly wash the tissue at room temperature with MABT to
remove excess antibody.

2. Follow with six washes with MABT for 15 min each at room
temperature.

3. Proceed with three washes in alkaline phosphatase (AP) buffer
for 5 min each.

4. Carefully, transfer the embryos into a six well tissue culture
plate.

5. The embryos are stained in developing buffer (AP buffer, 10 %
polyvinyl alcohol-PVA) with 17.5 pl of INT and 17.5 pl of
BCIP.

6. Change this developing solution every 4-6 h to avoid a red
sticky precipitate from forming.

7. The embryos generally stain longer with INT then NBT, hours
to days, depending on the probe.

8. Stop the reaction with three quick washes with AP buffer,
three 5 min washes with PBT and two 5 min washes with PBS.

9. Finally, post-fix in 4 % paraformaldehyde overnight and prepare
to mount similarly to the single labeled in situ hybridization
protocol.

We have used whole-mount double in situ hybridization with
a DIG-labeled a2a probe and a fluorescein labeled islet 1 probe
(labeling motor neurons) to show a2a expression in the spinal cord
of 24 and 48 hpt embryos. a2a appears to be expressed in some
posterior motor neurons (Fig. 4a, b), but not in more anterior
ones at 24 hpf. At 48 hpf, most of the a2a staining appears dorsal
to the motor neurons (Fig. 4e, f).

One can also perform fluorescent in situ hybridization in
combination with immunocytochemistry in zebrafish. [24].
Immunofluorescent staining is a powerful method for detecting
the presence and the location of an endogenous protein. The main
obstacle in performing a successful immunolabeling is the rela-
tively low amount of commercially available high quality antibodies
developed for use in zebrafish. We describe the general procedure
and then how we have used it to detect GFP by immunochemistry
in zebrafish.
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Fig. 4 Expression of chrna2 RNA in spinal cord. (a) Double in situ hybridization of 24 hpf embryo with purple
chrna2 nAChR RNA labeling in the spine (DIG) and orange Islet 1 staining (fluorescein) in motor nuclei in the
brain and in motor neurons of the spine. (b) Magnification of A, 24 hpf embryo with purple chrna2 labeling in
the spine and orange Islet 1 in motor neurons of the spine. There were two subset populations of chrna2
expressing cells. One was in the first 7 anterior segments of the spine and appearing dorsal to Islet 1 express-
ing cells. The other chrna2 population extended down the entire spine at the level of ventral Islet 1 expressing
cells. (¢) 24 hpf, labeling with chrna2 RNA (red) and Zn12 antibody (green) to label Rohon Beard Sensory
neurons. Rohon Beard sensory neurons did not appear to be chrna2 expressing at the level of the spine exam-
ined. (d) 24 hpf, labeling with chrna2 RNA (Fast Red) in a transgenic HB9 embryo in which primary motor
neurons are labeled (green). chrna2 RNA did not appear to be highly expressed in motor neurons at this level
of the spinal cord, but was localized at the same level in the somite and rostral to the motor nuclei. However,
some punctate labeling with «2a may be seen. (e) Double in situ hybridization of 48 hpf embryo with purple
chrna2 nAChR RNA labeling in the spine and orange Islet 1 staining in motor nuclei in the brain and in motor
neurons of the spine. (f) Magnification of E, 48 hpf embryo with purple chrna2 labeling in the spine and orange
Islet 1 in motor neurons of the spine. (g) 48 hpf, labeling with chrna2 RNA (rea) and Zn12 antibody (green) to
label Rohon Beard Sensory neurons. Rohon Beard sensory neurons did not appear to be a2 expressing at this
level of the spine (h) 48 hpf, labeling with chrna2 RNA (Fast Red) in a transgenic HB9 embryo in which primary
motor neurons were labeled green (GFP). chrna2 RNA was not detected in motor neurons at this level of the
spine, although more sensitive methods such as RT-PCR may as yet detect expression
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1. After the Fast Red signal is developed, wash the embryos once
quickly with PBT.

2. Washed four times with PBT for 15 min each and proceed
immediately with the immunocytochemistry protocol.

3. Block tissue in a blocking solution of 2.5 % normal goat serum
(NGS) and PBT for 1.5 h at room temperature while
rotating.

4. Add the primary antibody to a cell specific protein used to
localize nAChR expression, diluted most commonly from
1:100 to 1:1000 in the blocking buffer, and incubate the
embryos overnight at room temperature (or 4 °C depending
on the antibody) for more than 15 h.

5. The next day, wash the embryos once quickly with PBT and
then four times with PBT for 30 min each at room
temperature.

6. Following the wash steps, the secondary antibody should be
diluted from 1:200 to 1:500 in PBT and placed on the embryos
overnight at room temperature or 4 °C in the dark.

7. The next day, wash the samples with PBT while being pro-
tected from direct light at room temperature four times for
30 min.

Immunochemistry can be used to increase the sensitivity of
signals from GFP in transgenic zebrafish. Following the wash steps
for the in situ hybridization probe of choice, a primary antibody
directed to GFP (Sigma) followed by the secondary antibody,
Oregon Green 488 (Thermo Fisher) is used. To label motor
neurons HBP-GFP transgenic embryos are used. The blocking
solution was 10% NGS in PBT, the primary antibody anti-GFP
(Sigma) diluted to 1:750 and the secondary antibody diluted to
1:500. The next day, for both sets of antibodies, the samples are
washed with PBT while being protected from direct light at room
temperature 4x for 30 min.

The technique of Fast Red labeling followed by immunochem-
istry is demonstrated in Fig. 4c, d, g, h. The a2a RNA probe was
detected using Fast Red as described above. In 24 and 48 hpf
embryos, a2a was observed in a position consistent with interneu-
rons. Some punctate staining may also be seen in motor neurons
(expressing GFP, see whole-mount immunochemistry described
above) as well at 24 hpf (Fig. 4d) but not at 48hpf (Fig. 4h). The
double in situ hybridization procedure described above using DIG
and fluorescein probes indicated a2a expression in some posterior
motor neurons at 24 hpf, but not at 48 hpt (Fig. 4a, b, ¢, f). This
does not preclude expression of a2a in primary motor neurons at
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3.9 Summary

other levels of the spine or at other times, but simply may require
a more sensitive technique such as RT-PCR to be detected.
The Fast Red o2a signal does not appear to be detected in Rohon
Beard neurons (Fig. 4¢, g). However, recent work by Menelaou
et al. [21] does show expression of a2a in Rohon Beard cells
using in situ hybridization and an anti-a2a antibody in 20-22 hpf
embryos and by using the anti-a2a antibody in 30-33 hpt
embryos. The reasons for the difference between their observa-
tions and our data in Fig. 4 are not clear, but are possibly due to
differences in microscopy methods or the level of the spinal cord
being examined (more anterior or posterior). This points out a
technical concern when using multiple labeling methods; expo-
sure times used to produce optimal staining or signal detection
for one probe, may not be optimal for another. One probe may
be underexposed for example and underrepresent the level of sig-
nal. This must be taken into account when using these in situ
procedures. a2a expression in unfertilized eggs and an early and
transient expression pattern in the nervous system are consistent
with an important role in signaling in the developing vertebrate
nervous system.

Zebrafish provide a great opportunity to study the role of nAChRs
in addiction, development, and many complex behaviors. The
identification of which nAChR subunits are present and where
they are expressed is important for these studies. We describe here
some of the tools which can be used to examine expression and
localization of zebrafish nAChRs. The expression patterns of all of
the cloned neuronal nAChR subunits have not yet been character-
ized, but the methods described here will be useful to complete
this work. The PCR cloning strategy may be utilized to clone
additional nAChRs from zebrafish and from other species for
which nAChRs have not been identified and genomic sequencing
data is not available. The RACE strategy described here will also be
useful for cloning full-length nAChR subunit ¢cDNAs complete
with natively expressed 5’ and 3’ ends.
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Chapter 2

Zebrafish: An Animal Model to Study Nicotinic
Drugs on Spatial Memory and Visual Attention

Ponzoni Luisa, Mariaelvina Sala, and Daniela Braida

Abstract

Neuronal nicotinic acetylcholine receptors (nAChRs) are involved in learning and memory in both humans
and animals. For their physical characteristics, including small size, easiness to grow, and robustness of the
species, zebrafish (Danio rerio) is rapidly becoming a popular model in bio-behavioral studies. Zebrafish
are also easy to manipulate for researchers who are not practical users of traditional animal models. Here
we describe two cognitive tasks which are sensitive to nicotinic drugs in a similar manner as rodents. Spatial
memory is studied using a T-maze apparatus, where animals choose between two arms one of which con-
tains a reservoir that offers a favorable habitat. Each fish receives two training trials at an interval of 24 h.
The difference between the running time taken to reach the reservoir (and stay for at least 20 s) obtained
during the first and the second trial is a measure of memory of the spatial location of reward. Visual atten-
tion is studied using a virtual object recognition test (VORT) where two geometrical 2D virtual shapes are
presented stationary on two iPod screens. Shape recognition is scored in terms of exploration time
whenever the zebrafish approach to the iPod area and direct their heads towards the shapes. To elucidate
the involvement of nicotinic subtype receptors on memory, different selective nAChRs compounds
(agonists and antagonists) are given through intraperitoneal (i.p.) route. All the compounds are tested also
on swimming behavior to ascertain their possible interference with motor function. Here, we propose
zebrafish as a useful tool to rapidly screen new nicotinic compounds active on cognitive disorders.

Key words Teleost, Learning and memory, Cholinergic system, Nicotinic subtype receptors, Spatial
memory, Visual attention, Cognitive disorders, Nicotinic partial agonist

1 Introduction

The cholinergic system plays a fundamental role in learning and
memory of mammalian and nonmammalian vertebrates and inver-
tebrates. Cognitive deficit is a feature of multiple brain disorders
such as Alzheimer’s disease (AD), autism spectrum disorders
(ASD), and schizophrenia [1-4]. In particular for patients suffer-
ing from AD, spatial cognition is strongly impaired [1-3], while
clear attention problems have been described in children affected
by ASD and in many neuropsychiatric disorders [4-6].

Ming D. Li (ed.), Nicotinic Acetylcholine Receptor Technologies, Neuromethods, vol. 117,
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In AD patients both muscarinic and nicotinic acetylcholine recep-
tors, or nAChRs, levels have been found to be reduced [7, 8] and
patients in early stages of AD showed a reduced nAChR density in
cortex and hippocampus [9]. Consequently, considerable research
into cholinergic cognition enhancers has been carried out [10].

Zebrafish, due to their complex nervous system and having
robust cognitive abilities, are gaining popularity as complementary
model for neurobehavioral research. Notably, learning and mem-
ory capabilities of teleosts are complex as those of mammals and
birds sharing homologous neural mechanisms [11]. The zebrafish
cholinergic system is generally similar to that of other vertebrates
having muscarinic [12] and the full set of nicotinic receptors [13].

Zebrafish perform well in some conditioning cognitive tasks
such as appetitive choice discrimination [14], shuttle box active
appetitive and choice discrimination |14, 15], and one-trial avoid-
ance task [16].

Spatial learning and attentional memory are particularly impor-
tant since their impairment is the hallmark of prevalent human neu-
rodegenerative diseases [17]. Interestingly, fish are able to use the
information provided by the geometric attributes of the surround-
ing for spatial navigation to reach the goal location by learning its
position relative to the landmarks by using spatial information [18].

Spatial learning in zebrafish has been well characterized in the
past years by using either an y-maze apparatus, in which different
geometric forms were placed on the external maze walls [18, 19],
or a T-maze where animals choose a correct arm on the basis of
different stimuli such as the sight of conspecific, food [20, 21], a
favorite color [22], or a favorable environment [23]. Aversive stim-
uli often used are mild shock [24] or a water soluble that smells or
tastes bad [19].

Disorders of attention may underline cognitive dysfunctions
associated with neurodegenerative and psychiatric disorders [25,
26]. Even if a robust literature is present for tasks assessing atten-
tion in rodents (for review, see ref. [27]) tasks on zebrafish to assess
sustained attention are not available except the three-choice appe-
titive visual choice discrimination which however not effectively
measures sustained attention [ 14, 28].

In an attempt to maximize the value of zebrafish as an animal
model to study attention, we applied a modified version of novel
object recognition task named virtual object recognition task
(VORT). This test evaluates the animal’s attention elicited by the
presentation of novel stimuli, where virtual stationary geometric
2D shapes are presented on iPod screens [29].

This chapter provides a detailed description of how assess spa-
tial memory through the T-maze and visual attention using
VORT. Furthermore a third procedure is described regarding the
evaluation of swimming activity, an important parameter to validate
the pharmacological effects of nicotinic compounds on memory.
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2 Equipment, Materials, and Setup

2.1 Animals

22 Drug
Administration

Although various outbred or inbred or genetically modified zebrafish
may be used to assess spatial and visual attention memory, care has
to be given to the anxious state of fish. An increased anxiety can
interfere with the tasks since the fish can freeze or jump decreasing
their swimming. For example, some strains have been described to
be highly anxious such as Nadia, long fin variant, and leopard color
variant [30].

Adult short-finned wild-type zebrafish of heterogeneous
genetic background can be easily obtained by local aquarium sup-
ply stores. Adult zebrafish (from 90 days to 2 years) can be used.
Males and females are identified as previously reported [31], and
both can be used for cognitive tasks. Males are longer, slimmer,
and more yellow especially on the belly while females are plumper
and more silvery.

Behavioral testing takes place during the light phase between
09:00 a.m. and 14:00 p.m. Tank water consists of deionized water
and sea salts (0.6 g/10 | of water; Instant Ocean, Aquarium
Systems, Sarrebourg, France). Approximately 30 adult fish are
maintained in 96 | home tanks (75 cm long, 32 cm wide and 40 cm
high) provided with constant filtration and aeration. Animals are
acclimatized for at least 2 weeks before the start of experiments.
Fish are fed twice a day with brine shrimp and flake tropical fish
food. Zebrafish are maintained at approximately 28.5 °C on a
14:10-h light—dark cycle.

The common routes of administration used in rodents can also be
applied in zebrafish. The intraperitoneal (i.p.) route is the easiest
way to deliver drugs. First of all zebrafish body weight must be
measured as previously described [32, 33] Briefly, fish are gently
removed from their tank using a net and placed in a container con-
taining tank water, positioned on a digital balance. The weight of
the container plus the fish minus the weight of the container before
the fish is added, is determined calculating the mean of three con-
secutive measurements. For i.p. injection, fish are previously anes-
thetized with ice as previously described and placed in a supine
position (Fig. 1). Briefly, a cut (10-15 mm deep) on a sponge
(20 mm) is done. Each fish is put in a tank containing water and
ice and a thermometer. When the temperature reaches 17 °C, the
fish typically will spread its pectoral fins horizontally, gasp, and
have rapid operculum movements. As the temperature drops, the
fish will swim more slowly and finally stop swimming. The fish is
ready for injection when it does not react to being handled with
cold fingers, gently transfer the fish to the trough of the sponge.
The fish are positioned with the abdomen up and the gills in the
trough. The injection is made in the abdominal cavity using an
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Hamilton needle

Intraperitoneal injection

Fig. 1 lllustration of the intraperitoneal injection in the abdominal cavity of
zebrafish

Hamilton syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland)
(for details see Fig. 1). No more than the tip of the needle is
inserted into the abdomen of each fish, to prevent damage of inter-
nal organs. After injection, each fish is immediately transferred
back to its warm water (about 28 °C) tank for recovery. The vol-
ume of administered drugs depends on the fish's weight (2 pl/g).
The dosage and pretreatment time can vary, depending on the
drug and the strain sensitivity. For example, for nicotine the con-
centration ranges from 0.0002 to 0.4 pg/2 pl.

Importantly, all experimental procedures must be conducted
in accordance with National and Institutional Guidelines for the
care and use of Laboratory Animals. All efforts must be done to
minimize the number of animals used and their discomfort.

3 Adopted Techniques

3.1 T-Maze
3.1.1 Apparatus

A transparent Plexiglas T-maze (filled with tank water at a level of
10 cm) is used (Fig. 2). The apparatus includes a starting zone
(30 cm x 10 cm) separated from the rest of the maze by a transpar-
ent removable door. Behind the partition, there is a long
(50 cmx 10 cm) arm and two short (20 cmx 10 cm) arms, which
lead to the removable deep water chambers (30 cmx 30 cm). One
of two chambers, used as reservoir, contains artificial grass, shells,
stones, and colored marbles that offered a favorable habitat for the
fish. Two removable opaque partitions (4.5 cm x 30 cm) are put, in
a staggered way, at the beginning of each short arm, to prevent
viewing of the two chambers.



3.1.2 Procedure

3.1.3 Time Required

Nicotinic Drugs on Learning and Memory in Zebrafish 37

=z A

T-MAZE APPARATUS

Fig. 2 lllustration of the T-maze apparatus for testing spatial learning in zebrafish
(reproduced from Ref. [23]) with permission of Springer

To minimize procedural novelty stress, the fish first undergo two
habituation trials of 1 h every day for 3 days, which also serve to
reduce handling stress according to Gaikwad et al. [34]. Each sub-
ject receives two training trials of exposure in the T-maze. During
each trial, each fish is placed in the start box for 5 min with its door
closed. Then, the start box door is raised and lowered after the fish
has exited. Ten minutes are allowed to reach the reservoir or the
other chamber. Fifty percent of the fish within each group has the
reservoir to the left, and the other 50% to the right. For each sub-
ject the location remains the same through the experiment. The
running time taken to reach the reservoir and stay for at least 20 s
is recorded by an experimenter blind of pharmacological treat-
ments. After 20 s, each fish returns to its home tank. A second
session can be done to the same fish either at 3 or 24 h later. The
interval will be chosen on the basis of the different pharmacologi-
cal treatments. If nicotinic enhancer drugs must be tested the opti-
mal interval is 24 h since fish show a poor performance. A session
of 3 h is enough to show a good performance. Thus nicotinic
antagonists can be tested at this interval. The obtained results can
be expressed as running time (s) during each session or as differ-
ence between the running time taken to reach the reservoir and
stay for at least 20 s between the first and the second trial.

In order to minimize stress due to the novel procedure, acclimation to
the maze requires 3 days in which fish undergo two daily habituation
trials of 1 h each. During these trials, the fish (in a group of 12-16
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3.2 Visual Attention
(VORT)

3.2.1 Apparatus

3.2.2 Procedure

3.2.3 Time Required

each) are allowed to freely explore the entire maze. To minimize
acute social isolation stress, zebrafish groups are only gradually
reduced in size during the experiment according to Levin and Chen
[35] starting for example with 16 fish per group on day 1, 8 fish per
group on day 2, 4 fish per group on day 3, and individual fish from
day 4. Each fish is submitted to two 10-min-session on day 4, with an
inter trial time of 3 or 24 h. A total of 4-5 days is required to evaluate
spatial memory of a very high number of fish.

A rectangular transparent Plexiglas tank (70 cm longx30 cm
highx 10 cm wide) is filled with tank water at a level of 10 cm
(Fig. 3). A central area of 20 cm is obtained inserting two opaque
barriers to visually isolate the two stimuli areas where two identical
white geometrical shapes, on a black background, are shown on
two iPod 3.5-in. widescreen displays, located externally to the
opposite 10 cm wide walls.

After a week of habituation, as above described for T-maze, each
fish is restricted in the central area for 5 min. After the barriers are
gently removed, each animal is subjected to a 10 min familiariza-
tion trial (T,), during which two identical white geometrical shapes
are shown on two iPod screens. After T, each fish returns to its
home tank. Then during T, after different time delays (from 5 min
to 96 h) each fish is put again in the central area. One of the two
identical static familiar shapes is replaced with a novel one for
10 min. The shapes are simple geometric shapes (square, triangle,
circle, cross, etc.) with equal surface (2.5 ¢m?). The shapes are
looped on a 3rd generation iPod Touch (Apple) through iTunes
for the duration of the experiment (320 pixels horizontal axis and
480 pixels vertical axis). The luminosity of the screens is constant
across the two screens and testing sessions. Attention must be paid
to counterbalance the choice of the shapes and to randomly pair
the discriminated shapes within every time delay. Shape recognition
is manually scored with a stopwatch by an experimenter blind to
the treatment. Whenever each zebrafish approaches to the iPod
area (10 cm) and directs its head toward the shape, exploration
time is recorded. Data are expressed as discrimination index [(time
spent exploring novel shape - time exploring familiar shape)/(time
spent exploring novel shape + time exploring familiar shape)].

A week of habituation, as above described for T-maze, is required
to decrease the anxiety due to the novel environment. Zebrafish
are subjected to a familiarization trial for 10 min, during which
two identical shapes are presented. Then, after different delays
(from 5 min to 96 h) a novel shape recognition trial of 10 min, is
given. Thus, the total time required is dependent on the delay
length.
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HABITUATION PHASE

5 min restriction in central area

ACQUISITION PHASE (T,)

Same shapes

TEST PHASE (T,)
Different shapes

Fig. 3 lllustration of VORT apparatus with different experimental phases
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3.3 Swimming
Behavior

3.3.1 Apparatus

3.3.2 Procedure

3.3.3 Time Required

Swimming tank

Fig. 4 lllustration of swimming behavior apparatus (a) and of zebrafish intraperi-
toneal injection (b)

To ascertain that the obtained results are effective to improve
memory and not due to change in general activity, it is fundamen-
tal to verify swimming activity by recording the total number of
crossed lines.

Fish are acclimated for 1 week to a transparent observation cham-
ber (20 cm longx 10 cm widex 15 e¢m high) (Fig. 4) containing
home tank water filled at a level of 12 cm to the novel tank. The
floor of the chamber is virtually divided into ten equal-sized
2 cmx 10 cm rectangles drawn on a sheet located under the floor.

Using a time sampling procedure, swimming activity is monitored
by counting the number of lines crossed in a 30 s observation
period every 5 min, for a total of six observation bins over 30 min
[36]. The mean of the six observation bins is calculated.

In addition to 1 week of acclimation to the observation tank, in
which each fish is daily put for 1 h a day, the time required to do
the experiment is 30 min for each fish.

4 Drug Treatment

Nicotinic drugs can improve or impair learning and memory.
Nicotine and its partial agonists improve cognitive function
depending on the dose. Nicotine bi-tartrate is used in a range of
doses between 0.2 and 200 pg/kg of body weight while cytisine
(CYT) between 0.01 and 100 pg/kg and given i.p. 10 min before
the first training trial in the T-maze or 20 min before T phase in
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VORT. NIC can be also active if injected 10 min before T; phase
(pilot studies). Nicotine effects can be antagonized by nonselective
antagonists like scopolamine (SCOP) (25 pg/kg) or mecamyla-
mine (MEC) (100 pg/kg). Both the oy, and the a; subtype recep-
tor have received a great deal of attention as important drug targets
for cognitive enhancement [37—42]. To study the role of different
nAChR subtypes, some selective drugs are available as methylly-
caconitine with high affinity for «; subtype, a-conotoxin (MII)
with high affinity for os subtype and Dihydro-p-erythroidine
(dHBE) with high affinity for oup, subtype. The range to be used is
between 1 and 100 pg/kg based on previous study [23]. All the
antagonists, used in the T-maze task, are given i.p. 10 min before
the maximal active dose of NIC (20 pg/kg). Using VORT, SCOP
(25 pg/kg) is given 20 min before T, phase, while MEC (100 pg/
kg) 30 min before. Vehicle group receives one or two injections of
sterile saline (2 pl/g). All these drugs can be purchased from
Sigma-Aldrich (St. Louis, MO, USA) and can be dissolved in
saline. All the solutions are prepared fresh and the pH is about 7.2.
Generally, at least ten animals per dose are used and each fish can
be used only once. Experiments are to be carried out by experi-
menters blind to treatment.

5 Data Analysis

Data are expressed as mean+SEM. To analyze different groups,
one-way analysis of variance (ANOVA) for multiple comparisons fol-
lowed by an appropriate post hoc test, is suggested. In the T-maze
task, running time obtained with different dosages of nicotinic com-
pounds can be analyzed by linear regression lines. Since all nicotinic
agonists show a U-shape dose—response curve, it is possible to calcu-
late the EDsy only for the ascending linear portion of the curve.
Comparisons between two groups can be done with Student’s ¢ test.
Data from fish receiving vehicle at two different time intervals can be
pooled after making sure that there is no statistical difference
between the two groups. The level of significance is taken as P<0.05.

6 Typical Results

6.1 T-Maze

A typical result of short-finned wild-type zebrafish of heterogeneous
background performance is reported in Fig. 5 where the cognitive
ability can be expressed either in terms of running time to reach
the reservoir (a) or in different pre-training running time minus
post-training either at three or 24 h (b). Basally, zebrafish take
about 270 s to find the reservoir. After 3 h a significant reduction
is observed. However, if animals are tested after 24 h no difference
from baseline is shown.
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Fig. 5 Cognitive ability in a T-maze can be expressed in terms of running time to
reach the reservoir (@) and in terms of difference of pre-training (running time)
(PRE) (at 0 h) minus post-training running time (POST) (at 3 or 24 h) (b) (See Ref.
[23]). Performance is improved at 3 but impaired at 24 h. #*P<0.05 vs. the
remaining groups, Tukey’s test; ***P<0.0001 vs. 3 h (Student’s test)

As expected, NIC effect on running time, expressed as difference
of pre training time (basal) minus post-training time (at 24 h), fol-
lows a biphasic effect (increasing at low doses: 2-20 and decreasing
at high: 200 pg/kg) (Fig. 6a). The same profile, but at different
dosages (increasing at low dose: 0.1 and decreasing at high:
10-100 pg/kg), can be obtained using a typical partial agonist,
like CYT (Fig. 6b). The calculated EDs, (pg/kg) on ascending
part of the trend is: 1.4 for NIC and 0.045 for CYT. The biphasic
effect has been previously found in both zebrafish given nicotine
dissolved in the water [42, 43] and mammals [44]. It is interesting
to note that even if partial agonist CYT shows an improving effect
in the T-maze, if used at a high dose, which per se is inactive, com-
pletely blocks NIC-induced improvement (Fig. 6¢), confirming
that CYT is a nicotinic partial agonist. It can be explained by the
fact that CYT inhibits NIC-induced dopamine release [43], which
plays an important role in zebrafish cognition [44].

Muscarinic and nicotinic blockers are known, per se, to impair
different forms of memory in animals and to reduce NIC-induced
memory improvement [45]. A typical experiment using SCOP and
MEQC, in the T-maze, is reported in Fig. 7. As expected, an amnesic
effect, per se, is obtained better with SCOP than MEC (data not
shown). This is not a surprising result since the effect of MEC
appears to be related to the difficulty of the test [42]. SCOP and
MEC blocked the improvement of memory induced by NIC reduc-
ing the difference of running time in comparison with saline group.
Interestingly, the selective nicotinic antagonists, MLA and dHE,
which per se have amnesic effects (data not shown), significantly
blocked NIC pro cognitive effect. MII, which per se has slight but
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Fig. 6 Nicotine (NIC) (a) and cytisine (CYT) (b) increase spatial memory performance following an inverted
U-shaped dose—response curve. NIC performance is significantly reduced by pretreatment (10 min before)
with CYT at a dose which per se does not affect cognitive ability. *P<0.05, **P<0.01 compared to corre-
sponding saline group; #P<0.01 compared to corresponding Sal + NIC group (See Ref. [23])

not significant enhancing effects (data not shown), blocks NIC-
induced effect at a high dose. dHBE is more active than MLA or
MII in blocking NIC-effect suggesting a major role of the a4p2
subtype receptor in NIC-induced cognitive enhancement.

These results support the use of the T-maze as a tool for a
rapid screening of the effect of new nicotinic partial agonists in

zebrafish.

6.2 VORT A number of different geometrical shapes have been tested for
their ability to be discriminated by fish (Fig. 8a) where some shapes
are easily discriminated, during T, when simultaneously presented,
and others are not. Before doing the experiment, researchers must
check the ability of zebrafish to discriminate each pair of shapes.
Thus, the mean exploration time for the familiar and novel shape
during T, is significantly increased only when highly discriminated
shapes are presented (Fig. 8b). High discriminated shapes lead to
a good discrimination index while poorly discriminated lead to a
very low discrimination index (Fig. 8c).
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6.3 Swimming
Behavior
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Fig. 7 Treatment with different nonselective or selective nAChRs subtype receptor
antagonists, given 10 min before nicotine (NIC) significantly block NIC-induced pro-
cognitive effect. *##P<0.001, ##P<0.0001 compared to corresponding Saline
(Sal) +NIC group; *P<0.05 compared to corresponding Sal group (See Ref. [23])

Another important parameter is the choice of the inter-trial
delay. During T, phase, zebrafish spend a similar time to explore
two identical shapes but starting from 5 min to 24 h inter-trial
delay they spend a significant increase of time to explore the novel
shape during T, (Fig. 9, left). Consequently a good discrimination
index, at the above delays, is observed while after 96 h a dramatic
decrease of this parameter is shown (Fig. 9, right).

Memory performance can be ameliorated by treatment with
NIC using only shapes that are difficult to be discriminated
(Fig. 10, left) or worsened by SCOP/MEC using highly discrimi-
nated shapes (Fig. 10, right). The use of amnesic drugs like SCOP
and MEC can helpful to investigate the enhancing memory effect
of nicotinic drugs.

It is important to note that nicotinic compounds can alter motor
function. Generally, nicotine can be stimulant at certain doses. Our
employed doses are devoid of any significant effect on swimming
behavior as the number of crossed lines does not differ from saline
group (Fig. 11) confirming a selective effect on memory.

7 General Experimental Variables

1. To decrease the variability due to manual recording, video
recording system is recommended. A high-resolution Canon
MV900 camera equipped with optical zoom is suggested with
the possibility to transfer recordings to a PC, using the editing
software supplied with the camera.
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Fig. 8 Using highly discriminated shapes a significant increase of mean exploration time (a) and of discrimina-
tion index (b). In contrast, poorly discriminated shapes lead to a significant decrease of both parameters.
Examples of different pairs of shapes used in VORT are shown in panel (c) (reproduced from Ref. [29] with
permission of Elsevier)
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Fig. 9 Performance evaluated in VORT at increasing time delays using highly discriminated shapes. An increase
of mean exploration time to the novel shape from 5 min to 24 h (/eff) and a good discrimination index (right) is
shown. At 96 h there is a worsened performance. **P<0.01, ***P<0.001 as compared to corresponding
familiar exploration time; &P<0.05, &&P<0.01 as compared to 96 h group (Tukey’s test). (Reproduced from
Ref. [29] with permission of Elsevier)
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Fig. 10 Nicotine (NIC, 20 pg/kg) injection significantly increases the discrimination index of poorly discrimi-
nated shapes (/eff) while it does not affect the discrimination index of highly discriminated shapes (right).
Treatment with scopolamine (SCOP) (25 pg/kg) or mecamylamine (MEC, 100 pg/kg) injected 20 or 30 min
before T1, respectively, reduces cognitive performance. &P<0.01 as compared to corresponding saline
group (Student’s t test); “P<0.001, ""P<0.0001 as compared to corresponding Saline and NIC groups
(Tukey’s test). (Reproduced from Ref. [29] with permission of Elsevier)
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Fig. 11 Treatment with saline (Sal), Nicotine (NIC), Cytisine (CYT) and different
nonselective (Scopolamine, SCOP, and Mecamylamine, MEC) or selective antag-
onists (MLA, MIl, or dHBE) do not affect swimming behavior evaluated by count-
ing the number of crossings in a 30-s observation period every 5 min over
30 min. (Reproduced from Ref. [23] with permission of Springer)

2. Zebrafish are known to be anxious fish [34]. Thus, the 2 weeks
of acclimation can be prolonged until to a month to make
zebrafish less anxious. Handling during injection may generate
an anxious state. Researchers have to be quick and gently han-

dle the fish.

3. The age of zebrafish may vary the results. Young zebrafish
(from 1 to 3 months) are very small and thus the perception of
the environment can be altered. Aged fish may slowly swim,
resulting in an altered performance.

4. The apparatus needs a homogencous light over the tank.
Penumbra zones can alter the swimming of fish.
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. Water temperature must be controlled with a thermometer.

Cold water can affect swimming behavior (freezing).

. Drugs can also be dissolved in the water tank but in this case

the amount of drug each fish receives is less precise. For nico-
tine, each fish is immersed in a beaker containing 50 ml of
water for 3 min and then placed singly into a holding tank
without nicotine for the interval between exposure and testing
[43]. Water in the beaker is changed for each fish.

. The T-maze protocol is based on previous findings using simi-

lar apparatus but different cue stimuli to motivate zebrafish to
choose the correct arm. Alternatively to a favorable habitat, the
researcher can use a deeper habitat [21], food as reinforcer
[20], particular color (red better than blue) [47], the sight of
conspecifics [19], aversive stimuli like a mild shock [24], or a
water soluble that smells or tastes bad [19]. Researchers who
decide to use different stimuli with T-maze have to pay atten-
tion to some variables. For example if food is used zebrafish
need a habituation to the bait for 3-5 days to avoid food neo-
phobia before starting the experiment [34]. If colors are used
as stimuli, pay attention that zebrafish have a preference for red
and also yellow but avoid blue [22].

. Initially, fish take an average about 250 s to find the reservoir;

however, individuals can vary their performance. The initial
time appears to be dependent on the stress levels of the fish.
A small amount of fish never leaves the start zone or the long
arm of the maze. In this case they have to be removed from
data analysis. Fish which are very fast to reach the reservoir,
probably for their initial anxious state, have to be removed
from data analysis.

. The acquisition learning can be also obtained in the same

zebrafish trained to progressive intervals (3, 12, and 24 h). In
this case animals progressively improve their performance
decreasing their latency of about 60 %.

. Researchers have to check different pairings of shapes delivered

from the two iPods to establish which shapes are discriminated
and which are not by their zebrafish. This is important before
starting experiments with nicotinic drugs.

. Drawing a line on the two walls of VORT apparatus at 10 cm

from the iPod areas can help the experimenter to better score
the time spent close to the iPods.

. Ten rectangles, which divide the floor of the observation cham-

ber, can be varied [36]. If more lines are included, more activ-
ity can be better measured. The lines can be put also on the
walls of the tank.
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8 General Troubleshooting

Several practical recommendations reported here may help the
researchers to obtain more reliable and reproducible behavioral
data.

1.

To avoid social isolation stress, the animals have to return to
their tanks after each time delay and housed in their home
tanks in groups of 15 as described by [48]. A simple marking
procedure to recognize the fish is the subcutaneous injection
of'a color dye as suggested by [49] that may alleviate this prob-
lem. The procedure allows to successfully mark zebrafish and
distinguish them for a period of more than 30 days, which is
sufficiently long for most behavioral paradigms developed for
this species. In addition, the injection-based marking does not
significantly alter social interaction, as defined by the frequency
of agonistic behaviors within shoals.

. Blind fish or with poor sight cannot be used. The visual acuity

generally increases throughout the first year of development
and then tails off a bit at 15 months of age [50].

. Researchers can more accurately measure the amount of time

to reach the reservoir or the time spent close to the novel shape
or the crossed lines in the swimming activity using a video
camera.

. The choice of time interval to test nicotinic drugs is important.

To study memory facilitating effects zebrafish must be
impaired. A time of 24 h or more from the first training trial is
the best time for T-maze or the choice of poorly discriminated
shapes for VORT. In contrast, to evaluate if drugs impair
memory, a high cognitive performance is needed. Thus, a short
interval from the first training trial (1-3 h) in the T-maze or
the use of highly discriminated shapes in VORT is warranted.

. A limitation to study zebrafish with nicotinic compounds is

the lack of information on drug absorption and metabolism
rate. However, at least for nicotine, it is possible to measure
its concentration in the brain after injection using liquid
chromatography—tandem mass spectrometry as previously

described [51].

. There is a high degree of sequence identity to rats and human

orthologs of nAChR [12], supporting the use of zebrafish to
test the effect of nicotinic compounds. However, there is not a
wide availability of selective antagonists for zebrafish. Binding
studies can help to establish their affinity to nAChR subtypes.

. It is important to pay attention to treat each fish correctly,

without piercing it. In this case, animals must be discharged.
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Chapter 3

Conditioned Place Preference and Behavioral Analysis
to Evaluate Nicotine Reinforcement Properties in Zebrafish

Maria Paula Faillace and Ramon Oscar Bernabeu

Abstract

Studies with mice and rats have demonstrated that nicotine induces a Pavlovian conditioning denominated
conditioned place preference (CPP). This behavioral paradigm is performed by exposing an animal to a
drug in a particular environment. If the animal associates the drug (unconditioned stimulus) with the place
where the drug is administrated (conditioned stimulus), a CPP is established. Similarly, zebrafish have also
been used as a model system to identify factors influencing nicotine-associated reward. The protocol
described here was designed to establish nicotine-CPP in zebrafish by using a biased approach. Moreover,
pros and cons of using biased vs. unbiased design are also discussed. The protocol design is based in the
establishment of nicotine/environment associations (nicotine-paired group). Since nicotine exerts anxio-
Iytic effects, we used a counterbalanced nicotine-exposed control group, which did not show a significant
place preference shift, providing evidence that the preference shift in the nicotine-paired group was not
due to a reduction of aversion for the initially aversive compartment. Nicotine-induced place preference in
zebrafish was corroborated by behavioral analysis of several indicators of drug preference, such as time
spent in the drug-paired side, number of entries to the drug paired side, and distance traveled. This
method provided further evidence that zebrafish actually develop a preference for nicotine, although the
drug was administrated in an aversive place for the fish. This methodology offers an incremental value to
the drug addiction field, because it describes behavioral features associated to nicotine-induced CPP in
zebrafish. Therefore, this model is useful to screen for exogenous and endogenous molecules involved in
nicotine-associated reward in vertebrates.

Key words Zebrafish, Behavioral analysis, Nicotine preference, CPP, Biased design, Drug addiction

1 Introduction

Tobacco is one of the most commonly used addictive substances,
and nicotine is its principal psychoactive compound. Nicotine
binds to nicotinic acetylcholine receptors (nAChR), ion channels
that bind acetylcholine and can induce a cooperative eftect with
other neurotransmitter systems to modulate synaptic plasticity [1, 2].
As all addictive drugs, nicotine stimulates strongly the midbrain
mesolimbic dopaminergic system, increasing excitability and synap-
tic strength in several brain areas such as the substantianigra-ventral

Ming D. Li (ed.), Nicotinic Acetylcholine Receptor Technologies, Neuromethods, vol. 117,
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tegmental area; dorsal and ventral striatum, amygdala, sensory
cortex, and hippocampus [3-5]. The highly conserved nature of
the rewarding pathway and the universal ability of drugs of abuse
to stimulate the nervous system allow drug-associated reward to be
modeled in nonmammalian species [6-8]. One of the major chal-
lenges in the drug addiction field is the identification of factors and
structures involved in drug reward and relapse. Nevertheless, the
behavioral screening of drug of abuse effects represents a real bot-
tleneck in this field [9] and to find good animal behavior models
for nervous system diseases is a present challenge. A vertebrate
model for the rapid assessment of cognitive behaviors could be
a good solution to find out the rewarding effects of nicotine.
The zebrafish (Danio rerio) is a good model to evaluate behav-
ior. The zebrafish brain is able to control a variety of complex
behaviors such as learning, addiction, aggression, as well as social
interactions. This species has been used as an animal model for
identifying molecules involved in the rewarding eftects of drugs [6,
10, 11]. Previous results demonstrated that the dopaminergic sys-
tem in zebrafish participates in cocaine reward [6], suggesting that
this pathway responds similarly in zebrafish and mammals.

There are two main behavioral paradigms to evaluate drug
addiction, conditioned place preference (CPP) and self-
administration (SA). The first evaluates the association between a
drug and the environment where the drug is consumed [12]; the
second examines the motivation of an animal to obtain the drug.
To the present, no SA paradigm is developed for zebrafish. The
CPP paradigm is a classical conditioning model that is widely used
to investigate the mechanisms underlying context-dependent
learning associated with drugs of abuse [13, 14]. The association
between nicotine and environmental cues constitutes a form of
conditioning which occurs in humans and other animals. On the
other hand, zebrafish have shown Pavlovian conditioning in several
tasks including CPP [15]. Zebrafish showed CPP responses to
cocaine [6], amphetamine [11], opiates [16], ethanol [2], and
nicotine [10, 17, 18]. Particularly, nicotine CPP in zebrafish can
be established from 3 to 32 conditioning sessions [10, 17]. In case
of determining CPP after conditioning with nicotine during few
days or sessions, the rewarding properties of the drug are evaluated.
Experimental designs based on long lasting conditioning sessions,
i.e., exposure to nicotine in association with the environment for at
least 4 weeks, are more related to long-term effects of the drug
which is further associated with addiction [10]. Zebrafish showed
a strong rewarding behavior to nicotine as it was demonstrated by
a significant preference shift to an initially aversive compartment,
which was associated with the drug [17]. Moreover, repetitive
exposure of adult zebrafish to nicotine led to a robust CPP that
persisted following 3 weeks of abstinence and in an environment
with adverse stimuli, a behavioral indicator of the establishment of
dependence [10].
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An important factor to consider in CPP is the “biased” vs.
“unbiased” apparatus design [12]. A biased apparatus is one in
which animals show a significant preference for one compartment
over the other prior to conditioning. In an unbiased apparatus,
animals do not show a significant preference for one compartment
over the other. Both can be used, although some researchers prefer
one over the other. The drug and the question under assessment
are fundamental factors for using biased or unbiased designs.

Here we discuss two types of conditioned place preference
assays based on that previously described by Kily et al. in 2008 [10]
and Kedikian et al. in 2013 [17]. The CPP assessment is accompa-
nied by a detailed exploration of behavioral measurements [19], in
experimental animals and their corresponding control groups,
which are useful to study the rewarding properties of nicotine in
adult zebrafish. Furthermore, postmortem brain tissue can be used
to quantify several molecular markers to evaluate at the molecular
level the effects of nicotine and nicotine-environment association
reward in the brain.

2 Materials and Setup Conditions

2.1 Nicotine
Concentration
and Preparation

For the studies two types of nicotine salts are available: nicotine
hydrogen tartrate and nicotine hemisulfate (Sigma-Aldrich, St.
Louis, USA; Tocris Bioscience, Bristol, UK; Santa Cruz, CA,
USA). Nicotine is prepared in clean tank water. Data obtained in
our laboratory suggest that 15 pM of nicotine tartrate [17] and
5 pM of nicotine hemisulfate (20; data not published) are sufficient
to induce CPP. Nicotine hemisulfate has not been used in CPP
with rodents; however, it has been effectively used in zebrafish
[20]. Nicotine hemisulfate is significantly less expensive than nico-
tine tartrate and it can be used at lower concentrations therefore is
appropriate to be diluted in the relatively high volumes of water in
experimental tanks.

Nicotine diluted in the CPP tank should be changed every 6
exposures (approximately twice a day). This should be done to
clean water in the tank from fish excretions because the CPP tank
is devoid of a filtration system. The half-life of diluted nicotine in
water has been estimated to be approximately of 3 days [21]. It is
important to remark that in ours as well as other laboratory proto-
cols, nicotine is directly dissolved in the water tank (1.5 1) [2, 10,
11,17, 19, 20], while other authors inject the fish intraperitoneally
(i.p.) by using a Hamilton syringe [22]. This method is likely
cheaper, due to the amount of drug that must be used (2 pl
(0.001 mg/kg) against 1.5 1 with 15 mg/1 of nicotine). However,
we consider that i.p. injections are not appropriate for nicotine
CPP. Establishing nicotine CPP is very difficult therefore every
stressful stimulus can induce changes that could set reproducibility
at risk. Injections are stressful for rodents and we consider them to
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2.2 Holding Tank
and Experimental

Tanks

also be disturbing for fish. Moreover, chemical anesthesia or chilly
water is also a stressful stimulus considering effects of anesthetics
and that zebrafish are warm water fish.

Adult zebrafish (Danio rerio), approximately 6-9 months old, are
kept a 100 per tank (filled with 90 1 of carbon activated-filtered tap
water) with a constant 14:10 h light—dark cycle at 26-28 °C, with
aquatic plants and stone floor (enriched environment) filtered with
an external canister filter (Eheim Eccopro 130, Germany) and fed
twice a day with Artemia sp. and dry food. Carbon activated-
filtered tap water is further filtered and aerated for at least 2 days
with the external canister which contains organic as well as carbon
activated filters, before placing zebrafish in the tank. All fish are
acclimatized to the laboratory facility for at least 20 days in the
tank and conditions described above. Afterwards, the animals are
moved to the behavioral room and housed in floating acrylic cham-
bers (12 cm heightx16 cm topx 14 cm bottomx 14 cm width)
with two animals per chamber (recently we observed that it is pos-
sible to house four fish per tank). Ten floating chambers are placed
in a 60 | tank. All experiments are conducted between 9:00 a.m.
and 4:00 p.m.

Behavioral tanks were designed according to Ninkovic and
Bally-Cuif [11] (biased) and to Kily et al. [10] (unbiased) with
some modifications. The conditioning tank dimensions are 13 cm
in length, 20 cm in width and 20 c¢cm in depth. The CPP tank
dimensions are 26.5 c¢cm in length, 20 ¢cm in width and 20 c¢m in
depth. For the biased tank, distinct visual cues divide the experi-
mental tank into two halves: one half is colored light-brown and
the other half colored white with two black spots placed at the
bottom of the tank (more recent experiments showed that six black
spots work better) (see Figs. la and 2). Zebrafish prefer the

b c

Fig. 1 Diagram of CPP biased (white and light brown) tanks used during pretest, conditioning and test. (a)
Pretest and CPP test tank, (b) conditioning tanks and (c) representative computer-generated behavioral traces
produced by system water (/eff) or nicotine (righf) diluted in system water in the nicotine CPP test session
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Fig. 2 Conditioned place preference (CPP). (a) CPP can be established at different nicotine concentrations: 0
(control), 15, 30, and 50 mg/I. CPP score was calculated as % of time spent in the drug-paired side after drug
exposure (test) minus % of time spent on the drug paired side before drug exposure (pretest) over a 300 s time
period. (b) This graph shows 15 mg/I nicotine-CPP scores for nicotine-paired, nicotine-unpaired (counterbal-
anced control) and saline control groups at different time points following a 5 min interval of habituation

2.3 Behavioral Room

2.4 Biased vs.
Unbiased Procedure

light-brown compartment and avoid the white; therefore it is
considered a biased tank. For the unbiased tank, the walls of one
half are colored white with several black spots and the other half
walls are colored white with black vertical striped lines [10]. The
water level must be kept at 12-14 cm from the bottom of the tank
to minimize stress. Fish are transported between tanks carefully
using a net thus minimizing handling stress.

All conditioning and analysis are performed in a dedicated behavioral
room with uniform lighting and neutral decoration. A camera
connected to a computer is placed approximately 1.2 m above CPP
tanks. The behavioral room contains: the home tank with ten float-
ing chambers housing two or four zebrafish each and in the oppo-
site corner of the room, the CPP and conditioning tanks.

Biased and unbiased protocols offer different alternatives. We
chose a biased protocol with zebrafish considering that in previous
studies, a biased tank was used to test the rewarding effects of
stimulants such as amphetamine and cocaine [6, 11]. Moreover, in
biased protocols, following the establishment of CPP, animals after
conditioning spend a substantial amount of time in the initially
non-preferred chamber (they stay even longer than in the naturally
preferred side). This likely indicates the strength of the rewarding
properties of a particular drug, since drug—environment associations
force the animal’s permanence in an aversive environment. Finally,
some authors have suggested that nicotine-CPP is more effectively
induced by using a biased protocol in rodents [13, 23, 24].

On the other hand, however, unbiased protocols were used
satisfactorily demonstrating nicotine CPP in adult zebrafish. The
authors by using an unbiased design showed that CPP persisted
following prolonged periods of abstinence (see [10]; Kedikian and
Bernabeu’s unpublished data).
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3 CPP Protocol

3.1 Basal Preference

3.2 Procedure

3.3 Basal Preference
Considerations

At least 3 days before beginning the procedure, zebrafish must be
moved to the floating chambers in the behavioral room to allow
acclimation to the new conditions. After 3-5 days in the floating
chambers, the experimenter ought to familiarize the fish to the
environmental cues and conditioning procedure. This habituation
step is important to ensuring an accurate determination of the
baseline preference of each individual fish for the environmental
cues used during conditioning.

1.
2.

Place the fish into the CPP tank.

Allow the fish to settle for at least 5 min (the exact interval of
time is not critical, but should be the same for all fish).

. After an initial 5 min habituation period in the CPP tank, allow

the fish to freely explore the tank for 10 min more (15 min
approximately in the CPP tank).

4. Transfer the fish back to its floating chamber in the home tank.

1.

. Repeat the above procedure during three consecutive days.

However, more than 3 days of pre-exposure can induce latent
inhibition (see below) [25]. In the last pre-exposure day the
basal preference for each fish must be determined. Each fish is
tested for baseline place preference by measuring the time
spent in a given side of the tank over a 10 min period after
5 min habituation. The preferred compartment is defined as
the compartment in which a fish spends most of the time dur-
ing the pretest. In the case of a biased protocol, as the one
described in this chapter, the preferred side corresponds to the
brown half and in the unbiased device, the half of the tank
where the fish spends most of the time.

Transfer the fish to be tested to the CPP tank and turn the
camera on.

. Determine the time spent on a given side of the tank over a

10 min period after the 5 min habituation interval. Preference
testing can be done manually by using a stopwatch or using
motion detection software (Ethovision, Viewpoint, Panlab,
Anymaze, or any other system of the kind). The software is
easy to use and offer the possibility to measure some parame-
ters which are not possible to analyze manually, such as dis-
tance traveled, velocity, and angles between head and tail.

. Take real care to stay far away from the tank and move softly

while recording because the presence of the observer can
influence the behavior of the fish. Randomize the orientation
of the visual cues relative to the observer across the population
being tested.
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Fig. 3 Total distance swum in the brown or the white compartment during conditioning. (a) Shows the total
distance swum in the brown compartment on days 1, 2, and 3 of the conditioning session by each of the three
groups of zebrafish (saline, nicotine-unpaired, nicotine-paired). (b) Displays the total distance swum in the white
compartment on days 1, 2, and 3 during conditioning also depicting the three groups of zebrafish. (c) The total
distance swum was measured and plotted minute-to-minute during the whole conditioning session (20 min) on
day 1 in the white chamber as well as in the brown chamber (upper rightinset in ¢). Throughout the 3 conditioning
days, the distance swum changed in days 2 and 3 according with the habituation to the chamber and the effect
of repetitive nicotine exposure (for further analysis see ref. [17])

4. The use of tracking software offers advantages over manual
quantification, but we suggest using both procedures, because
some behavioral parameters are difficult to assess with the soft-
ware. Moreover, software offer the possibility to analyze sev-
eral tanks at the same time and some specific parameters, such
as mean velocity and distance traveled, can be determined with
precision (see below). The use of the software removes also the
possibility of the experimenter bias; and if extended time peri-
ods are used, once the program is set up, the observer can leave
the room ensuring he/she will not influence fish behavior.
Furthermore, by using the software it is possible to analyze the
behavior of each fish minute by minute (see Fig. 3c) giving a
more detailed analysis of the selected parameters.

5. Determine the basal preference at most in three separate occa-
sions. Two or three occasions guarantee the preference for one
compartment, but sometimes one exposure is sufficient to
determine the basal preference, principally when using biased
tanks [17].

6. In the case of unbiased protocols, any fish showing more than
75% preference for one side should not be used further,
because the tank for a fish with a side preference is biased. In
the case of a biased protocol, preference for one side between
65 and 95 % are usual. Animals that show a preference inferior
to 60 % for the brown side should be re-exposed to evaluate if
this was due to stress or exposure to a novel environment
effect. Nevertheless, if the low percentage preference persists,
the animal should not be used for further analysis. The reason
for this choice is because the preference value in such a case is
closer to unbiased scores and therefore that particular fish per-
ceives the tank as unbiased. Therefore, all fish used in a biased
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design should show a measurable preference (fish should spent
65-95% of the pretest time in the preferred compartment) for
one of the sides often the one considered the safe side.

4 Conditioning

4.1 Determining
the Reinforcing
Properties of Nicotine

1. One day following the pretest, fish are randomly assigned to
one of three treatment groups (at least 9 fish per group should
be used for statistical accurateness).

2. Transfer the fish, carefully with a transparent white net, from
the floating (home) chamber to the conditioning tank.

3. The conditioning is run for three consecutive days:
(a) Experimental (CPP) group:

For the nicotine-paired group, transfer the fish first to
the preferred side for 20 min (light-brown or the preferred
side) and then transfer the fish to the non-preferred side
(white or the least preferred) where the fish is exposed to a
single dose of nicotine (15 mg/1) for 20 min [17]. Several
nicotine concentrations should be tested by experimenters
in cases that weak CPPs are obtained. We tested 15, 30,
and 50 mg/1 and all of these concentrations produced a
high CPP score. We selected 15 mg/] because it seems
always appropriate to use the lowest effective concentra-
tion to avoid possible side effects. We and other labs
checked different exposure times to nicotine and 20 min
worked well, so as in the previous case with nicotine doses,
the lowest effective time with the drug was selected, not
only to avoid possible side effects, but also, because
behavior must be determined between 9 a.m. and 5 p.m.
If zebrafish are exposed for longer periods, the number of
animals that can be used per session in a day and by experi-
ment ought to be reduced. Alternatively, a bigger room
with more tanks would be necessary, which can unneces-
sarily complicate fish manipulation, recording and care.

(b) Control groups in the conditioning phase:

e Counterbalanced or nicotine-unpaired group: this
control is very important when using the biased proto-
col. Animals in this group are first restricted for 20 min
to either the white or the brown compartment. Then,
fish are exposed for 20 min to a single dose of nicotine
(15 mg/1) on the first and third day in the brown
compartment and on the second day in the white
chamber, thus the fish will not be able to associate a
particular environment with nicotine availability. A
freshly prepared nicotine solution (at a final concentra-



Conditioned Place Preference and Behavioral Analysis to Evaluate Nicotine... 59

tion of 15 mg/1 of clean tank water) was added to the
tank daily at the beginning of each session. We did not
measured nicotine concentration in the tank, but we
diluted a concentrated stock that gave the indicated
final concentration in a volume that oversized by many
times the volume of the fish. We can safely assume that
nicotine concentration was stable throughout condi-
tioning sessions.

e Saline group: zebrafish of the saline-treated control
group are exposed during the three conditioning days
to both sides alternately (20 min in each compart-
ment) without nicotine.

4. CPP test:

On the next day after the three conditioning days, CPP for
each zebrafish is tested in a drug free environment like it was
performed in the pretest (using the same tank that during pre-
test, for biased or unbiased procedures). Zebrafish are allowed
to freely swim between compartments and after a 5 min habit-
uation period, the percentage of time spent on each side of the
tank is determined for 10 min (denominated the test session).
During analysis of results, data from the 10 min period of the
test session are compared with the same interval of the pretest
session to evaluate changes in place preference between both
sessions.

Changes in place preference are determined by using the
following scores:

Score % = percentage of the time spent in the non-preferred
side during test—percentage of the time spent in the non-pre-
terred side during pretest.

Another score also used is:

Score (s)=time spent in the least preferred side during test
(after conditioning)—time spent in the least preferred side
during pretest (before conditioning).

Nicotine induced CPP is assessed on the nicotine-paired
group as well as saline and counterbalanced nicotine control
groups.

5 Behavioral Analysis

1. At approximately 1.2-1.5 m above the CPP tanks a high resolu-

tion (HD) camera is connected to a computer by an USB port
(LifeCam Microsoft or similar). It is important to use a HD
camera to improve video quality for detailed analysis, and a
USB port to connect the camera to any computer (CPU, laptop,
notebook, ultrabook). During pretest, conditioning as well
as CPP test, zebrafish behavior is recorded and videos are
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analyzed first by direct observation and then with any video
tracking software available (as described above).

2. It is important to set up a good contrast between the fish and
the background of the tank in the video to ensure that the
tracking software can follow fish movements.

3. The analysis of videos should include the following measure-
ments for behavior recordings:

(a) Time spent in the drug-paired side: the amount of time
zebrafish spend in the least preferred side. The camera is
set in order to record both sides of the tank, therefore the
same measurement in the preferred side may help to evalu-
ate if the tracking is correct, because the sum of both peri-
ods needs to be equal to the total time of the recording.

(b) Number and duration of motionless positions (stillness for
3 s or longer).

(c) Total distance swum.

(d) Average entry duration to the least preferred side (time
spent in the white or least preferred side divided by the
number of entries to the white or least preferred side).

(e) Number of transitions to the drug-paired side (number of
times the fish entered to the white or least preferred side).

(f) Average velocity (distance swum in the brown compart-
ment divided by the time spent in the brown side).

For further and detailed description of the behavior to
be analyzed with the parameters described here please see
the reviews [26, 27].

4. During conditioning sessions, zebrafish behavior may also be
recorded to analyze locomotor activity (LA) in both chambers
in the presence or absence of nicotine or other drugs of interest,
evaluating the effect of the drug during all conditioning phases.

6 Data Analysis and Results

In our experience, using the biased protocol, treatments with dif-
terent doses of nicotine were assayed considering a range of con-
centrations based in previous results [ 10]. Therefore, fish exposure
for 3 days to nicotine concentrations of 15, 30, or 50 mg/1 for
20 min induced a significant increase in the time spent in the drug
paired-side (which was initially the non-preferred side for the fish)
and gave a change in preference of around 20% for the nicotine
paired-side (see Fig. 2).

It is noteworthy that these findings are not valid for other spe-
cies, because doses two times higher than the one that induces
CPP in rats provoke aversion (conditioning place aversion or
CPA [14]). Therefore, by using nicotine CPP in zebrafish one can
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nicotine-CPP. CPP was performed by using 15 mg/I of nicotine. Panel (a) shows the time spent in the white
compartment, and (b) the number of transitions to the white compartment. (¢) Shows the average entry dura-
tion to the white compartment. *p: 0.05 and **p: 0.01 between pretest and test and #: p<0.05, ##: p<0.01
and ###: p<0.001 between controls (saline and Nic-unpaired) and Nic-paired. Control: saline; Nic-unpaired:
counterbalanced nicotine treatment, and Nic-paired: nicotine treatment associated to the white compartment

assume that a wider range of nicotine concentrations may be evalu-
ated without aversive effects observed in rodents.

Once the concentration and time of exposure to the drug are
determined, the characterization of several specific responses to
identify preference-related behaviors to nicotine-conditioning in
zebrafish helps to evaluate deeper the rewarding properties of nico-
tine or any drug. The first parameter to evaluate is the locomotor
activity (distance swum) of the animal induced by nicotine. This
parameter should be measured for each conditioning day in both
compartments in all the experimental groups (Fig. 3a—c). Locomotor
activity is recorded and determined by the tracking system and is
usually expressed in cm. It is important to check that the fish swim-
ming in the tank is at any time and place detected by the software, to
be sure that its trajectory is tracked during the whole 20 min session.
To corroborate this after tracking, the software produces informa-
tion that indicates if at any time during recordings the software lost
the objective (the fish swimming in the tank).

Once evaluated the effect of nicotine per se on locomotor
activity during conditioning, it is advisable to evaluate the effect of
nicotine on CPP by analyzing behavioral changes before (pretest)
and after (test) conditioning (Fig. 4a—c). Parameters such as time
spent in the least preferred side (Fig. 4a), number of transitions to
that side (Fig. 4b) and average entry duration to the least preferred
side (Fig. 4c) are appropriate to evaluate the power of the CPP
protocol.

7 Trouble Shooting

7.1 Determining
Preference

1. Basal preference could show high variance.
No more than 3 days of pretest sessions is suggested. More
days of pretesting increase the probability of inducing latent
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7.2 Determining
Conditioned Place
Preference

inhibition, which will reduce the association between the drug
and the environment.

The experimenter must not stay near the tank when prefer-
ence measurement is in progress. The experimenter must keep
a safe distance from the test tank or if possible leave the behav-
ioral room to avoid any influence on fish behavior due to
human presence. Avoiding any sharp noise and the implemen-
tation of a white noise in the behavioral room is advisable; fish
have an excellent sense of hearing.

. To be able to establish nicotine CPP is necessary, like in rodents,

to work with adolescent or young adult fish (6-9 months old).

. Fish freeze in the tank.

When the fish freezes in the bottom of the tank, it could be
due to stress. Stress can be generated by transfer from the
home tank, the new environment or any other unidentified
stressful stimulus. In this case, the experimenter must give time
tor habituation and wait till the fish start moving. If the fish
freezes for more than 2 min, the experimenter can move the
fish to a new tank with fresh water for 10 min and then transfer
it back to the CPP tank. If the stressful behavior continues, the
fish should not be used further.

. Fish are hyperactive.

Hyperactivity could be a consequence of similar factors to
the ones described in item 3. Under stress, some animals freeze
whereas some animals swim faster. The procedure should be
similar to the one described in the previous condition (item 3)
to minimize either freezing or hyperactivity.

. Fish remain for a long period of time close to the side of the

tank, touching the glass with their mouth. This behavior may
be due to reflection of the fish or to any mark on the side of the
tank. Adjust lighting intensity to minimize reflection or place
visual cues inside the tank to prevent reflection (such as an
opaque screen).

. CPP could show high variance. This could be due to different

reasons: Use fish from same age and weight, avoiding excessive
variability.

. Increasing the number of conditioning sessions is convenient,

since this can induce stronger associations between drug and
environment (previous studies have used until 20 conditioning
sessions (4 weeks) [10].

. Increasing the number of experimental animals also proves to

be beneficial.

. Keeping the temperature of the CPP tank constant and similar

to the home tank temperature is very important, because
zebrafish are extremely sensitive to temperature changes.
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8 Conclusion

We describe here conditioned place preference assays that can be
used to evaluate the rewarding or reinforcing properties of nico-
tine in zebrafish, which are also suitable for performing CPP with
other drugs of abuse or drugs with potential rewarding effects that
could be administered in the tank water (specific setup conditions
will probably be necessary for each drug to be tested).

Pharmacological studies in zebrafish offer the advantage, in
contrast to mammals, that they can be performed without invasive
stressful interventions, such as i.p. injections. Moreover, exposure
and systemic levels of the drug can be continuous and stable. In
fact, the concentration of a drug in fish tissues after a while (sec to
min), for a rapidly diffusible substance (such as nicotine),can be
considered equal toits concentration in the tank water. Experiments
with other drugs with a rapid and evident locomotor activity
effect, such as convulsive drugs or strong stimulants, showed that
drug clearance in zebrafish is quick (around 1 min) when fish are
moved to a tank with system water (unpublished data from our
laboratory).

On the other hand, the animal can be exposed to the drug for
several minutes to hours, helping to determine the pharmacoki-
netic values of the drug [28, 29]. In the protocols described here
zebrafish were exposed for 20 min to nicotine, which could be
considered acute. However, they could be exposed for longer times
(hours, days, or weeks), i.e., more chronically to the drug. For
chronic exposures, half of the volume in the tank is daily replaced
with a freshly prepared nicotine solution. Chronic drug delivery in
rodents is generally stressful and invasive because is performed
throughout osmotic minipumps which requires surgery or, alter-
natively, it requires repetitive injections for several days. A treat-
ment is considered to be chronic when animals receive a drug for a
minimum of 10 days. However, determining chronicity of a treat-
ment is specifically dependent on the drug tested.

The results and considerations showed and described here
indicate that zebrafish is an excellent model for screening the
rewarding properties of nicotine. We demonstrated that these
animals showed a clear preference for the aversive environment
associated with the drug, which was indicated and supported by
several behavioral parameters. Furthermore, biochemical and
molecular analysis of some markers associated with nicotine
addiction in mammals showed that zebrafish can be used to
determine the effects of nicotine on an addicted brain [17].
This protocol can be further used to screen exogenous and
endogenous molecules involved in nicotine-associated reward
in vertebrates.



64 Maria Paula Faillace and Ramon Oscar Bernabeu
References
1. Miwa JM, Freedman R, Lester HA (2011)

10.

11.

12.

13.

14.

15.

Neural systems governed by nicotinic acetyl-
choline receptors: emerging hypotheses.
Neuron 70(1):20-33

. Mathur P, Lau B, Guo S (2011) Conditioned

place preference behavior in zebrafish. Nat
Protoc 6(3):338-345

. Changeux JP (2010) Nicotine addiction and

nicotinic receptors: lessons from genetically
modified mice. Nat Rev Neurosci 11(6):
389401

. Gotti C, Zoli M, Clementi F (2006) Brain

nicotinic acetylcholine receptors: native sub-
types and their relevance. Trends Pharmacol
Sci 27(9):482-491

. Mansvelder HD, Keath JR, McGehee DS

(2002) Synaptic mechanisms underlie nicotine-
induced excitability of brain reward areas.
Neuron 33(6):905-919

. Darland T, Dowling JE (2001) Behavioral

screening for cocaine sensitivity in mutagenized
zebrafish. Proc Natl Acad Sci U S A 98(20):
11691-11696

. Feng Z et al (2006) A C. elegans model of

nicotine-dependent behavior: regulation by
TRP-family channels. Cell 127(3):621-633

. Wolt FW, Heberlein U (2003) Invertebrate mod-

els of drug abuse. J Neurobiol 54(1):161-789

. Robinson TE, Berridge KC (2008) Review.

The incentive sensitization theory of addiction:
some current issues. Philos Trans R Soc Lond
B Biol Sci 363(1507):3137-3146

Kily LJ et al (2008) Gene expression changes in
a zebrafish model of drug dependency suggest
conservation of neuro-adaptation pathways.
J Exp Biol 211(Pt 10):1623-1634

Ninkovic J, Bally-Cuif L (2006) The zebrafish
as a model system for assessing the reinforcing
properties of drugs of abuse. Methods
39(3):262-274

Tzschentke TM (2007) Measuring reward
with the conditioned place preference (CPP)
paradigm: update of the last decade. Addict
Biol 12(3—4):227-462

Le Foll B, Goldberg SR (2005) Nicotine
induces conditioned place preferences over a
large range of dosesinrats. Psychopharmacology
(Berl) 178(4):481-492

Pascual MM, Pastor V, Bernabeu RO (2009)
Nicotine-conditioned place preference induced
CREB phosphorylation and Fos expression in
the adult rat brain. Psychopharmacology (Berl)
207(1):57-71

Collier AD et al (2014) Zebrafish and condi-
tioned place preference: a translational model of

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

drug reward. Prog Neuropsychopharmacol Biol
Psychiatry 55:16-25

Bretaud S et al (2007) A choice behavior for
morphine reveals experience-dependent drug
preference and underlying neural substrates in
developing larval zebrafish. Neuroscience
146(3):1109-1116

Kedikian X, Faillace MP, Bernabeu R (2013)
Behavioral and molecular analysis of nicotine-
conditioned place preference in zebrafish.
PLoS One 8(7):¢69453

Klee EW et al (2011) Zebrafish for the study of
the biological effects of nicotine. Nicotine Tob
Res 13(5):301-312

Cachat J et al (2010) Measuring behavioral and
endocrine responses to novelty stress in adult
zebrafish. Nat Protoc 5(11):1786-1799
Parker MO et al (2013) Behavioural phenotyp-
ing of casper mutant and 1-pheny-2-thiourea
treated adult zebrafish. Zebrafish 10(4):
466471

Seckar JA et al (2008) Environmental fate and
effects of nicotine released during cigarette
production. Environ Toxicol Chem 27(7):
1505-1514

Ponzoni L et al (2014 ) The cytisine derivatives,
CC4 and CC26, reduce nicotine-induced con-
ditioned place preference in zebrafish by acting
on heteromeric neuronal nicotinic acetylcho-

line receptors. Psychopharmacology (Berl)
231(24):4681-4693

Brielmaier JM, McDonald CG, Smith RF
(2008) Nicotine place preference in a biased
conditioned place preference design. Pharmacol
Biochem Behav 89(1):94-100

Calcagnetti DJ, Schechter MD (1994) Nicotine
place preference using the biased method of
conditioning. Prog Neuropsychopharmacol
Biol Psychiatry 18(5):925-933

Weiss KR, Brown BL (1974) Latent inhibition:
areview and a new hypothesis. Acta Neurobiol
Exp (Wars) 34(2):301-316

Kalueff AV et al (2013) Towards a comprehen-
sive catalog of zebrafish behavior 1.0 and
beyond. Zebrafish 10(1):70-86

Stewart AM et al (2014) Zebrafish models for
translational neuroscience research: from tank
to bedside. Trends Neurosci 37(5):264-278
Brennan CH (2011) Zebrafish behavioural
assays of translational relevance for the study
of psychiatric disease. Rev Neurosci 22(1):
374829

Guo S (2004) Linking genes to brain, behavior
and neurological diseases: what can we learn
from zebrafish? Genes Brain Behav 3(2):63-74



Chapter 4

Study of the Contribution of Nicotinic Receptors
to the Release of Endogenous Biogenic Amines
in Drosophila Brain

Nicolas Fuenzalida-Uribe, Sergio Hidalgo, Rodrigo Varas,
and Jorge M. Campusano

Abstract

Biogenic amines (BAs) are a group of molecules that act as neurotransmitters or neuromodulators in key
regions of the brain involved in the development and consolidation of behaviors. The deregulation of
neural systems containing and releasing BAs has been linked to several neurologic diseases. To understand
the signals that modulate aminergic systems in the brain is essential in advancing our comprehension on
the contribution of these bioactive molecules to brain normal functioning and pathological events. In our
laboratory we use the fly Drosophila melanogaster, an animal model that shows similar mechanisms of neu-
rotransmitter storage, release, and recycling as compared to mammalian systems but with powerful genetic
tools, to elucidate the contribution of nicotinic ligands to the regulation of aminergic signaling in the
brain. In this chapter we comment on some methodological approaches to tackle this issue, with special
emphasis on one of the techniques used in our laboratory, chronoamperometry.

Key words Nicotinic receptors, Biogenic amines release, Chronoamperometry, Drosophila

1 Introduction

In the central nervous system (CNS), chemical synapses allow
functional communication between neurons forming circuits,
which are responsible for the biological computation required to
control and integrate other systems of the body. Neurotransmission
depends on the arrival to the presynaptic terminal of an action
potential and the consequent voltage-gated calcium entry that pro-
motes the secretion of vesicle-packaged neurotransmitters via exo-
cytosis. Then, the neurotransmitter is able to interact with specific
receptors to induce a postsynaptic response. Thus, the synaptic
efficacy in a chemical synapse depends mainly on the postsynaptic
sensitivity (receptors), and on the probability of neurotransmitter
release from the presynaptic terminal [1, 2]. Much of the
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complexity of synaptic communication within neural circuits in the
brain relies on the fine regulation of neurotransmitter release.
Thus, for instance, a well-known mechanism responsible for the
regulation of neurotransmitter release is the activation of presynap-
tic ionotropic receptors, which changes the excitability of the pre-
synaptic membrane, modifies intracellular Ca?* levels, and therefore
results in neurotransmitter release [3].

BAs are neuroactive molecules that play a central role in a wide
range of complex behaviors such as associative learning, reward
processing, the regulation of arousal state, and the control of motor
function in different species ranging from arthropods to humans
(e.g., [4-8]). Thus, it has been possible to study the contribution of
BAs to many of these behaviors in simpler animal models such as
the fly Drosophila melanogaster given that, as in mammals, they are
stored in defined, specific neural pathways [9]. Moreover, this par-
ticular animal model shows similar mechanisms of neurotransmitter
storage, release and recycling as compared to mammalian systems
[10] (Fig. 1). Interestingly, it also offers powerful genetic tools,

Drosophila melanogaster

)74

Fig. 1 As in mammals, Drosophila behavior depends on neural circuits whose activity can be modulated by
external or internal signals. Ultimately, these signals modify the activity of specific proteins, including trans-
porters and/or receptors (e.g., NAChRs), located in particular neuronal pathways. Due to the evolutionary
conservation of most of these synaptic proteins, it is possible to advance our knowledge on how these proteins
modulate synaptic communication in simpler animal models including the fly
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which have been used to dissect out the cellular and molecular
mechanisms underlying behaviors. For instance, it has been recently
shown that two distinct dopaminergic neuronal populations in
Drosophila brain, PAM and PPL1, differentially contribute to the
generation of aversive and appetitive olfactory memories in
Drosophila (reviewed in [11]). The versatility of Drosophiin to assess
the contribution of particular aminergic neuronal populations to
other behaviors has been recently reviewed [12].

It has been shown that in the mammalian brain, nicotinic ace-
tylcholine receptors (nAChRs), which are located in presynaptic
terminals as well as in the cell bodies of BA neurons, are key modu-
lators of the aminergic signaling by modifying the release of these
neuroactive molecules [13-15]. In the Drosophila brain, nAChRs
mediate fast excitatory synaptic communication at most central
synapses [16]. The impact of nAChRs as regulators of BA release
in the fly brain (Fig. 1) has only recently begun to be elucidated.

There are several techniques and methodological approaches
available to assess synaptic function. Among them, the electro-
chemical techniques allow the quantification of neurotransmitter
release by measuring the current generated by oxidation of these
molecules when contacting a recording electrode. In some variants
of these techniques, including Fast Scan Cyclic voltammetry
(FSCV), a voltage ramp that covers the oxidation potential value of
several neuroactive species is applied, and the currents recorded at
a specific voltage result from the oxidation of a particular molecule.
Thus, the ESCV allows the researcher to discriminate the relative
contributions of different electroactive species [17]. In chronoam-
perometry, since a square-wave voltage pulse is given at a fixed
voltage value, only species that are electrolyzed at this voltage are
measured allowing a better signal-to-noise ratio (due to a reduced
capacitive current that arise from the voltage pulse) but with little
information on the chemical identity of the neuroactive chemical
detected [18]. Understanding the advantages and drawbacks of
these techniques is essential when studying a specific synaptic phe-
notype. We recently described a new chronoamperometric prepa-
ration that has allowed us to evaluate for the first time the release
of endogenous BAs from adult Drosophila brain. By using this new
preparation we showed that the activation of nAChRs regulates
BAs signaling involved in the startle response of Drosophila [19].
Here we describe this methodology.

2 Methods

2.1 Fly Maintenance

Wild type flies (CS) are maintained in vials with a standard diet of
yeast meal (yeast, sugar, agar, flour, and propionic acid and nipa-
gin) at 19 °C on a 12-12 h light—dark cycle. We have performed
experiments using only male animals, 3-6 days old. It is possible
that gender and /or age play a role in neurochemical detections.



68 Nicolas Fuenzalida-Uribe et al.

2.2 Head Removal
and Brain Dissection

2.3 Setting Up
the Electrochemical
Detection

2.4 Preparation
of the Reference
Electrode

We proceeded as described in ref. [20]. Briefly, anesthetize adult
male flies by exposure to a constant flux of CO,. Under the right
magnification (we usually work under 20x amplification in a ste-
reoscope), attach the anesthetized flies to the bottom of the dissec-
tion area with a needle (NIPRO, 27G 1,/2"), and caretully remove
the head by cutting across the neck with a second needle. Once the
head has been excised, rapidly place it a petri dish containing ice-
cold, freshly made dissection solution. The composition of the dis-
section solution (in mM) is 135 NaCl, 5 KCI, 0.17 Na,HPO,,
0.022 KH,PO,, 9.8 HEPES, 33.3 glucose, 43.8 sucrose; pH 7.2.
This solution is sterilized by autoclave.

Keep the heads submerged in dissection solution throughout
the whole procedure. Using the same needles place the head front
up and fix it against the bottom of the dissection area with one of
the needles. Use the other needle to cut transversally across one of
the eyes, trying to leave the optic lobe untouched. Place the needle
on top of the other eye and carefully and slowly push it. Move the
needle towards the gap in the first eye. Material will come out of
the fly head, including the fly brain. Transfer the brain to a new
petri dish containing ice-cold fresh extracellular recording buffer
solution (recording solution) supplemented with glucose. The
composition of the recording solution (in mM) is 140 NaCl, 10
KCl, 5 HEPES, 1 MgCl,, 2.5 CaCl,, 11.1 glucose; pH 7.2.

For electrochemical detection we use a microcomputer controlled
high-speed chronoamperometric system (IVEC-10, Medical
System Corp., Greenvale, NY, USA) following the manufacturer’s
instructions. The hardware consist in a headstage that pre-amplifies
the recorded current, connected to a two-channel amplifier that it
is connected to an analog—digital converter board.

Set up the voltage to 0.7 V respect to a reference Ag-AgCl
electrode (see below for preparation of reference electrode) for
100 ms at 5 Hz to selective oxidize and reduce BAs. The IVEC-10
software system takes the resulting oxidation current digitally inte-
grated during the last 80 ms of each pulse, averages five cycles,
displays at 1 Hz and stores this information in the computer. The
reduction current generated when the potential returns to 0 V is
processed in the same manner.

Cut a 100 mm silver wire (AM System) and weld a gold pin at the
end. Immerse the free end of the wire in a solution of HNO; 0.1 N
to remove the oxide and rinse with distilled water. Connect the
positive pole of a 3 V battery to the gold pin and submerge the
silver edge in 100 mM HCI solution immersing a second wire con-
nected with the negative pole of the battery. Wait until a chloride
white layer covers the wire (30 s), and then remove the chloride-
coated silver wire and rinse three times with distilled water.
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2.5 Working
Electrode Calibration

2.6 Preparation
of Working Electrode
and Nafion Coating

Recording electrodes are manufactured 2 days before being used
(see below for preparation of working electrode) and the calibration
of the working electrodes is performed as indicated in the manufac-
turer’s instructions. The electrodes are connected to the headstage
and placed into a flask containing recording solution under con-
stant agitation throughout this entire procedure; we commonly use
a 50 mL flask containing 40 mL of recording solution (all volumes
and concentrations indicated below are referred to this).

Following a 30 min stabilization period, a single volume of
ascorbic acid (AA, 500 pL of 20 mM stock solution) is added and
30 s later the value corresponding to “0” concentration of BA is
recorded (control). This is a compound that commonly interferes
with neurochemistry recordings but is added to increase chemical
stability of amines in solution [21]. In order to increase the
selectivity of the working electrode for BAs over AA, we treat the
fiber with nafion [22] (see below for nafion coating).

After the “0” BA concentration value is recorded, the oxidation
current for increasing concentration of BAs (e.g., 2,4, 6, 8, 10, and
12 pM) is measured. To do this, we add 40 pL of the 2 mM stock
solution of BA (Note 1). Thirty seconds later the value measured is
recorded; it corresponds to 2 pM. We repeat the protocol with all
the other concentrations of the amine. All values obtained in this
way correspond to the oxidation current over time, integrated from
the last ten single values recorded by the working electrode. This
integration takes a 20-80% frame of the current evoked.

Using the IVEC-10 software, we verify that the electrode ful-
fills specific criteria:

Selectivity of BAs over AA of 500 to 1.

Calibration curve for the oxidation of amines with a slope of at
least 50,000.

Red/ox ratio for the amines in the range of 0.3-0.5 during
calibration.
Correlation coefficient for the calibration curve >0.997.

Place a single carbon fiber of 30 pm diameter inside a borosilicate
glass capillary, leaving an extra 20 mm of the fiber protruding out
of the capillary. Place it in the puller and set up for a two-step heat,
the first at 85 °C and the second at 65 °C. Afterwards, cut the
exceeding fiber at 0.3—0.5 mm (under stereoscope). Using a silver,
gold, or platinum wire push an epoxy mash inside the capillary,
sealing the tight end of the electrode. Take care to avoid trapping
air bubbles that could decrease the connectivity of the electrode.
After epoxy sealing let the electrode dry at room temperature over-
night and afterwards weld a gold pin to the metal wire to ensure a
good connection with the system headstage.

Once the epoxy is dry, check the seal under the stereoscope. If
the seal is intact and there are no air bubbles inside the glass
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2.7 Chronoam-
perometric Recordings

2.8 Experimental
Considerations

capillary put it in the oven at 80-85 °C for 5 min to dry the carbon
fiber (once dry, the epoxy turns from white to brown).

As an alternative, we have worked with electrodes from the
company Invilog Research Ltd (Kuopio, Finland). We do not
observe major differences between home-made electrodes and
those obtained from this company.

For nafion coating, immerse the carbon fiber tip in a 5% nafion
solution during 5 s and then place it in the oven at 80-85 °C for
5 min to dry it. Repeat the process of nafion coating 4-7 times. Be
careful of not overheating to prevent an overcoating that could
affect the neurochemical detection.

It is worth mentioning that carbon fiber electrodes are highly
sensitive to temperature, so it is highly recommended to carefully
control the temperature of solutions used while neurochemical
detections are been performed.

A general diagram illustrating the setup to carry out the recordings is
shown in Fig. 2. Place the recording chamber under the stereoscope,
filled with recording solution and fix the reference electrode in one
corner. With a needle transfer the brain onto the recording chamber,
in the center of the Sylgard square (Note 2), and fix it to the bottom
by the optical lobes, using ethological pins. Using a peristaltic pump,
supply a continuous 3 mL/min flow of fresh recording solution.
Place the working electrode in the micromanipulator. Gently move
the carbon electrode until it touches the area of interest in the fly
brain (we usually place the electrode dorsal to the antennal lobes, on
top of the zone of the brain where the ellipsoid body is located),
opposite to the inflow of saline solution. After positioning the record-
ing electrode, a 30 min stabilization period is advisable before start-
ing the experimental procedures. Adjust auto zero to obtain the
baseline before beginning the experiments.

It is highly advisable to perform a preliminary set of experi-
ments in which all drugs and solutions are tested with the working
electrode (in the absence of brain tissue) to check possible noise
signals that could arise from either switching bath solutions or a
nonspecific oxidation process.

Once a stable signal baseline is obtained, the drug of interest is
applied as a bolus (e.g., 20 pL nicotine 2 mM) at a distance of
3 mm from the brain, so that the drug solution mixes with the
recording solution in the chamber before it reaches the tissue. In
the experiments performed in Fuenzalida-Uribe et al. [19] we esti-
mated a 1,/200 dilution of the drug in the recording solution.
However this depends of the particular chamber used and the fac-
tor dilution should be calculated in each particular setup.

The setup we use allows us to mark each of the events in the experi-
ment (addition of the drug to the recording chamber; wash out of
the drug, etc.) for latter data processing.
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Fig. 2 General arrangement of the chronoamperometric setup for studying the release of endogenous amines in
fly brain. The Drosophila brain is positioned in the recording chamber under constant flux of recording solution.
The electrode, which is held in position by a headstage attached to a micromanipulator, is connected to the
amplifier and the analog—digital converter board. A computer then receives and processes the data by using
specific software (see text for details). The progress of a given experiment can be followed in a timely fashion

In the setup we use it is possible to make a visual inspection of
the experiment and signals generated by given experimental proce-
dures in the current/time plot. For instance, after nicotine stimu-
lus, it is expected to observe a spike-like phasic response (as shown
as the black trace in Fig. 2). On the other hand, it is also possible
to assess the change in baseline overtime. For instance, it is com-
mon that after several stimuli/manipulations the baseline does not
stabilize. This can be due to the fact that the reference electrode
loses its chloride cover (see above for preparation of reference elec-
trode). In this particular case, it is possible to force the baseline to
a more stable condition before a new manipulation with the
autozero function. However, it is highly recommendable to stop
the experiment and start again.
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2.9 Other
Considerations
to Have in Mind

2.10 Data Analysis

Preliminary experiments can help determine reproducibility
and the minimum time between stimuli in order to avoid depletion
of BAs or exhaustion of the preparation. We have described in our
setup that the response to a single nicotinic stimulus decays at
2-3 min after the drug is washed out (i.e., it takes 2—3 min for the
preparation to reach basal levels after a given manipulation). Thus,
when carrying out consecutive stimulus, each one is applied every
3 or more minutes. In these conditions, the response detected after
the sixth stimulus was not different than the signal observed after
the first one [19].

1. It should be noted that the chronoamperometric recordings
reflect the detection of molecules that “overflow” from the
brain tissue and not the actual concentration within the synap-
tic cleft. Therefore some considerations must be taken regard-
ing how neuroactive molecules reach the extracellular space,
including the presence of diffusion barriers due to glial process
[23-25]. However, it is possible to assume that these factors
remain constant after acute application of drugs. Thus, the
chronoamperometric recordings somehow reflect the efflux of
neuroactive molecules from the synapse.

2. Since the diffusion of neuroactive substances in the extracel-
lular space deeply depends on the experimental conditions, the
flow rate within the recording chamber and the distance
between the brain tissue and the recording electrode will be
the most important factors determining both the delay in onset
and time course of the recording currents [24].

According to Faraday’s law, the charge (Q, in coulombs) is directly
proportional to the number of moles (%) of a molecule undergoing
oxidation or reduction. Then,

O=nkFe

where Fis Faraday’s constant (96,487 C/mol), and ¢ is the num-
ber of electrons per molecule lost or gained.

Therefore, measuring the change in charge in a given time
(i.e., current, (I)=dQ/dt) gives information about changes in the
concentration of the species of interest.

In chronoamperometry the data is recorded as current. We use
the calibration curve obtained by the working electrode respect to
oxidation currents to infer the concentration of the BA released
(detected) after a particular experimental manipulation. The data is
expressed as the efflux of BA from the brain (ABA) and is calcu-
lated taking the average of the 30 points recorded before the addi-
tion of a stimulus (BAy) and the biggest value in the observable
peak recorded after drug stimulation (BA,c.).



Study of the Contribution of Nicotinic Receptors to the Release of Endogenous... 73

BA=BA_, BA,

peak
Only values of ABA that are bigger than two standard deviation of
the mean of the blank values (measures in absence of brain tissue)
are considered signals (response different from zero) and used for
further analysis.

3 Representative Result

As expressed above, aminergic systems are involved in several physi-
ological processes not only in mammals but also in invertebrates. In
our laboratory, we are interested in studying the contribution of
CNS aminergic systems and their receptors to behaviors in
Drosophila. Importantly, given that acetylcholine is the main excit-
atory neurotransmitter in the insect brain and that nAChRs mediate
fast excitatory synaptic communication at most central synapses in
invertebrates [16], we were interested in assessing whether these
receptors modulate aminergic neurotransmission and signaling in
the fly brain. In Fuenzalida-Uribe et al. [19], by using the chrono-
amperometric setup described, we were able to demonstrate for the
first time that, as in mammals (e.g., [26]), the activation of nAChRs
induces the release of amines from the adult fly brain. Moreover,
using different pharmacological manipulations and genetic tools we
demonstrated that a-bungarotoxin-sensitive nAChRs dose-depend-
ently modulate the release of amines in fly brain. Here below, as an
example of the kind of data that can be obtained using the chrono-
amperometric preparation described, we include additional data
that follows up on our previous report (Fig. 3).

It has been argued that at some point, all Drosophila neurons
express calcium-permeable nAChRs that resemble the properties
of vertebrate homomeric nicotinic receptors, and that could mod-
ulate the release of BAs in the fly brain [19, 20]. In the experi-
ments reported here, fly brains were acutely exposed to different
concentrations of PNU-282987 (PNU), a high affinity, selective
agonist for vertebrate homomeric calcium-permeable nAChRs
[27]. By using the chronoamperometric setup, we studied the
release of amines from the fly brain in presence of this drug. Our
data show that PNU induced a dose-dependent release of BAs.
Interestingly, consistent with the idea that this effect depends on
the activation of nAChRs, the effect of this ligand is blocked by
a-bungarotoxin (Fig. 3).

Thus, using different ligands of nAChRs it is possible to char-
acterize the contribution of these receptors to the release of amines
in the fly brain. This technique can be also used to test the effect of
other proteins, molecules and ligands acting on other neural sys-
tems, ionic channels, transporters, etc.
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Fig. 3 Representative results. Effect of the nicotinic agonist PNU-282927 (PNU) on the release of endogenous
amines in the fly brain. (a) A fly brain exposed to different concentrations of PNU show responses that depend
on the dose of the drug used. (b) Dose—response curve of the effects induced by PNU. (¢) The PNU-induced
response (5 mM) is blocked by the calcium-permeable nAChR antagonist a-bungarotoxin (BGT, 10 nM).
*p<0.05, n=6 or more

In sum, this methodology allows the study of different
modulators of BAs release from Drosophila brain. It is also possible
to couple this technique with others (e.g., optogenetics, chemoge-
netics) to better describe the molecular contributors to BA release
(i.e., transporters, autoreceptors, biosynthesis, etc.) (e.g., [28]).
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4 Notes

1. Preparation of BA stock solution.

All BAs solutions used for calibration curves (dopamine,

serotonin, octopamine, and tyramine) are prepared as stocks
(2 mM concentration) in 0.1 N HCIO,.
AA is prepared in distilled water and stored as a 20 mM solu-
tion. Nicotine and other drugs are prepared in distilled water
and stored as a 10 mM solution. The dilutions used in experi-
ments are prepared diluting this stock in recording solution
(0.3, 0.5, 1, 3, and 5 mM nicotine are commonly used in our
experiments).

2. Recording chamber.

Our recording chamber has a central section of 1x1 cm?
square filled with Sylgard, a homopolymer that lets us have a
surface where to fix the brain with ethological pins. To set up
the recording chamber we prepare 1 mL of Sylgard polymer
mixing in a plastic boat 10 part of Sylgard base and 1 part of
Sylgard curing agent (10:1, by weight) and ~200 pL of this mix
are used to fill the square section. The curing process takes
about 2448 h at room temperature..

Data Acquisition and Analysis

IVEC-10 (Medical System Corp., Greenvale, NY, USA).

Excel (Microsoft company).
Brain Dissection

Needles of 27G 1,/2” (NIPRO Cat. AH+2713).
NaCl, KCl, and KH,PO, are obtained from Merck.

Na,HPO,, HEPES, glucose, and sucrose are obtained from
Sigma-Aldrich.
Recording Solution and Drugs

All the following salts and compounds are obtained from Sigma-
Aldrich: MgCl,, CaCl,, nicotine, dopamine, serotonin, octopa-
mine, tyramine, ascorbic acid, HCIO,.
Preparation of Electrodes

Silver wires are obtained from AM System.

Solder kit, Gold pins, 3 V battery, and epoxy (Devcon, 5 min
epoxy) are obtained at different convenience stores.

HNO; and HCI are from Merck.

Carbon fibers are obtained from Goodfellow Corp.
Recording Chamber Preparation

Sylgard 184 (Dow Corning Corporation Cat. 3097366-1004).
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Chapter 5

Emerging Technologies in the Analysis of C. elegans
Nicotinic Acetyicholine Receptors

Alison Philbrook and Michael M. Francis

Abstract

Genetic studies in the model organism Caenorbabditis elegans have made valuable contributions to
continuing advances in our understanding of cholinergic synapse biology and cholinergic transmission.
C. ¢elegans possesses a large and diverse family of nicotinic acetylcholine receptor (nAChR) subunits that
share significant sequence similarity with vertebrate nAChR subunits. As is the case for vertebrates,
C. elegans nAChR subtypes mediate excitatory synaptic responses to ACh release at the neuromuscular
junction and are also widely expressed in the nervous system. Detailed knowledge of C. elggans neural
connectivity patterns (wiring diagram), coupled with the ease of genetic manipulations in this system,
enables high-resolution investigations into functional roles for specific receptor subtypes in the context of
anatomically defined circuits. In this chapter, we review methods for the analysis of C. elegans nAChRs
with an emphasis on strategies for identifying and characterizing genes involved in their biological regula-
tion in the nervous system. These methods can be easily adapted to the study of other organisms as well
as other receptor classes.

Key words Neuromuscular junction, C. elegans, Gain-of-function, nAChR, Transgenic animal,
Synapse imaging, Fluorescent microscope, Trafficking

1 Introduction

Excitatory signaling mediated through ionotropic nicotinic acetyl-
choline receptors (nAChR) is essential for proper nervous system
function and is evolutionarily conserved from worms to man.
Determining the contribution of cholinergic transmission to neu-
ral physiology and behavior, and elucidating biological pathways
that regulate nAChR signaling are common goals for vertebrate
and invertebrate neurobiologists alike. Genetic techniques that
complement biophysical approaches have become powerful tools
in these efforts. Invertebrate preparations that are amenable for
both genetic and biophysical approaches offer a strong counterpart
to mammalian studies—these are relatively simple systems in which
one can tease apart functional contributions of nAChRs and mech-
anisms for their regulation with a high-degree of cellular resolution,

Ming D. Li (ed.), Nicotinic Acetylcholine Receptor Technologies, Neuromethods, vol. 117,
DOI 10.1007/978-1-4939-3768-4_5, © Springer Science+Business Media New York 2016
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deciphering relationships between nAChR signaling, neural circuit
function, and behavior.

In particular, the nematode Caenorbabditis elegans ofters
several advantages for the molecular and functional analysis of
nAChRs in the nervous system. C. elegans possess a large family of
29 nAChR subunits bearing significant sequence similarity with
mammalian nAChR subunits [1-4]. The highest levels of sequence
identity occur in the transmembrane regions, particularly the 2nd
transmembrane domain (up to 60% identity). The architecture of
the nervous system is nearly invariant from animal to animal, and
the synaptic connectivity of the worm’s 302 neurons has been
defined by serial electron microscopy (EM) [5, 6]. At least 120
neurons are cholinergic, and nAChRs are highly expressed in the
nervous system and at the neuromuscular junction (NMJ) [4, 7].
A variety of cell-specific promoters are available for precise spatial
control of transgene expression and cell-specific fluorescent mark-
ers can be easily visualized through the transparent worm cuticle,
allowing for identification of individual neurons and even single
synapses in the intact organism.

Nematodes also possess appealing features for the application
of genetic strategies. C. elegans is a self-fertilizing hermaphroditic
organism that develops from egg to fertile adult in 3 days and is
easily maintained in the laboratory. Reverse genetic approaches are
facilitated by the ready availability of a wide variety of mutant
strains through the C. elegans Genetics Center (CGC, http://cbs.
umn.edu/cgc/strains). In particular, strains carrying deletion
mutations in genes encoding individual nAChR subunits and
related genes are available through C. elegans gene knockout con-
sortiums located in the US (http://www.wormbase.org) and
Japan (http://www.shigen.nig.ac.jp/c.elegans/index.jsp). The
short generation time of C. elegans also enables routine use of
straightforward yet powerful forward screening approaches for
rapid and systematic analysis of nAChR signaling and related path-
ways involved in their biological regulation. These experimental
strengths have already contributed to important advances in our
understanding of conserved features of nAChR biology. For exam-
ple, prior work in C. elegans identified the conserved gene 7ic-3, a
nAChR chaperone involved in receptor maturation [8-10]. In
addition, recent studies have uncovered previously unappreciated
roles for Wnt signaling pathways in regulating nAChR synaptic
abundance [11, 12]. Studies in both mammals and Drosophila have
revealed related roles for Wnt signaling in neuromuscular synapse
development as well as in brain synapse formation [13, 14]. In this
chapter we will describe specific methodological approaches used
by our laboratory and others to investigate additional important
teatures of nAChR biology in the C. elegans system, focusing on
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efforts to: (1) identify and characterize conserved mechanisms
controlling their subcellular localization and trafficking, (2) define
functional roles for specific C. elegans nAChR classes, and (3)
investigate pathways responsible for their functional regulation.

2 Overview of C. elegans nAChRs

While mammals possess 17 nAChR subunits, C. elegans expresses
an expanded family of 29 nAChR subunits [2]. Gene names for
individual C. elegans nAChR subunits have been assigned either
based on mutational analyses that give rise to visible phenotypes
(for example, #nc (uncoordinated) or /ey (resistance to the anthel-
mintic drug levamisole)), or based on sequence homology with
known subunits (for example, acr (acetylcholine receptor)). The
high degree of subunit diversity provides considerable potential for
heterogeneity in nAChR subunit composition, particularly in the
nervous system where a wide variety of receptor subunits are
expressed. Notably, a large subset of nicotinic receptor subunits is
strongly expressed in the neurons and muscles directly responsible
tor C. elegans locomotion. Cholinergic neuromuscular transmis-
sion provides excitatory input to drive muscle contraction, while
cholinergic activation of GABAergic motor neurons elicits inhibi-
tion of opposing body wall muscle, causing relaxation [6]. A bal-
ance of excitatory (cholinergic) and inhibitory (GABAergic)
signaling onto muscles reinforces the sinusoidal pattern of C. ele-
gans movement. Nicotinic receptors mediate transmission onto
both muscles and GABAergic motor neurons, and recent work has
revealed the precise subunit composition of these receptor classes
(Fig. 1). Two classes of nAChRs have been characterized at cholin-
ergic neuromuscular synapses: homomeric ACR-16 receptors
(N-AChR) that are selectively activated by nicotine [15-17], and a
class of heteromeric receptors (L-AChR) that are selectively acti-
vated by the nematode-specific cholinergic agonist levamisole, and
are composed of five distinct subunits [18-22]. Another class of
heteromeric nAChRs is present at synapses onto GABA motor
neurons. While the complete subunit composition of these nAChRs
remains to be elucidated, the ACR-12 subunit is a primary con-
stituent and thus we refer to these as ACR-12,p,4 receptors [23].
Notably, a third class of heteromeric nAChRs with distinct subunit
composition is expressed by the cholinergic motor neurons
(ACR-2R) [24, 25]. Unlike the classes described above, ACR-2Rs
do not appear to be exclusively localized to synapses, and presumably
play a role in modulating cholinergic motor neuron excitability
(discussed further below), perhaps in a manner similar to some
mammalian brain subtypes.
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Fig. 1 Overview of nAChRs in the C. elegans motor circuit. Top: Cholinergic motor neurons synapse onto both
body wall muscle, causing contraction, and onto inhibitory GABAergic motor neurons. GABAergic motor neu-
rons in turn project to opposing muscle, causing relaxation. For clarity, only ventral cholinergic and dorsal
GABAergic connections are shown. Triangles (blue) represent excitatory synapses onto GABAergic motor neu-
rons and muscles. T-bars (purple) represent inhibitory synapses onto muscles (gray). ACR-2 receptors (blue)
are diffusely localized to the dendritic region of cholinergic motor neurons. Boftom: ACR-12gs, receptors
(green) localize in postsynaptic clusters on GABA motor neuron dendrites, and N-AChRs and L-AChRs (brown
and gray, respectively) are clustered at the NMJ

3 \Visualizing nAChR Subcellular Localization and Trafficking

Understanding how specific receptor types are sorted during traf-
ficking and restricted to particular neuronal compartments or
domains remains an important challenge in neurobiology. Several
powerful approaches are available for addressing these questions in
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Fig. 2 Topology of nicotinic receptor (NAChR) subunits. (@) nAChRs are composed of five subunits arranged
around a central ion channel pore. (b) Membrane topology of an individual nAChR subunit, consisting of four
transmembrane spanning domains and an extracellular N- and C-terminus. Possible sites for placement of
GFP tags indicated by green boxes

the C. elegans system. Here we discuss methodological consider-
ations for each of these approaches and highlight their application
in studies to date.

Tonotropic acetylcholine receptors are pentameric ligand-gated
ion channels, with five subunits arranged around a central pore
(Fig. 2a). Each subunit consists of four transmembrane domains
(M1-M4), with extracellular N- and C-termini and a large intracel-
lular loop between domains 3 and 4 (Fig. 2b). A major consider-
ation in designing a reporter gene fusion construct is identifying
suitable insertion sites for the protein tag. The tag must be placed
at a location that avoids disruption of overall protein folding and
structure, and minimizes interference with key protein sequence
features such as phosphorylation sites or potential trafficking sig-
nals. Prior studies of mammalian nAChRs have examined the func-
tionality of receptors tagged with fluorescent reporters such as
GFP (green fluorescent protein). These studies showed that place-
ment of fluorescent tags at the N- or C-termini of nAChR subunits
resulted in a partial or complete loss of function, while insertion
into the intracellular M3-M4 loop had very little impact on recep-
tor functional properties and expression levels [26]. This general
approach has been used successfully across many classes of mam-
malian nAChR subunits [27-29]. This body of work provides evi-
dence that engineering relatively large fluorescent moieties into
individual subunits maintains functionality when inserted in the
intracellular loop, while smaller epitope tags such as HA or myc
may be more effective for maintaining functionality in extracellular
labeling strategies.
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Fig. 3 Flowchart depicting strategies for imaging C. elegans nAChRs

The evolutionary conservation of sequence features and
membrane topology across mammalian and C. elegans nAChR
subunits makes these same factors relevant for the generation of
reporter constructs for expression in worms. Moreover, this struc-
tural conservation suggests that studies of nicotinic receptors in
nematodes can provide valuable insights into conserved, generally
applicable principles governing nAChR localization and function.
There are three major approaches for investigating the subcellular
localization of C. elegans nAChRs: (1) immunostaining of fixed
tissue, (2) transgenic expression or knockin of AChR::GFP fusion
constructs, and (3) transgenic expression or knockin of epitope
tagged AChR subunits and in vivo labeling with conjugated anti-
bodies (Fig. 3). Specific protocols for fixation and immunostaining
of C. elegans tissue have been described previously [7, 30, 31].
Immunostaining techniques offer the best strategy for visualization
of endogenous protein; however, they require reliable antibodies
for specific staining as well as fixed tissue that cannot be used for
real time observation, for example of receptor dynamics. Moreover,
while immunostaining provides important insight into endoge-
nous protein localization, it does not enable cell-specific analysis of
subcellular localization. In contrast, cell-specific expression of
AChR::GFP fusions allow for in vivo analysis of cellular and subcel-
lular localization, eliminating the need for fixing the tissue (due to
the transparency of the worm cuticle). AChR::GFP signal is often
visible as fluorescent puncta decorating neurons or muscles at pre-
sumptive sites of synaptic contact, consistent with receptor cluster-
ing at synapses. Specific localization to postsynaptic sites can be
confirmed by coexpresssion with presynaptic markers such as SNB-
1::GFP or mCherry::RAB-3 that label synaptic vesicles. For nAChR
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Fig. 4 ACR-12;4s4 receptors cluster opposite ACh release sites. (a) Confocal image showing apposition (arrow-
heads) of ACR-12::GFP puncta (green) expressed in DD GABAergic motor neurons and mCherry::RAB-3 (red)
expressed in cholinergic motor neurons. Motor neuron cell bodies are encircled with a dashed white line. Scale
bar 10 um. (b) Representative line scan depicting colocalization of ACR-12::GFP and mCherry::RAB-3 in a
25 pum region of the nerve cord. Reprinted from [45]

classes that show predominant localization to postsynaptic sites,
punctate fluorescence will be visible directly apposing synaptic ves-
icle clusters (for example, see Fig. 4). However, in vivo nAChR::GFP
fluorescence may not clearly distinguish intracellular receptor pools
from receptors localized at the cell surface. Expression of nAChRs
tagged with an extracellular epitope for antibody recognition
allows for the visualization of receptors at the cell surface [32].
Epitope tags are smaller than their bulkier GFP counterparts, and
in many cases allow for proper folding and assembly of the penta-
meric receptor even when placed at the extracellular C-terminus of
subunits. In vivo labeling can be achieved by injection of
fluorescent-conjugated antibodies into the pseudocoelomic space
of the living animal. Nonspecific antibody labeling is cleared within
hours after injection by scavenger cells (coelomocytes), leaving robust
labeling of cell surface receptor clusters. Additional information
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and specific protocols used to generate reporter gene fusions in
C. elegans have been described by Boulin et al. [33]. For both
transgenic strategies, functionality of the fusion construct must be
verified by rescue of a mutant phenotype such as restoration of nor-
mal synaptic responses. For example, expression of ACR-16::GFP
normalizes synaptic responses in animals carrying a deletion muta-
tion in the acr-16 genomic locus [15].

The analysis of subcellular localization in transgenic strains may
also be complicated by potential effects of overexpression. C. ele-
gams transgenic strains can be easily obtained by gonadal microin-
jection of plasmid DNA [34 ]—this approach produces transgenic
animals carrying an extrachromosomal array that will contain many
copies of the AChR::GFP transgene, leading to significant potential
for overexpression. Expressing the nAChR::GFP or epitope-tagged
subunit in a mutant background that lacks the corresponding
genomic locus encoding the wild type subunit offers some potential
for limiting overexpression; however, the high copy number of the
tagged nAChR subunit in the transgenic array will likely lead to
significant overexpression even in the absence of the native
(genomic) copy. Strategies for generation of single copy insertions
into the genome are also available, using a technique known as
MosSCI to drive insertion into well-characterized genomic sites,
and have been used successfully for single copy expression of tagged
nAChR subunits [35]. Similarly, various strategies for modification
of the nAChR subunit genomic locus, for example by MosTIC or
more recently by CRISPR, are rapidly becoming standard in the
field [36-39]. While these approaches are more time-consuming,
they offer strong potential for achieving endogenous or near-
endogenous levels of nAChR subunit expression in cases where
overexpression may limit experimental interpretation.

4

Identification of Genes Responsible for nAChR Assembly and Clustering
at the NMJ

Reporter gene strategies such as those described above have led to
dramatic advances in our understanding of AChR classes at the
worm NM]J and of mechanisms controlling their clustering and
localization. Studies of nAChR::GFP localization have shown that
muscle nAChRs are primarily localized in punctate clusters located
at the tips of membrane extensions from the muscles (called mus-
cle arms), where en passant synapses with cholinergic motor neu-
rons are formed. These nAChR clusters are closely apposed to
presynaptic markers, consistent with specific localization to syn-
apses. These findings for fluorescent-tagged nAChRs have been
confirmed by immunostaining against individual nAChR subunits,
demonstrating that nAChR::GFP fusions faithfully recapitulate
endogenous localization. Moreover, several recent studies have
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utilized knockin strains bearing tagged nAChR subunits in forward
genetic approaches to identify genetic pathways that are required
for receptor clustering and localization.

Recent work from Bessereau and colleagues has employed an
impressive array of transgenic and knockin strains carrying tagged
L-AChR subunits to investigate the synaptic localization of these
receptors at the NM]J [38, 40—42]. They have used two general
screening strategies: (1) Genetic screens for mutants that show
resistance to paralysis by exposure to levamisole. Mutations identi-
fied from this type of screen should identify all essential receptor
subunit genes, as well as genes required for receptor folding and
surface expression. (2) Visual screens for mutants in which fluores-
cently labeled L-AChRs are mislocalized. This type of visual screen
is very powerful for establishing specific defects in synaptic local-
ization. Using these two approaches in combination, the Bessereau
laboratory identified previously undefined roles for four genes that
contribute to a novel mechanism which governs synaptic clustering
of nAChRs at the NM]J. Three of these genes (/ev-9, lev-10 and
0ig-4) encode proteins that are expressed in muscle cells and cluster
L-AChRs by forming an extracellular scaffold in the synaptic cleft,
LEV-9 and OIG-4 are secreted into the synaptic cleft while LEV-
10 is a transmembrane protein. Mutations in any of these genes
disrupt the clustering of L-AChRs [38, 40, 42]. The fourth gene
uncovered from these screens (madd-4) encodes a C. elegans
ortholog of the ADAMTS-like extracellular matrix protein Punctin
[41]. The long isoform of Punctin/MADD-4 is secreted from
cholinergic motor neurons and is required for recruitment or sta-
bilization of L-AChR clusters and scaffolding machinery to cholin-
ergic synaptic sites.

Synaptic release of ACh at the NMJ also activates a second mus-
cle nAChR class, N-AChR [16]. N-AChRs are homomeric recep-
tors composed of the ACR-16 subunit, a C. elegans homolog of the
vertebrate alpha?7 subunit [15, 17]. Imaging of GFP-tagged ACR-
16 subunits showed that N-AChRs concentrate at the tips of mus-
cle arms along the nerve cord in a similar pattern to that described
for L-AChRs above, consistent with the idea that N-AChRs are also
localized to cholinergic neuromuscular synapses. The synaptic
localization of N-AChRs however does not require the same scaf-
fold proteins involved in L-AChR clustering at synapses, and a com-
plete mechanistic understanding of this process for N-AChR has
not yet been achieved. Nonetheless, recent work has provided some
significant advances. Electrophysiological analysis showed that the
Ror receptor tyrosine kinase CAM-1 is required for normal
N-AChR mediated signaling at the NM]J, and analysis of ACR-
16::GFP localization suggested that CAM-1 is required for normal
surface delivery of N-AChRs to synaptic sites [15]. Subsequent
studies of N-AChRs labeled with either GFP or the photocon-
vertible tag EosFP demonstrated that Wnt signaling, mediated by
CAM-1 (in a heteromeric complex with LIN-17/Frizzled),
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regulates receptor translocation to synapses. Further, this work pro-
vided evidence for Wnt-mediated nAChR plasticity in adult ani-
mals, raising the interesting possibility that synaptic nAChRs may
be acutely regulated by Wnt signaling pathways [11, 12].

5

Investigation of nAChR Subcellular Localization and Function in C. elegans

While in recent years we have gained a better understanding of
signaling mechanisms that control the synaptic localization and
delivery of nAChRs at the NM]J, our knowledge of these processes
at C. elegans neuronal synapses is more limited. Several recent
studies have begun to examine the composition, subcellular local-
ization and function of specific nAChR classes in C. elegans neu-
rons (reviewed by [43]). As described above, the nAChR species
described to date in the nervous system are distinct from those
present at the NM]J. In particular, recent work from our lab and
others has investigated nAChR classes expressed by cholinergic and
GABAergic motor neurons. Notably, the nAChR subunit ACR-12
contributes to distinct receptor classes expressed by each of these
neuron types. In cholinergic motor neurons the ACR-12 subunit
complexes with four additional subunits to form ACR-2 receptor
complexes, named for the ACR-2 subunit that is solely present in
cholinergic motor neurons [24, 25]. Studies of GFP-tagged
ACR-2 subunits have demonstrated that ACR-2R is diffusely dis-
tributed in the dendrites of cholinergic motor neurons [24, 44],
suggesting that ACR-2R is not exclusively clustered at synapses.
Studies using specific expression of ACR-12::GFP in cholinergic
motor neurons have yielded similar results, consistent with the idea
that ACR-2 and ACR-12 co-assemble in the ACR-2R complex
[23]. Functional studies have suggested that ACR-2Rs are impor-
tant for maintaining the excitability of cholinergic motor neurons,
perhaps through volume transmission of ACh rather than perform-
ing a purely synaptic function [25].

Prior EM reconstruction of the connectivity of the motor cir-
cuit indicated that cholinergic motor neurons are the primary
source of synaptic innervation for GABA motor neurons [6]. Based
on the wiring diagram provided by EM reconstruction, models of
C. eleganslocomotion have long predicted that GABA motor neu-
rons respond to cholinergic signals from upstream motor neurons.
Recent studies of GFP-tagged ACR-12 subunit localization in
GABA motor neurons have revealed that ACR-12¢5p4 receptor
complexes cluster exclusively in dendritic regions where these neu-
rons receive synaptic inputs from cholinergic motor neurons
(Fig. 4). These findings support the idea that ACR-1255p4 nAChRs
mediate cholinergic transmission onto GABA motor neurons
[23, 45], providing initial molecular insights into cholinergic con-
trol of GABAergic neuron activity in the motor circuit.
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Electron microscopy studies also provided initial evidence that a
subset of six GABA motor neurons (the dorsal D or DD neurons)
undergo a very interesting form of synaptic remodeling during
postembryonic development of the motor circuit [46]. C. elegans
develops through four larval stages (L1-14) prior to adulthood.
Remarkably, fifty-six postembryonic born motor neurons are inte-
grated into the motor circuit after completion of the first larval
(L1) stage. As development of the circuit proceeds, cholinergic
synaptic inputs that initially innervate GABAergic DD motor neu-
ron dendrites on the dorsal side of the animal are removed and
reestablished onto ventral dendrites. Analysis of presynaptic mark-
ers in DD neurons have yielded valuable insights into the remodel-
ing of GABAergic synaptic outputs onto muscles [47-51], but
investigations into the remodeling of synaptic inputs to DD neu-
rons were limited by a lack of specific markers for these synapses.
Specific expression of ACR-12::GFP in DD neurons enables in vivo
visualization of the postsynaptic apparatus during this period of
remodeling [45]. ACR-12g434 nAChRs are initially localized dor-
sally (for about 12 h after the animals hatch) but then become
exclusively localized to the ventral dendrites of DD neurons by
roughly 18 h after hatch. Two recent studies have identified a
genetic pathway that regulates the timing of this remodeling pro-
gram. A key component of this pathway is the OIG-1 protein, a
member of the Ig domain superfamily [45, 52]. In 0zg-1 mutants,
the remodeling program is initiated several hours earlier than in
the wild type. 0ig-1 encodes a single Ig domain protein that is
highly expressed in DD neurons immediately after hatch (during
the first larval (L1) stage). 0ig-1 acts cell autonomously in DD neu-
rons to antagonize the relocation of ACR-12g4p4 receptors.
Notably, 0ig-1 expression in DD neurons falls oft after L1, provid-
ing support for a model where the timing of remodeling is regu-
lated through transcriptional control of 0ig-1 expression. Although
the precise mechanism of OIG-1 action remains unclear, one inter-
esting possibility is that OIG-1 antagonizes remodeling by directly
or indirectly stabilizing ACR-12¢434 receptor clusters in their L1
locations. These studies demonstrate the strength of combining
in vivo imaging with genetic analysis for investigating nAChR
dynamics, allowing one to study circuit refinement with high spatial
and temporal resolution.

6 Gain-of-Function nAChRs in C. elegans: Tools to Study Receptor Assembly,
Function, and Modulation

With the continuing development of in vivo tools for the analysis
of nicotinic receptors, we have seen significant advances in our
understanding of functional roles served by these receptors in the
brain. Nonetheless, we still have a limited understanding of
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biological pathways important for their maturation, localization
and functional regulation. To overcome this challenge, we and oth-
ers have pursued a strategy that builds on work from Henry Lester
and colleagues [53, 54], utilizing expression of pore-modified,
gain-of-function nAChR subunits to explore nAChR function.

The general approach was originally developed as a comple-
ment to gene knockout studies, and has proven extremely powerful
for unraveling in vivo functions for brain nAChRs in knockin mice.
Early studies of mammalian nAChRs reconstituted in Xenopus
oocytes showed that a highly conserved nonpolar residue in the
pore-lining M2 region of nicotinic receptor subunits has profound
effects on receptor activation properties. Several residues of the M2
transmembrane protein sequence are highly conserved across
nAChR subunits and functional studies indicated the 9’ position (in
this nomenclature, the 1’ position indicates the most N-terminal,
cytoplasmic residue in the M2 region) to be important for ligand-
mediated gating of the receptor. Notably, substitution of a polar
amino acid (e.g., serine) for the highly conserved leucine residue at
the 9’ position produces a gain-of-function eftect, causing increased
receptor activation and very slow inactivation [55, 56]. As noted
above, knockin mice expressing brain nicotinic receptor subunits
with this pore modification have been instrumental in defining cen-
tral nicotinic receptor actions in a wide variety of neurological and
neuropsychiatric conditions, including nicotine reward and toler-
ance, anxiety, and seizure production [27, 53, 54, 57].

The 9’ leucine residue is also conserved across most nematode
nAChR subunits and mutation of this position produces similar
effects to those observed for mammalian nAChRs (Fig. 5a—c) [25,
58]. Thus, we can pursue similar approaches for transgenic expres-
sion of gain-of-function nAChRs in C. elegans, opening the door
for innovative studies of nAChR function in the worm nervous
system. Moreover, several labs are pursuing novel genetic strategies
based on this approach aimed at identifying conserved signaling
systems important for the biological regulation of nAChRs. A
strength of the C. elegans system is the ability to conduct nonbi-
ased genome-wide forward genetic screens for genes involved in
signaling pathways of interest. Expression of gain-of-function
nAChRs often gives rise to easily identifiable behavioral phenotypes.
Genetic screens for modifiers of these phenotypes offer exciting
avenues for identifying novel nAChR regulatory pathways. Here
we discuss recent studies by our lab and others that have used these
approaches to identify the precise subunit composition of nAChRs
expressed in C. elegans neurons, as well as modulatory pathways
that modify nicotinic transmission.

Generation of transgenic C. elegans strains expressing gain-of-
function nAChRs is relatively straightforward. Single point muta-
tions are engineered into plasmid DNA encoding the nAChR
subunit of interest using conventional site-directed mutagenesis



Emerging Technologies in the Analysis of C. elegans Nicotinic Acetylcholine... 89

M2 Transmembrane Region N N
c 5

& D 9’ position
- transgene L-AChR(gf)
10 ms
-
50 pA
100 ms
800 ms
- A

I EY

200 ms

Fig. 5 Sequence conservation in the M2 region of C. elegans and mouse nAChR subunits. (a) Alignment of the
second transmembrane domain of selected C. elegans (blue) and mouse (brown) nAChR subunits. The 9’ posi-
tion is indicated by red shading. (b) Schematic of nAChR in cell membrane. Arrow indicates approximate posi-
tion of the 9’ residue. (¢) Whole-cell current responses to photostimulation (10 or 800 ms) recorded from
muscles of control or L-AChR(g# animals expressing channelrhodopsin in cholinergic motor neurons. Note
prolonged synaptic responses in L-AChR(g# transgenic strain. Reprinted from ref. [58]. (d) Images of wild type
or acr-2(L9'S) transgenic animals. Note the defects in body posture exhibited by the acr-2(L9’S) strain.
Reprinted from ref. [24]

methods and confirmed by sequencing. Transgenic animals carrying
the mutated nAChR subunit are then generated by standard
gonadal microinjection techniques to achieve germ-line transfor-
mation [34]. Using this approach, animals will carry an extrachro-
mosomal array carrying many copies of the mutated nAChR coding
sequence. Stable expression can then be achieved by integrating
the array into the genome using standard techniques for inducing



90

Alison Philbrook and Michael M. Francis

double-stranded breaks [59]. As noted for the fluorescent reporter
strategies described above, this approach is robust and relatively
fast, but raises potential limitations for experiments where overex-
pression might be a factor. Importantly, we have noted that express-
ing a transgenic array encoding the gain-of-function subunit in the
appropriate mutant background often enhances behavioral pheno-
types. We interpret this to suggest that the endogenous wild type
subunit normally competes with the mutant version for incorpora-
tion into mature nAChRs. In cases where the wild type copy is
removed, all nAChRs incorporating the subunit of interest would
presumably incorporate the gain-of-function copy, enhancing the
severity of the phenotype. To date, strains carrying single-copy
nAChR(gf) transgenes have been reported in only one instance
[44], and gain-of-function modifications to genomic loci encoding
nAChR subunits have not been generated. Nonetheless, a gain-of-
function allele (#2420) of the acr-2 subunit (V13’M) has been iso-
lated from a forward screen [25]. This gain-of-function mutant
strain exhibits pronounced locomotory deficits, indicating that
gain-of-function modification of the native nAChR subunit coding
sequence is sufficient to produce significant alterations in neuronal
activity.

7 Gain-of-Function L-AChR in C. elegans Body Wall Muscle

Despite the caveats about overexpression noted above, transgenic
expression of gain-of-function nAChRs has proven quite powertul
for teasing apart functional roles for specific nAChR classes, as well
as modulatory pathways that alter cholinergic transmission. In par-
ticular, work in our lab has targeted the muscle L-AChR in an
effort to develop a genetic strategy for increasing activity at muscle
synapses [58]. L-AChR(gf) transgenic animals were generated by
engineering a serine residue into the 9’ position of three L-AChR
subunit genes (#nc-38, unc-29, and lev-1), and co-expressing these
mutated subunits in C. elegans using a muscle-specific promoter.
These animals are hypersensitive to paralysis by exposure to the
nematode-specific cholinergic agonist levamisole, and exhibited
prolonged synaptic responses to optogenetic stimulation of cholin-
ergic motor neurons (Fig. 5¢). Both of these effects indicate that
L-AChR(gf) expression elevates synaptic excitability at cholinergic
neuromuscular synapses.

L-AChR(gf) expression also produced striking effects on loco-
motion, increasing body bend depth during movement and
decreasing movement velocity. Surprisingly, these behavioral effects
require the neuropeptide precursor nlp-12; a C. elegans homolog
of cholecystokinin (CCK) [58, 60, 61]. Prior work demonstrated
that NLP-12 signaling modulated synaptic responses at the NM]J
by altering levels of ACh release from motor neurons [62],
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suggesting a model where a behavioral requirement for nlp-12
might arise through neuropeptide modulation of neuromuscular
transmission. Surprisingly, mutation of nlp-12 does not produce
overt behavioral defects under normal lab cultivation conditions.
The increased dependence on NLP-12 signaling in the L-AChR(gf)
strain raises the interesting possibility that this neuromodulatory
system is selectively active under conditions when muscle synapse
activity is elevated. Consistent with this idea, behavioral studies
showed a context-dependent requirement for NLP-12 signaling
during local search behaviors that are triggered by removal from
food [58]. This work demonstrates the strength of genetic models
that elicit heightened synaptic activity for revealing new neuromod-
ulatory pathways and their fundamental roles in shaping behavior.

8 ACR-2 Gain-of-Function Receptor in Motor Neurons

A similar approach to that employed for the muscle L-AChR has
aided efforts to characterize nAChRs expressed by motor neurons.
As noted above, the acr-2 nAChR subunit is solely expressed in
cholinergic motor neurons. Expression of a mutant acr-2 trans-
gene bearing a leucine to serine amino acid substitution at the 9’
position caused near complete paralysis in transgenic animals
(Fig. 5a, d) [24]. Interestingly, these effects were associated with
necrotic-like death of cholinergic motor neurons, suggesting that
increased cholinergic activation due to expression of the gain-of-
function acr-2(L9’S) transgene caused toxicity. Genetic ablation of
subunits that coassemble with ACR-2 to form a heteromeric recep-
tor (unc-38, unc-63, or acr-12) or of genes required for ACR-2R
assembly suppressed acr-2(19°S)-induced paralysis and death of
the motor neurons, supporting the idea that these effects are medi-
ated through the actions of mature, functional receptors. Building
on these observations, it will be interesting to pursue further
studies of motor neuron death in the ac7-2(19°S) transgenic strain,
perhaps as a genetic model for excitotoxic-like conditions.

A second gain-of-function acr-2 strain has been characterized
by Yishi Jin and colleagues. As noted above, a mutation that pro-
duces a valine to methionine substitution at the 13’ position of
ACR-2 was isolated from a forward genetic screen for mutants that
shrink in response to gentle touch [25]. Importantly, this mutation
does not produce toxic effects in motor neurons, but instead
increases cholinergic transmission onto muscles and causes sponta-
neous muscle convulsions. These effects support the idea that acr-
2(V13’M)-mediated increases in cholinergic motor neuron activity
drive elevated muscle contractions. Notably, a similar V13’M
mutation in the beta subunit of the muscle AChR is associated
with congenital myasthenic syndrome in human patients [63].
The precise molecular basis for the phenotypic differences between



92

Alison Philbrook and Michael M. Francis

the two mutant forms of acr-2 remains unclear. One interesting
possibility is that the 19’S mutation alters ACR-2R functional
properties more strongly than the V13’M mutation. Interestingly,
specific expression of a pore-modified acr-12 subunit carrying the
L9’S mutation in cholinergic motor neurons does not cause toxic-
ity, but instead produces a phenotype similar to that of acr-
2(V13’M) mutants (Petrash & Francis, unpublished observations).
The stronger effect of the L.9°S mutation in ACR-2 compared with
ACR-12 may point to a specialized role for the ACR-2 subunit in
determining receptor functional properties. Directed functional
studies will be required to address these questions.

For both acr-2(L9°S) and acr-2(V13’M), the behavioral phe-
notypes of the gain-of-function strains are suppressed by null
mutations in ACR-2R partnering subunits and accessory proteins.
Using the information about ACR-2R subunit composition gained
from their genetic analysis of suppressors, Jin and colleagues recon-
stituted both the wild type and gain-of-function ACR-2R receptor
in Xenopus lnevis oocytes. Electrophysiological studies of the
reconstituted receptors demonstrated that introduction of the
V13’M mutation causes a large increase in current responses to
cholinergic agonists, confirming a gain-of-function effect on recep-
tor physiology. Subsequent studies have pursued targeted forward
genetic screens to identify mutations that suppress convulsions in
acr-2(V13’M) mutants [64, 65]. These screens have proved very
powerful for identifying modulatory pathways that regulate motor
neuron activity. In particular, two FMRFamide neuropeptide sig-
naling systems that regulate motor circuit activity were identified
using this approach, perhaps representing a mechanism for circuit-
level homeostatic responses to increased neuronal excitability.

9 Future Prospects for In Vivo Analysis of C. elegans nAChRs

The unique opportunity to combine genetic perturbation with
approaches for in vivo synapse imaging, techniques for direct mea-
surement of synaptic activity (electrophysiology, Ca?* imaging), and
behavioral analysis in C. elegans has greatly expanded our under-
standing of nAChR function, and of cellular mechanisms governing
nAChR clustering and localization. However, continued advances
will depend on the ongoing development of more refined tech-
niques and tools for in vivo analysis of nAChR biology in the worm.
High-resolution approaches need to be developed for visualizing
in vivo nAChR dynamics, for example in response to activity. While
studies of acute nAChR dynamics at neuronal synapses have not yet
been reported, analysis of GFP-tagged N-AChRs at the NM]J sug-
gests that these receptors are highly mobile, and that translocation
of these receptors is dependent on activity [ 12]. As described above,
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studies of the dynamics of GFP-tagged nAChRs are complicated by
the difficulty in specifically labeling surface receptors. Tools for
selectively monitoring the cell surface receptor pool have recently
been developed for C. elegans ionotropic glutamate receptors
(iGluR), enabling elegant in vivo studies of iGluR trafficking and
plasticity. In particular, work from the Maricq laboratory has uti-
lized superecliptic pHluorin (SEP) to investigate mechanisms con-
trolling the trafficking and surface delivery of iGluRs in C. elegans
neurons [66, 67]. To visualize the internal and cell surface receptor
pools, SEP was engineered in combination with an mCherry tag at
the extracellular N-terminal terminus of the AMPA-type iGluR
subunit GLR-1 (SEP::mCherry::GLR-1). The mCherry marker
allows for the examination of intracellular iGluR trafficking events,
while the extracellular SEP tag enables specific visualization of
iGluRs newly inserted into the plasma membrane. The SEP tag is
pH-sensitive, and fluorescence is quenched in acidic environments
such as intracellular compartments [68]. Upon insertion into the
plasma membrane, SEP-tagged receptors fluoresce brightly, allow-
ing for specific examination of new receptors inserted into the
plasma membrane. Studies such as these that employ genetically
encoded optical sensors have revealed a wealth of new insights into
activity-dependent mechanisms underlying the trafficking and syn-
aptic delivery of iGluRs.

Future studies employing photoactivatable (e.g., PA-GFP),
photo-convertible (e.g., dendra, EosFP) and pH-sensitive (e.g.,
SEP) fluorescent tags to investigate in vivo nAChR dynamics
should propel similar advances in our understanding of their bio-
logical regulation. nAChR subunit fusions with SEP have already
been employed in studies of mammalian nAChR trafficking in
cultured neurons [69]. Recent technological improvements in flu-
orescent microscopy open the door for utilizing similar tools for
in vivo studies of nAChR trafficking and plasticity in C. elegans.
Moreover, C. elegans offers strong advantages for utilizing these
optical approaches in combination with cutting-edge tools for
optogenetic stimulation or for monitoring neural activity, such as
genetically encoded calcium and voltage sensors. The ability to
pursue this kind of multifaceted approach in C. elegans assures that
future work with this system will provide exciting new contribu-
tions to our understanding of nAChR biology.
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Chapter 6

Using Natural Genetic Variability in Nicotinic Receptor
Genes to Understand the Function of Nicotinic Receptors

Jennifer A. Wilking and Jerry A. Stitzel

Abstract

Research has demonstrated that genetics is a major factor in nicotine addiction for both humans and mice.
However, very few studies have identified naturally occurring genetic variation that demonstrates altered
nicotine sensitivity in humans or mice. One specific genetic variant that has been implicated in altered nico-
tine sensitivity is a naturally occurring single nucleotide polymorphism (SNP) in the nicotinic acetylcholine
receptor (nAChR) a4 subunit gene, Chrna4, that leads to an alanine /threonine variation in the amino acid
sequence at amino acid position 529. This variant was initially evaluated for functional and behavioral induced
changes in nAChRs in multiple mouse populations including inbred strains, F2 intercrosses, and recombi-
nant inbred strains. In order to follow up these initial studies and to directly examine the effect of the poly-
morphism on nicotinic receptor function and behavioral and physiological responses to nicotine, a knockin
mouse was generated. Studies with this knockin mouse as outlined in this chapter indicated the Chrna4
T529A polymorphism was sufficient to affect both nAChR function and nicotine induced behaviors.

Key words Natural genetic variation, Polymorphism, Nicotine, Chrna4, Knockin animals, Behavior,
Function

1 Significance to the Public

In the USA, tobacco use is the number one cause of preventable
disease, disability, and death. It is estimated that approximately
443,000 people die from smoking or second hand smoke, and
another 8.6 million suffer serious illness from smoking each year.
Despite tobacco negative consequences, 46.6 million adults smoke
and 88 million nonsmokers are exposed to secondhand smoke.
Tobacco products produce a variety of effects that may include
increased concentration, relaxation, and decreased anxiety from the
addictive component of tobacco, which is nicotine. These reinforc-
ing effects of nicotine can lead to nicotine dependence [1, 2], and
neuronal mechanisms are thought to be involved in drug-craving
and drug reinstatement, which can be brought on by the drug
itself, cues associated with the drug, and or stress [3]. Therefore,
understanding the genetic and biochemical components of nicotine
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initiation and dependence could provide critical insight to the
establishment of nicotine addition and the underlying neurobio-
logical mechanisms involved.

2 Evidence for Genetic Components of Nicotine Addition in Humans

Human studies have provided evidence that nicotine use and nico-
tine dependence have a substantial genetic component. Adolescent
twin studies have estimated that heritability of smoking initiation is
between 40 and 70 %, and genetic factors are even more determi-
nant of nicotine dependence [4-7]. In one twin study, it was
reported that genetic factors were estimated to be as high as 75%
for nicotine dependence [8]. Clearly, smoking behavior is signifi-
cantly influenced by genetics with many studies estimating the
heritability of smoking being to be approximately 50% [9-12].
Other studies examining the heritability of smoking initiation and
persistence also demonstrate substantial heritable factors [13], but
interestingly, it does not appear that the same genetic factors influ-
ence both smoking initiation and persistence [ 14 ]. Taken together,
there are incontestably genetic factors involved in determining risk
for smoking and by further elucidating and identifying the specific
genes and pathways involved may lead to a better understanding of
the biological mechanisms important for nicotine dependence as
well as potentially identifying novel targets for intervention or
prevention.

3 Molecular Genetic Influences

Identifying specific genes and genetic loci that influence the differ-
ent components to nicotine addiction will increase the understand-
ing of individual molecular variants that lead to nicotine
dependence. Strong candidates for genes that may influence risk
for nicotine dependence are the genes that encode the subunits of
neuronal nicotinic acetylcholine receptors (nAChRs). nAChRs are
pentameric ligand gated ion channels, which are located through-
out the central nervous system (CNS) and the peripheral nervous
system (PNS). The subunits a2-a10 and p2-p4 assemble in various
combinations to form a symmetric ion channel that binds the
endogenous neurotransmitter acetylcholine as well as nicotine (and
other nicotinic ligands). When acetylcholine or nicotinic agonists
bind to the receptor, the channel opens allowing ions to pass
through the pore. The mammalian CNS expresses a2-a7, a9-al0,
and P2-p4 in several different combinations that can be found
either in very specific brain regions or more widely spread through-
out the brain. Each subunit has a long extracellular N-terminus
followed by three transmembrane domains, a long cytoplasmic
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loop, and a fourth transmembrane domain. The subunits termed
alpha have two neighboring cysteines (vicinal cysteines) located in
the extracellular domain near the binding site in addition to another
pair of cysteines that form a disulfide bridge. The beta subunits
lack the vicinal cysteines located near the binding site, which are
critical to agonist binding. Although the beta subunits lack the
vicinal cysteines that are crucial for agonist binding, the beta sub-
unit does form part of the binding site for agonists and influence
the binding and functional properties of the receptor [15].

A majority of nAChRs are heteropentamers, meaning they are
composed of a combination of alpha and beta subunits. Currently
one receptor has been known to form a homopentamer receptor in
the mammalian brain, which is composed of a7 subunits. In addi-
tion to being homopentamer, o7 nAChRs selectively bind
a-bungarotoxin where as other neuronal nAChRs do not have a
high affinity for a-bungarotoxin. a-Bungarotoxin is from the venom
of the Taiwanese banded krait and is an irreversible antagonist of the
neuronal «7 nAChR [16, 17]. The functional and biochemical
properties of ligand-gated ion channels depend significantly on
the subunit composition. Parenthetically, nicotinic receptors can be
divided into two groups, those that bind epibatidine with a high
affinity and those that bind epibatidine with low affinity [18, 19].
Epibatidine, an alkaloid isolated and characterized from the skin of a
tropical frog ( Epipedobates anthonyi), is a very potent nicotinic ago-
nist [20] that binds most nAChRs [21, 22]. Understanding the bio-
chemical properties of the different nAChRs has been crucial to
determining which subtypes are expressed and their relevance to
brain location and as a result, behavioral responses that may be
mediated by different subtypes.

The most highly expressed nAChR subtype in the CNS is the
a4p2 containing receptor [23]. The a4p2* nAChRs (* indicates
receptor may contain other subunits) can be further divided into
two groups that not only include high affinity receptors but also
low affinity receptors [24-27]. Deletion of the a4 subunit genes
results in 93% reduction in high affinity binding sites and 61%
reduction in low affinity sites, and deletion of the p2 nAChR gene
has a very similar effect [27], suggesting that both of these binding
sites are highly dependent on both 2 and a4 nAChR subunits.

The majority of nAChRs in the CNS are presynaptic and modu-
late the release of several different neurotransmitters. Nicotinic ago-
nists, in addition to acetylcholine, can modulate the release of
dopamine [28-30], noradrenaline [31], gamma-aminobutyric acid
(GABA) [ 32, 33],and serotonin (5-HT)[34]. f2 subunit-containing
nAChRs, which are mostly located presynaptically in GABAergic
and DAergic neurons, are thought to be involved in the reinforcing
effects of nicotine [35] and assemble with the a4 subunit to
form the majority of high affinity heterologous nAChRs in the
CNS of which, more than 90% are high affinity receptors [23, 36].
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Also a4p2* nAChRs are elevated in smokers [37, 38] and in rodents
chronically treated with nicotine [39, 40], further suggesting a4p2*
nAChRs are likely sites of action of nicotine and likely influence
components associated with nicotine addiction.

4 Animal Models of Nicotine Dependence

Genetic factors have also been shown to influence the behavioral
and physiological effects of nicotine in mice while also providing
a unique opportunity to systematically examine biological pro-
cesses influenced by the specific manipulation of genes. Inbred
strains, derived by within family mating, are homozygous at all
genetic loci. Studies comparing inbred strains have provided evi-
dence that inbred strains differ in the physiological, behavioral,
and biochemical responses elicited by nicotine, nicotinic agonists,
and nicotinic antagonists. For example, a study that assessed nico-
tine induced conditioned place preference in several inbred mouse
stains suggested that certain inbred strains are more susceptible to
the reinforcing effects of nicotine [41]. Further, inbred mouse
strains also differ comparatively in their nAChR expression. In a
study by Marks et al. [42], 19 inbred mouse strains were com-
pared for differences in nicotine and a-bungarotoxin binding,
which examine 2 distinct populations of nAChRs. Nicotine binds
to high affinity nAChRs (most of which are a4 containing recep-
tors) and a-bungarotoxin measures a group of receptors that bind
nicotine with much lower affinity (typically a7 containing recep-
tors) [22, 42, 43]. Nicotine binding in inbred strains has also
been shown to inversely correlate to many behavioral responses
induced by nicotine, especially locomotor activity and body tem-
perature [44], and in tolerance by examining an acute nicotine
challenge following chronic nicotine administration [39, 45, 46].
Similarly, mouse strain differences in a-bungarotoxin binding are
correlated with strain differences in nicotine-induced seizure sen-
sitivity [47]. Inbred mouse strains have provided an opportunity
to evaluate genetic variations to find differences in physiological,
behavioral, and biochemical responses to nicotine, but do not
allow examination of specific genes or genetic loci that contribute
to any differences.

Knockout animals and transgenic animals provide yet another
useful tool in order to examine the effects of nAChR genes and the
functions of the gene products on nicotine-related behaviors, and
allow for more precise examination of specific gene effects as well
as examination of distinct genetic loci [48 ]. For example, knockout
mice have been used to demonstrate that the nAChR subunit p2 is
important in the reinforcing effects of nicotine. The 2 subunit
null mutant mice will not self-administer nicotine while their wild-
type littermates will self-administer nicotine. In addition, nicotine



Using Natural Genetic Variability in Nicotinic Receptor Genes to Understand... 101

does not elicit dopamine release in striatal tissue of p2 subunit
mutant mice whereas it does in wild-type mice [35]. Also 2 null
mutant mice are dramatically impaired in nicotine discrimination
[49]. Studies conducted with f2 null mutant mice are especially
important because the majority of the high affinity nicotinic recep-
tors are o4P2* containing receptors [23]. In a4 subunit null
mutant mice, dopamine levels do not increase when stimulated
with nicotine in comparison to wild-type animals [50], implying
the nAChR o4 subunit is an important component of dopamine
release. Nicotine elicited dopamine release in striatal tissue in con-
junction with a-conotoxin, a fairly selective a6* nAChR antagonist,
found that dopamine release was only partially inhibited suggesting
that there are two classes of receptors mediating dopamine release.
Using knockout mice combined with a pharmacological approach,
it has been shown that a-conotoxin resistant nAChRs are composed
of o432 * receptors that are located presynaptically on dopaminergic
neurons [51]. Further, about half of the a-conotoxin sensitive
nAChRs, which are «6* nAChRs, include an a4 subunit [52]. Both
a4 and P2 containing nAChRs are necessary for dopamine release,
a process thought to be involved in nicotine dependence. Mice
engineered to express a hypersensitive variant of the a4 subunit are
more sensitive to nicotine elicited calcium influx, conditioned place
preference, tolerance development, and sensitization to nicotine
[53-55] providing more evidence that a4 and B2 subunits mediate
the initial effects of nicotine sensitivity and are likely to be critical in
the addition process. While engineered mutations provide a greater
understanding of the processes involved in nicotine addiction, they
do not explain genetic variation that occurs naturally that accounts
for real-life differences in nicotine sensitivity.

5 Discovery of a Missense Mutation in the Mouse nAChR a4
Subunit Gene, Chrna4

A restriction fragment length polymorphism (RFLP) in the o4
nAChR subunit gene, Chrna4 was first identified in two mouse
lines, Long-Sleep (LS) and Short-Sleep (SS), selectively bred for
differences in ethanol sensitivity [56]. Differences in nicotine
sensitivity were evaluated in the LSxSS recombinant inbred (RI)
strains in association with the a4 RFLP. Results indicated that this
genetic variant was associated with strain differences in several
measures of nicotine sensitivity including nicotine-induced sei-
zures [56] and the depressant effects of nicotine on Y-maze activity
and body temperature as well as a few additional measures [57].
The ¢cDNAs for a4 were cloned from the LS and SS mice and
sequenced, and a polymorphism in the coding portion of Chrna4
was found which resulted in a threonine/alanine substitution at
position 529 (T529A). This nonsynonymous variation is located in
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Fig. 1 Single nucleotide polymorphism leading to an amino acid change in Chrna4. Model of the a4 subunit
and sequence surrounding the Chrna4 T529 polymorphism. The picture illustrates the extracellular region of
the subunit that contains part of the binding site, followed by the four transmembrane domains (TMDI-IV).
Between TMDIIl and TMDIV is the long cytoplasmic loop which contains the Chrna4 T529A polymorphism
(highlighted in red). In addition the region highlighted in the purple is the area of the cytoplasmic loop with the
sequence listed below. There are four different sequences listed, the top two are mouse, followed by rat, and
human to demonstrate amino acid sequence similarity

the long cytoplasmic loop between transmembrane domains 111
and IV (TMD III and TMD 1V), a region whose functional role is
poorly understood. Although the cytoplasmic loop is generally not
well conserved across species, the region of the loop that contains
the threonine to alanine variation is highly conserved (Fig. 1) sug-
gesting from an evolutionary standpoint that this region may be of
importance. Functional analysis of a4f2 nAChRs in synaptosomes
prepared from the LS and SS mice supported the possibility that
the polymorphism had functional consequences [58]. Follow-up
studies including an expanded strain comparison [60] as well as
electrophysiological analysis of the variant a4f2 isoforms
expressed in HEK293T cells [61] further indicated that the poly-
morphism alters function of the a4p2 nAChR. Although these
studies indicated a functional consequence of the polymorphism
as well as an association with behavior, they did not provide con-
clusive evidence that the polymorphism itselt was enough to
mediate these responses.

Understanding the effect of naturally occurring genetic varia-
tions in a protein implicated in influencing nicotine related pheno-
types could provide unique insight into the relationship between
receptor function and nicotine sensitivity. Several studies had asso-
ciated the Chrna4 T529A polymorphism with different behavioral
and biochemical phenotypes [56, 57, 59-62]. However, these
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results were still associations and as such, the causal relationship
between the variant and the associated phenotypes was not proven.
In order to truly access causal relationships between a genetic vari-
ant and any phenotype of interest, the variant must be studied in
isolation so that it is essentially the only difference between test
populations. Perhaps the best way to test the true consequence of
the Chrna4 T529A polymorphism on nicotine-related behaviors as
well as nAChR function is to generate an animal that only ditfers
tor the polymorphism but otherwise is genetically isogenic. This
would eliminate other genetic variants that contribute to the phe-
notype and permit a true assessment of the role of a given poly-
morphism on behavior and brain function. It is important to note
that such a strategy is not without risk as there may be alleles that
interact with the allele of interest in a direction that allows for a
measurable effect of the allele of interest in an association or
linkage-based analysis. In the absence of such modifiers, the eftect
of a single variant might be unmeasurable. However, it is, in fact,
the goal of these studies to determine whether a single polymor-
phism measurably affects a phenotype.

The following studies provide an example of the use of a
knockin mouse to determine the true effect of a natural genetic
variant in behavior and brain function. These studies examined the
effect of a natural occurring polymorphism in the o4 subunit gene,
Chrna4, utilizing a knockin mouse model that essentially only differ
at the polymorphism. Several different approaches were employed
to examine the effect of the polymorphism. Differences in nAChR
function and expression were determined to evaluate the effect of
the Chrna4 T529A polymorphism. Further, Chrna4 T529A
knockin mice were also used to directly evaluate the influence of the
polymorphism on nicotine related behaviors in adult mice [63].

6 Equipment, Materials, and Setup

Although various inbred and recombinant inbred mice were used
to discover and test associations of the o4 subunit T529A poly-
morphism, creating a Chrna4 T529A knockin animals allowed for
a more direct investigation of the polymorphism on nicotine
related phenotypes. As a result, Chrna4 T529A knockin animals
were generated in collaboration with Dr. Gregg Homanics
(University of Pittsburgh). A targeting construct for mouse Chrna4
[54] was provided by Dr. Henry Lester (Cal Tech) and used after
the existing mutation introduced by the Lester laboratory [64 ] was
reversed. Using site directed mutagenesis the new mutation was
inserted changing the threonine codon to an alanine codon at
amino acid position 529. The construct was introduced into R1 ES
129 /Sv] cells [65] and homologous recombinants were identified
by Southern blot. Then ES cells containing the targeted construct
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6.1 Genotyping

6.2 Materials

6.3 Y-Maze and Body
Temperature

were introduced into C57BL/6 blastocysts and a chimeric mouse
was identified as carrying the mutation germ line. An intronic neo-
mycin cassette was removed by breeding the Chrna4 T529A
knockin progenitor mice with C57BL/6-TgN(Zp3-Cre)93Knw
mice [66], and the ZP3-Cre transgene was removed by backcross-
ing the Chrna4T529A knockin mice with C57BL/6 mice (Fig. 2).
Prior to testing, Chrna4 T529A knockin mice were then back-
crossed to C57BL/6] mice for at least 8-9 generations. All animals
used in the experiments were produced by heterozygous matings
for the T529A polymorphism. For all experiments, A529 Chrna4
knockin mice refer to mice that possess an alanine at amino acid
position 529 where as T529 Chrna4 mice refer to mice that have a
threonine at amino acid position 529.

Chrna4 T529A knockin mice were bred from heterozygous mat-
ings in order to avoid genetic drift between the A529 and T529
mice. Using standard methods, DNA from tail tissue was isolated
to genotype every animal. The region surrounding both sides of
the Chrna4 T529A polymorphism was amplified as previously
described [60], and then digested with a restriction endonucle-
ase, Stul and electrophoresed on an agarose gel. Stul cuts the
PCR product when the A529 codon is present but not the T529
codon.

All materials were purchased (unless otherwise noted) from Sigma
Aldrich (St. Louis, MO). In addition, the nicotine used for all
experiments was free base (-)-nicotine from Sigma Aldrich.

Animals were assessed for changes in Y-Maze activity following a
nicotine challenge and then the hypothermic effects of the nicotine
challenge. Y-Maze activity was measured in a red acrylic Y-maze
with a top enclosure to reduce light and reduce anxiety levels.
Animals received a 0.5 mg/kg nicotine or saline injection (z.p.).
This dose of nicotine was chosen because it is near the ECs, for the
effects of nicotine on Y-maze and body temperature in C57BL/6
mice, the genetic background of the knockin mice. Three minutes
following injection, the animals were transferred to a darkened
Y-maze where the number of beam breaks as a measure of activity
was recorded for 3 min, and then transferred into a holding cage.
Fifteen minutes after the nicotine injection, body temperature was
recorded by rectal thermometer.

Previously, the Chrna4T529A polymorphism had been associ-
ated with nicotine induced changes in both locomotor activity and
body temperature [59]. However when Chrna4 T529A knockin
mice were challenged with 0.5 mg/kg of nicotine, there were no
genotypic differences in locomotor activity as measured in Y-Maze
activity, nor were there any differences in locomotor activity
following a saline injection. On the other hand, A529 knockin
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A. Chrna4 T529A knock-in construct
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Fig. 2 Generation of the T529A knockin allele. (a) The targeting construct is
15.2 kb in size and includes exon 5 of Chrna4 plus flanking intronic sequence
both upstream and downstream of exon 5. Upstream of the Chrna4 targeting
sequence is a cassette that expresses diphtheria toxin A chain gene (DT). Within
the intronic sequence downstream of exon 5 a neo cassette has been introduced
that is flanked by lox P sites. Site directed mutagenesis was used to change the
threonine codon at amino acid position 529 to an alanine codon. The backbone
targeting vector was pKOV907 and was generously provided by Dr. Henry Lester.
The targeting vector was introduced into mouse ES cells and selected for resis-
tance to G418. Homologous recombinants were identified by Southern blot. (b, ¢)
show genomic organization with diagnostic restriction sites in homologous
recombinant mice where the neo cassette is intact (b) or deleted by expression
of Cre recombinase (c). Panel (d) shows a Southern blot of genomic DNA from
four G418 resistant ES cell lines. The location of the probe used to screen the
Southern blot (P) is shown in panels (b) and (c). The DNA was digested with
BamHI and EcoRI. Two of the ES cell lines were non-recombinant (N) and two
exhibited homologous recombination®. Homologous recombination was
confirmed by sequencing

animals were more susceptible to the hypothermic effects of nicotine
compared to their T529 littermates (1.49+0.29 and 0.70£0.22°
decrease in body temperature, respectively), a result consistent
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6.4 Nicotine Oral
Preference

with previous association studies. These results indicate that there
is a causal relationship between the T529A polymorphism and the
effects of nicotine on body temperature. However, the previously
reported association between the T529A variant and the effects of
nicotine on locomotor activity was not confirmed. The fact that
there was no association between the T529A variant and nicotine-
induced hypolocomotion in the T529A mouse suggests that varia-
tion in a gene linked to the Chrna4 variant rather than the Chrna4
T529A variant is responsible for influencing individual differences
in sensitivity to the hypothermic effects of nicotine. Alternatively,
the single dose of nicotine used to test the T529A mouse might
not have been ideal for uncovering genotypic effects on nicotine-
induced hypolocomotion. Therefore, a full dose response for the
effects of nicotine on locomotor activity in the T529A mouse
should be conducted before concluding that this variant does not
impact nicotine-induced hypothermia.

Since the Chrna4 T529A polymorphism is located in the o4 sub-
unit which is necessary for dopamine release, a biological process
required for nicotine dependence, and the Chrna4 T529A poly-
morphism had been previously associated with genetic differences
in free choice oral nicotine consumption [62, 67, Chrna4 T529A
knockin animals were also assessed for differences in nicotine oral
preference. A two bottle free choice paradigm was used as previ-
ously described [68]. The day before the experiment started, the
mice were weighed, singly housed, and given free access to food
and water. On day one of the experiment, animals received a bottle
containing tap water and the other containing 25 pg/ml nicotine
in tap water. Both bottles were made of glass test tube fitted with
standard stainless steel drinking spouts. The bottles were rotated
each day to account for any side bias. Every 4 days, the nicotine
solutions were replaced with 50 pg/ml and then 100 pg/ml
nicotine solutions as well as fresh water. Bottles were weighed at
the start and finish of each new concentration and the volume con-
sumed per bottle was recorded. Animals were reweighed on the
final day in order to determine the average weight of each animal
throughout the study. In order to determine volume lost due to
spillage and evaporation, cages without mice were fitted with two
bottles that were also rotated daily as well as changed every 4 days
during the experiment.

The results of the free choice oral nicotine confirmed that the
Chrna4 T529A polymorphism influenced nicotine consumption.
Initially, animals consumed the same amount of nicotine at the
start of the experiment but as nicotine concentrations were
increased, A529 animals began to consume lower amounts of nico-
tine compared to their wild-type (T529) littermates. Further, on a
daily average T529 animals consumed more nicotine relative to
A529 animals (Table 1).
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6.5 Non-biased
Nicotine Induced
Gonditioned Place
Preference

Table 1
Effect of the T529A polymorphism on oral nicotine consumption

Nicotine consumption (mg/kg/day)

25 pg/ml 50 pg/ml 100 pg/ml Average pg/ml

T529 2.45+£0.02 4.16£0.52 4.71+0.90 3.78+0.05°
A529 2.19+0.19 3.03+0.39 3.21+0.56 2.82+0.32

The influence of the T529A polymorphism on oral nicotine consumption. Overall nico-
tine consumption in Chrna4 A529 mice (n=29) was significantly less compared to
T529 littermates (7=26). The average daily amount of nicotine consumed was signifi-
cantly less for Chrna4 A529 animals relative to T529 controls. Further, a two-way
ANOVA indicated an effect of the Chrna4 T529A polymorphism (p<0.05) and nico-
tine concentration (p<0.005) on nicotine consumption. Over the 12 day test period,
Chrna4 A529 knockin mice drank less nicotine and consumed a lower average dose
(mg/kg) of nicotine than their T529 wild-type littermates. A student’s #-test was used
to determine genotypic differences for average nicotine consumption

19<0.05

The finding that the Chrna4 T529A polymorphism altered free
choice nicotine consumption indicates that the variant might con-
tribute to individual differences in the reinforcing or aversive effects
of nicotine, or both. Since a4 containing nAChRs have been shown
to be both necessary and sufficient in modulating the reinforcing
properties of nicotine [53], nicotine induced conditioned place
preference (CPP) was assessed in the T529A KI mice as previously
described [41, 69] with some modifications to reduce side prefer-
ence. A non-biased CPP procedure was used to minimize con-
founds in data interpretation that could arise due to the fact that
nicotine, in addition to being reinforcing, also has anxiolytic prop-
erties. The CPP apparatus consisted of three distinct compartments
with two pairing compartments. One of the pairing compartments
had vertical black and white striped walls with a mesh floor and the
other pairing compartment had black and white checkered walls
with a rod floor. The middle chamber, which serves a thoroughtare
between the pairing chambers, consisted of smooth black and white
walls with smooth flooring. Under these conditions, mice did not
show a bias to one chamber or the other. Although animals did not
exhibit a bias to either pairing chamber, mice did not spend equal
time in each pairing chamber; therefore, in order to conduct an
unbiased CPP paradigm, animals were divided into equal groups
where nicotine pairing was distributed equally between the slightly
preferred and slightly less preferred chamber. CPP was conducted
in three phases: preconditioning, conditioning, and testing.
During preconditioning, animals were allowed to freely explore
all three chambers for 15 min. The amount of time spent in each
of the chambers was recorded to determine which animals would
receive nicotine in the more/less preferred chamber. The next day,
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animals began the conditioning process where an injection (i.p.) of
either 0.09 mg/kg nicotine in saline or saline was paired with one
of the chambers for 30 min in the morning. The same animals was
then injected with the opposite drug condition and confined to the
other pairing chamber for another 30 min in the afternoon. This
conditioning procedure was continued in the exact same manner
for 2 more days. In order ensure the experiment was counterbal-
anced, approximately half of the animals were drug paired with the
checkered pairing compartment and the other half in the striped
pairing compartment. On the final day (day 5), animals received no
injections and were allowed to once again freely roam all three
chamber for 15 min, and a preference score was calculated by sub-
tracting the preconditioning time from the test day time.

As assessed using the CPP paradigm, the Chrna4 T529A poly-
morphism did influence the reinforcing properties of nicotine.
Wild-type (T529) animals displayed a significant increase in the
nicotine paired-chamber compared to Chrna4 A529 animals,
113.17+24.32 s compared to -13.56 £ 36.96 s respectively. In fact,
it was evident that Chrrna4 A529 animals displayed a slight aversion
to the nicotine paired chamber. Therefore the Chrna4 T529A
polymorphism, a single, naturally occurring polymorphism, was
sufficient to induce differences in the rewarding effects of nicotine.
These findings are consistent with published data indicating that
C57BL/6 mice, which carry the T529 allele, exhibit nicotine CPP
but DBA /2 mice, which possess the A529 allele did not [41].

7 Conditioned Taste Aversion

Through two bottle free choice nicotine and CPP, it was clear that
the Chrna4 T529A polymorphism was in fact sufficient to induce
differences in nicotine intake through effects on nicotine reward.
However, the data from CPP further suggested that Chrna4 A529
animals were more susceptible to the aversive effects of nicotine
compared to wild-type littermates (Chrna4 T529 animals). As a
result, nicotine induced conditioned taste aversion (CTA) was used
to evaluate the potential role of the T529A polymorphism in medi-
ated the aversive effects of nicotine. The CTA paradigm was fol-
lowed according to a previously described procedure [70]. Animals
were injected (z.p.) with saline or 2.0 mg/kg nicotine and after-
wards given free access to 0.2 M NaCl in tap water for one hour.
In continuation with previous data, the CTA data supported
that the Chrna4 T529A polymorphism influenced differences in
nicotine sensitivity and, in fact, made Chrna4 A529 animals more
sensitive to the aversive effects of nicotine (see Fig. 3). Following
four trials, Chrna4T529 animals only slightly decreased fluid con-
sumption whereas Chrna4 A529 animals decreased fluid con-
sumption by approximately 1 ml. Therefore, all data suggested
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Fig. 3 Influence of Chrna4 T529A genotype on conditioned taste aversion. A529
Chrna4 knockin mice were more sensitive to the aversive effects of nicotine
tested in conditioned taste aversion. Samples sizes were as follows: 11 Chrna4
A529 animals and 10 Chrna4 T529 animals (groups were divided in half where
half were treated with saline and the other half nicotine. Approximately half of
each group was female. A repeated-measure two-way ANOVA indicated a signifi-
cant effect of genotype on CTA (p<0.0005)

that the Chrna4 T529A polymorphism affected both the reward-
ing effects of nicotine (tested a lower more rewarding nicotine
concentration) as well as the aversive effects (tested at a higher
more aversive nicotine concentration). Interestingly, [71] mea-
sured CTA in four inbred strains, two with the T529 allele
(C57BL/6 and Balb/cJ) and two with the A529 allele (C3H/
HeJ and DBA/2). When Chrna4 genotypes of these strains is
taken into account, the strains with the A529 allele exhibited
greater CTA than those with the T529 allele, consistent with the
findings of the knockin mouse.

8 %Rb + Efflux

Prior studies using inbred strain comparisons and in vitro func-
tional assays indicated that the Chrna4 T529A polymorphism is
functional [60, 61, 68]. Since Chrna4 T529A genotypic differ-
ences were present in nicotine induced hypothermia, free choice
nicotine consumption, CPP and CTA, these changes in nicotine
sensitivity could have been explained by a Chrna4 T529A poly-
morphic change in receptor function. The effect of the polymor-
phism on receptor function was tested in the T529A knockin
mouse. For this, crude synaptosomes were prepared from hippo-
campus, striatum, thalamus, and midbrain. Samples were loaded
with 36Rb* purchased from PerkinElmer Life and Analytical
Sciences, Inc. (Waltham, MA, USA) as described in [18] (see also
Fig. 4 for a model of the assay). Synaptosomes were perfused in
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Fig. 4 Model of %Rb +efflux assay at synaptic level. This is a simplified sche-
matic of 2Rb + efflux measurement. The large circle represents the synaptosome
preparations from brain tissue. Some of the key features of the assay utilize the
NaK-ATPase which under normal conditions pumps potassium in and sodium out
of the synaptosome. However, ®Rb + is a radioactive analog of potassium, which
can alternatively be pumped into the synaptosome. After ®Rb +has been pre-
loaded, an agonist can stimulate nAChRs which allows 86Rb +ions to pass out
of the synaptosome through the nAChR and along the electrochemical gradient.
The %Rb + ions pass through a detector which measure radioactivity, and ion flux
through the nAChR can be directly measured. Therefore, the function of nAChRs
can be measure in brain tissue

buffer (135 mM NaCl, 5 mM CsCl, 1.5 mM KCI, 2 mM CaCl,,
1 mM MgSO,, 20 mM glucose, 50 nM tetrodotoxin, 1 pM atro-
pine, 25 mM HEPES hemisodium, 0.1 % bovine serum albumin,
pH 7.5) for 5 min prior to data collection. Data were then col-
lected for 90 s to determine basal efflux. Afterwards samples were
stimulated with acetylcholine for 5 s followed by 2 min of buffer.
Data were collected on a p-RAM Radioactivity HPLC detector
(IN/US Systems, Inc., Tampa, FL). The magnitude of efflux due
to stimulation was determined relative to the basal efflux before
and after the agonist peak.

Basal efflux was fit using an exponential decay function and
then subtracted from the agonist stimulation efflux as previously
described [72]. Data were analyzed by determining the magnitude
of agonist stimulated 3°Rb* release as the counts per minute (cpm)
exceeding basal efflux during exposure to the agonist. A nonlinear
curve fitting algorithm in SigmaPlot 5.0 (Jandel Scientific, San
Rafael, CA) was used to curve fit the data. Michaelis—-Menten
equations were used to generate concentration-response curves.
A two site regression analysis of the concentration response curves
was used to establish EC;y and E,,,, (maximal efflux) for agonist
stimulated 3Rb* efflux. The goodness of fit (R?) was highest using
a two site regression analysis when fitting the data.

In the four brain regions tested, hippocampus, striatum, mid-
brain, and thalamus, Chruna4 T529A genotypic differences were
only seen in the midbrain. In the midbrain, a brain region where the
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highest concentration of a4p2* nAChRs are in the ventral tegmental
area, Chrna4 T529 animals elicited a larger maximal response in
concentration response curves compared to Chrna4 A529
(16.69+1.41 units above baseline compared to 11.79+0.55 units
above baseline, respectively), and a shift in the ratio of high to low
sensitivity a4p2* receptors with Chrna4 A529 animals exhibiting a
higher ratio of high to low sensitivity a4p2* nAChRs (A529 animals
displayed 41.4 +6.1 % compared to T529 animals 23.0+2.8%). The
high sensitivity and low sensitivity forms of a4p2* nAChRs are
thought to be the result of differences in receptor stoichiometry
with the high sensitivity forms composed of (04),(p2); and
(04),(p2),a5 receptors and the low sensitivity being composed of
(04)3(p2), receptors [25, 26]. Since the ventral tegmental area of the
midbrain has the highest concentration of a4p2* containing recep-
tors this may explain, in part, the differences in nicotine reward
between mice differing in Chrna4 genotype.

The finding that the Chrna4 T529A polymorphism caused a
shift in the ratio of high and low sensitivity a4p2* nAChRs in the
midbrain resulting in an alteration in the sensitivity to nicotine is
similar to recent results found in human. In humans, recent data
has indicated that polymorphisms in human CHRNA4 that are
associated with risk for nicotine dependence alter the ratio of high
to low sensitivity nAChRs [73]. Highly similar to the results with
the mouse Chrna4 variant, variants associated with protection
from nicotine use increase the ratio of high to low sensitivity
nAChRs. Therefore, polymorphism that increase the ratio of high
to low sensitivity a4p2* nAChRs in both human and mice, tend to
decrease the risk for nicotine dependence and nicotine reward.

9 '25]-Epibatidine Binding

The finding that the Chrna4 T529A polymorphism affected the
maximal response in the midbrain could have been the result of dif-
ferences in the receptor function, receptor expression, or a combina-
tion of both. Therefore, 12°I-epibatidine binding was employed to
quantify receptor expression as previously described [19]. Briefly,
incubations were completed in 96-well polystyrene plates in a final
volume of 30 pl in 1X binding bufter (144 mM NaCl, 1.5 mM KCI,
2 mM CaCl,, 1| mM MgSO,, 20 mM HEPES, pH=7.5) at 22 °C
for 2 h in the presence of 200 pM '?*I-epibatidine purchased from
PerkinElmer Life and Analytical Sciences, Inc. (Waltham, MA,
USA). Total and nonspecific binding were measured in the presence
of binding buffer or 100 pM cytisine. Samples were counted on a
Packard Cobra counter. Specific binding was determined by subtract-
ing the nonspecific binding from the total binding.

No Chrna4 T529A genotypic differences were found in
125]-epibatidine binding in the midbrain, suggesting that the
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difference in maximal response as measured by 3¢Rb +efflux was
not do to changes in receptor number. Additionally, no difference
in binding was found in the hippocampus or striatum. Interestingly,
there was a difference in 1?°I-epibatidine binding in the thalamus
where Chrna4 T529 animals exhibited higher binding compared
to Chrna4A529 animals (109.87 £7.43 fmol/mgand 71.50 +7.43
fmol/mg, respectively). None of the previous findings had sug-
gested a binding difference in the thalamus, but one possible
explanation is that the thalamus is under tight homeostatic regula-
tion of receptor function. If, for example, the level of a4f2*
nAChRs is tightly regulated under homeostatic control then
despite differences in expression no outward differences in func-
tion are seen, thereby indicating that the Chrna4 T529A polymor-
phism has an indirect effect on receptor expression through
homeostatic regulation of receptor function.

10 Advantages of Using Knockin Animals

Overall, a knockin mouse model demonstrated the direct effect of
a single naturally occurring polymorphism in the a4 nAChR sub-
unit on nicotine sensitivity that had only been previously associated
with changes in nicotine sensitivity. More specifically, the Chrna4
T529A polymorphism was sufficient to alter the positive /reward-
ing affects of nicotine (as measured by free choice oral nicotine and
CPP), the aversive properties of nicotine (as measured by CPP and
CTA), nicotine induced hypothermia, and nAChR function in the
midbrain. Previous studies suggested several of these phenotypes
but it was not until a Chrua4 T529A knockin mouse was created
that the direct effect of the polymorphism could be analyzed.

The use of a knockin mouse model as described here also dem-
onstrates some of the advantages of a knockin mouse compared to
a knockout mouse. It is without question that knockout mice have
been and continue to be valuable tools to define the role of genes
in physiology and behavior. However, because entire proteins are
eliminated in knockout mice, one cannot assess the relationship
between the function of the gene of interest and the behavioral and
physiological outcomes. For example, the T529A knockin mouse
led to the discovery that altering the ratio of high to low sensitivity
nAChRs impacts behavioral responses to nicotine. Prior to this
study, the relevance of the high and low sensitivity populations of
a4p2* nAChRs to nicotine sensitivity were not known. Studies
with a Chrna4 knockout mouse would likely have indicated a role
for this gene in the tested behaviors but would not have led to
mechanistic insight which now seems to be true in humans as well.
Another advantage of knockin mice is that there is less of a likeli-
hood for compensation since the protein of interest is still pro-
duced and contributes to appropriate assemblies. The reduced
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likelihood of compensation makes interpretation less complicated.
As an example, deletion of Chrnab, the gene that codes for the a5
nAChR subunit, has been reported to have substantive effects on
nicotine self-administration [74, 75], CPP [75, 76] and other nic-
otine responses [77]. However, it is important to note that dele-
tion of Chrnab, despite reducing nAChR function in some brain
regions [78] does not result in the loss of binding sites for ['2°]]
epibatidine anywhere in the brain [78]. The loss of function with-
out the loss of receptor numbers suggests that other nAChR sub-
units, most likely a4 of p2 have substituted for the now absent a5
subunit. Therefore, when examining phenotypes in a Chrnab
knockout mouse, one is not likely looking at how the loss of a
receptor affects the phenotype but rather, how a change in recep-
tor subtype affects the phenotype. Of interest, the shift in receptor
populations that likely occurs with the loss of the a5 subunit leads
to a decrease in the ratio of high to low sensitivity a4p2* nAChRs.
Based on data from the Chrna4 T529A knockin mouse and sup-
ported by recent data from human variants in CHRNA4, it would
be predicted that Chrna5 knockout mice, due to the decrease in
high to low sensitivity a4p2* ratio would be more prone to con-
sume nicotine and this is exactly what has been observed [74, 75].

Further, although not addressed in detail here, it is important
to realize that natural genetic variation can confound and/or mod-
ify results of studies and especially those that use genetically modi-
fied mice (for a review see [79]. For example, the studies presented
here have demonstrated that the Chruna4 T529A polymorphism
influence free oral nicotine consumption. In order to evaluate the
role of both the Chrna4 T529A polymorphism and Chrna5 dele-
tion on oral nicotine intake, nicotine consumption was measured
in an F2 intercross mice between C3H/Ibg and C57BL/6 mice
that differ not only for the Chrna4 T529A polymorphism but also
for Chrnab null mutation. Results from this experiment indicated
that knockout mice for Chrna5 consumed more nicotine than did
mice that were homozygous for the wild type allele of Chrna5.
However, a closer comparison demonstrated that the effect of
Chrna5 deletion on oral nicotine intake was highly dependent
upon whether mice possessed the T529 or A529 allele of Chrna4.
The effect of Chrna5 deletion on nicotine intake was observed in
mice possessing the T529 allele of Chrna4. In contrast, deleting
Chrna5 had no impact on nicotine intake in mice homozygous for
the A529 allele of Chrna4 [79]. These results demonstrate that
natural genetic variation can have significant effects on phenotypes
that may modity or even confound data. Understanding why
Chrna5 deletion does not impact nicotine intake when the Chrna4
A529 allele is present may provide further mechanistic insight into
the role of these genes in this and potentially other nicotine-related
behaviors.
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11

Concluding Remarks

In summary, a knockin mouse model was used to directly test the
effect of a naturally occurring polymorphism. The results of these
studies more clearly elucidate the effect of the Chrna4 T529A
polymorphism on both behavior and functional changes in
nAChRs. These results further demonstrate the utility of using a
knockin mouse and how this strategy increases the understanding
of naturally occurring polymorphisms in complex behaviors, and
how these small genetic variations may induce phenotypic changes
that may even modify or confound results.
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Chapter 7

Nicotinic Acetyicholine Receptors as Targets for Tobacco
Cessation Therapeutics: Cutting-Edge Methodologies
to Understand Receptor Assembly and Trafficking

Ashley M. Fox-Loe, Linda P. Dwoskin, and Christopher I. Richards

Abstract

Tobacco dependence is a chronic relapsing disorder and nicotine, the primary alkaloid in tobacco, acts at
nicotinic receptors to stimulate dopamine release in brain, which is responsible for the reinforcing proper-
ties of nicotine, leading to addiction. Although the majority of tobacco users express the desire to quit,
only a small percentage of those attempting to quit are successful using the currently available pharmaco-
therapies. Nicotine upregulates the number of specific nicotinic receptors on the neuronal cell surface. An
increase in receptor trafficking or preferential stoichiometric assembly of receptor subunits involves changes
in assembly, endoplasmic reticulum export, vesicle transport, decreased degradation, desensitization,
enhanced maturation of functional pentamers, and pharmacological chaperoning. Understanding these
changes on a mechanistic level is important to the development of nicotinic receptors as drug targets. For
this reason, cutting-edge methodologies are being developed and employed to pinpoint distinct changes
in localization, assembly, export, vesicle trafficking, and stoichiometry in order to further understand the
physiology of these receptors and to evaluate the action of novel therapeutics for smoking cessation.

Key words Nicotine addiction, Tobacco-use cessation, Alpha4beta2 nicotinic receptors, Trafficking,
Receptor assembly, Superecliptic pHluorin, Total internal reflection fluorescence, Cytisine, Varenicline,
Cotinine

1 Introduction

Tobacco addiction and dependence is a chronic relapsing disorder
in which compulsive drug use persists despite significant negative
consequences [1-3]. Nicotine, the primary alkaloid in tobacco,
acts at nicotinic receptors (nAChRs) to initiate actions leading to
addiction to tobacco products. Although the majority of tobacco
users express the desire to quit, only a small percentage of those
attempting to quit are successful with the currently available pharma-
cotherapies, including nicotine replacement, varenicline, bupropion,
and cytisine [4-6]. Available tobacco cessation therapeutics have
been targeted, thus far, at a limited number of nAChR subtypes.
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A greater understanding of nicotinic receptors as druggable targets
is needed for the discovery and development of new efficacious
cessation therapeutics to help those who desire to quit.

Nicotinic receptors are members of the cys-loop superfamily of
ligand-gated ion channels, formed by the assembly of five individual
subunits around a central hydrophilic pore [7, 8]. nAChRs primar-
ily mediate fast synaptic transmission in the periphery and modulate
neurotransmitter function in the central nervous system [9, 10].
Nicotinic receptors are pentameric, consisting of a combination of
alpha (a2—al0) and beta (p2—p4) subunits [7, 8, 11, 12], with
each combination forming a unique subtype that differs from other
subtypes in pharmacological and kinetic properties, as well as local-
ization to different areas of the body and brain.

Due to the pentameric structure and variety of subunits that
can be assembled, nicotinic receptors can form homopentamers or
heteropentamers. Homopentamers consist of five identical sub-
units of either a7 or a9 subunits [13-16]. Heteropentamers are a
combination of alternating alpha and beta subunits. The fifth posi-
tion in a heteropentamer is occupied by an additional alpha or beta
subunit, giving rise to the potential for different stoichiometries
tor the same subtype of nAChR. For example, a heteropentamer
consisting of two types of subunits can exist as either (a)3(p), or
(a)2(B)s depending on an alpha or beta being incorporated into the
fifth position. These two stoichiometries, although consisting of
the same subtype, often differ in terms of sensitivity to agonists,
expression, and rates of desensitization. The fifth position in a het-
eropentamer can be occupied by an auxiliary subunit such as a5 or
B3 [17], and incorporation of an auxiliary subunit can further alter
receptor trafficking and function [18, 19].

Additionally, pharmacological agents can preferentially induce
the expression of one stoichiometry over another, as well as alter
trafficking and expression of these receptors [19-23]. Beyond the
traditionally characterized functional response (cation-selective
flux through the ion channel) induced by nAChR ligands, nicotine
and other receptor agonists and antagonists upregulate the num-
ber of receptors on the neuronal cell surface [20, 24-27].
Upregulation is defined as an increase in number, trafficking, or
preferential stoichiometric assembly of receptors, and involves
changes in receptor assembly, endoplasmic reticulum export, and
vesicle transport [18, 20, 27, 28]. Although the mechanism of
nAChR upregulation is not completely understood, current theo-
ries of upregulation include decreased receptor degradation, desen-
sitization of surface receptors, enhanced maturation of functional
pentamers, and pharmacological chaperoning [7, 8, 11, 17, 21,
27, 29-31]. Studies have shown that upregulation is also a post-
translational event, evident by a lack in increase of receptor sub-
unit mRNA [30]. In addition to nicotine, drugs classified as
nAChR agonists, partial agonists (e.g., cytisine and varenicline),
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and antagonists (e.g., mecamylamine) also upregulate some sub-
types of nAChRs [21, 30, 32], including those composed of o4
and 2 subunits.

In this regard, a4p2 is probably the best studied nAChR sub-
type, being the most predominantly expressed and upregulated
[13, 33, 34]. Available tobacco-use cessation drugs have targeted
the a4p2 subtype. The a4p2 partial agonist, cytisine, is a natural
product from Cytisus laborinum, and is marketed in Europe as a
smoking cessation therapeutic [21, 35-37]. Cytisine has similar
efficacy as a cessation agent compared to other FDA-approved
smoking cessation agents available in the USA [5, 6]. Varenicline, a
synthetic analog of cytisine, is available as a smoking cessation agent
in the USA [32]. Varenicline also targets 04f2 nAChRs, acting as a
partial agonist, but also acts as a full agonist at o7 nAChRs, and
exhibits weak actions at a3p2 and a6p2 [38]. Dianicline, another
compound acting as a partial agonists at a4p2 receptors, has a simi-
lar pharmacological profile to varenicline [39, 40]. Interestingly,
sazetidine A, an analog of nicotine, acts as a partial agonist at the
(04),(B2); subtype and as an antagonist at the (o4);(p2), subtype
[41,42]. Thus, different stoichiometries of nAChR can interact dif-
terently with pharmacological agents, which play an important role
when targeting specific subtypes for drug development.

Cotinine, the primary metabolite of nicotine and an nAChR
partial agonist, upregulates a subset of a4p2 nAChRs [19].
Interestingly, cotinine does not alter the density or tratficking of
a6P2, a4p2a5, or a3p4 nAChRs [7]. This may be because these
subtypes exhibit a higher basal plasma membrane density, such that
trafficking is already efficient. Thus, cotinine appears to specifically
upregulate a4p2 nAChRs. Both cotinine and nicotine increase the
expression of the high-sensitivity receptor, (a4),(f2); [19, 22, 43],
while the partial agonist cytisine results in preferential assembly of
the low-sensitivity receptor, (a4);(B2), [44, 45]. The increase in
low-sensitivity receptors is possibly the result of an additional cyti-
sine-binding site at the a-o interface of (a4);(p2),. High- and low-
sensitivity stoichiometries of a4p2 exhibit different ligand affinities,
cation flux, and desensitization rates [18, 46], likely contributing
to nicotine addiction and conceivably the treatment of nicotine
addiction. An important aspect of drug-induced changes is that
surface activation does not appear to be required; drug concentra-
tion only needs to be high enough to interact with the specific
subtype in the endoplasmic reticulum [17, 27].

Although a4p2 is clearly upregulated when exposed to nicotine,
the situation is not as clear for a6p2; upregulation, downregula-
tion, and no change in a6f2 have been reported following exposure
to nicotine [47-50]. Activation of both a4p2- and a6p2-containing
nAChR subtypes (a4p2, adabp2, a6p2, oda6p2, a6p2p3, and
a4a6p2p3) has been reported to mediate nicotine-induced dopa-
mine release within the neuronal circuitry associated with the
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reinforcing properties of nicotine [51-54]. a4p2- and a6p2-
containing nAChR subtypes are viable targets for the development
of new tobacco cessation agents. Based on these findings, subtype
selective a6p2 nAChR antagonists (e.g., N,N'-dodecane-1,12-
diyl-bis-3-picolinium bromide, bPiDDB, and r-bPiDDB, in which
the two tetrahydro-3-piccolino headgroups are chemically reduced
to provide tetrahydro-3-ethylpyridino head groups) have been dis-
covered that inhibit nicotine-induced dopamine release and intrave-
nous nicotine self-administration in rats, with no effect on
sucrose-maintained responding [55]. bPiIDDB and r-bPiDDB may
be efficacious new tobacco-use cessation agents that act by blocking
the reinforcing properties of nicotine. However, potential effects of
these novel antagonists on nAChR subtype expression, distribution,
assembly, and trafficking have not been evaluated as yet.

Changes in expression, distribution, and assembly of nAChRs
are a result of exposure to both agonists and antagonists.
Understanding these changes on a mechanistic level is important
to the development of nAChRs as drug targets. For this reason,
cutting-edge methodologies are being developed and employed to
pinpoint distinct changes in localization, assembly, export, vesicle
trafficking, and stoichiometry in order to further understand the
physiology of these receptors.

2 Novel Methods for Investigating Ligand Effects on nAChR Subtypes

In the last two decades, the use of fluorescence microscopy to
investigate cellular systems has expanded rapidly. Fluorescence
techniques are used currently to study a wide range of biological
events including receptor diffusion, protein-protein interactions,
and protein expression. More recently, techniques have enabled
the study of proteins as they are transported through the secretory
pathway. Ligand-induced upregulation leads to an increased num-
ber of receptors on the cell surface likely either through higher
rates of trafficking or longer residence time on the plasma mem-
brane. Techniques that can directly measure changes in trafficking
rates, subcellular distribution, and expression levels on the plasma
membrane provide insight into the mechanism of upregulation.

A key milestone in fluorescence microscopy was the discovery
of green fluorescent protein (GFP) [56]. Genetically encoded fluo-
rescent proteins have made it possible to quantify expression of
proteins and pinpoint localization within a live cell [19, 20, 23,
27]. The primary amino acid sequence of GFP can be directly
incorporated into the sequence of a protein of interest, allowing
GFP fluorescence to serve as a direct measurement of gene
expression and protein dynamics. Collected fluorescence emission
is proportional to the concentration of protein expressed.
Mutagenesis of the primary GFP sequence led to a wide variety of
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fluorescent proteins ranging in excitation or emission wavelength,
photostability, and pH sensitivity, allowing the choice of fluoro-
phore to be tailored to a particular application [56]. Fluorescent
proteins have been expressed successfully in live cultured cells,
neurons, and even in mice [19, 20, 23, 57], which allows for the
possible applications of fluorescence microscopy to study subcel-
lular protein localization and trafficking, intermolecular interac-
tions, and single-molecule experiments in a variety of in vivo
systems.

Superecliptic pHluorin (SEP), a pH-sensitive variant of GFP, is
a particularly useful fluorescent protein to study vesicle dynamics
and receptor localization [19, 23, 58]. This fluorophore has been
incorporated into numerous neurotransmitter receptor subunits,
including AMPA, GABA, and nicotinic receptors [23, 58, 59].
The pH dependence corresponds to a change in fluorescence
emission based on the local environment of the fluorophore
(Fig. 1). At neutral pH, SEP fluoresces when excited with 488 nm
excitation, but fails to fluoresce under acidic condition of pH<6
[58]. Therefore, manipulation of extracellular pH or existing pH
gradients within a cell modifies the fluorescence of SEP. An SEP
tag fused with the C-terminus of a nAChR subunit is exposed to
the pH on the luminal side of organelles during assembly and
transport, and exposed to the extracellular pH upon insertion in
the plasma membrane. In this way, the presence or absence of
fluorescence is utilized to distinguish subcellular localization of
receptors for direct monitoring of nAChR trafficking in real time.
Receptors located in the endoplasmic reticulum, at pH> 6, will

pH depends on ECS

Plasma /_/—R—'/—/—\ )
Membrane - Insertion

Golgi  { »er
Complex 2

Endoplasmic <@ ———

Reticulum (j--""/'i'f — Assembly

Fig. 1 Cartoon depicting trafficking of superecliptic pHluorin-labeled nAChRs
through the secretory pathway. The fluorophore is fluorescent in the endoplasmic
reticulum and at the plasma membrane, but is dark in the Golgi and in trafficking
vesicles. Changing the pH of the extracellular solution (ECS) can be used to turn
the fluorescence on (pH > 7) and off (pH < 5.5). TIRF-based fluorescence imaging
is then used to quantify expression in the peripheral endoplasmic reticulum and
on the plasma membrane
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2.1 Equipment,
Materials, and Setup

fluoresce at all times, while nAChRs in low pH <6 trafficking
vesicles will not. Upon insertion into the plasma membrane,
fluorescence depends on the extracellular pH. Exploiting these pH
differences allows the discrimination of nAChR localization to the
plasma membrane compared to those receptors located in the
endoplasmic reticulum.

A considerable number of specific fluorescence microscopy
techniques have been developed for many diverse applications. For
example, total internal reflection fluorescence (TIRF) limits excita-
tion to a narrow region close to the plasma membrane, extending
approximately 150 nm from the surface of a glass substrate sup-
porting the cell and providing a high axial resolution. TIRF takes
advantage of the total reflection of incident radiation when an
interface of two media with different indices of refraction are
encountered, such as a cell on glass, at a so-called critical angle. An
evanescent wave is formed at the interface and decays exponentially
as a function of distance from the interface of formation. Incident
radiation is totally internally reflected, so the evanescent wave is
solely responsible for fluorophore excitation, leading to an
increased signal-to-noise ratio as background fluorescence is
decreased [60]. In vivo imaging of cells or neurons expressing
nAChRs using TIRF enables visualization of nAChRs within
200 nm from the glass interface, corresponding to those localized
on the plasma membrane or nearby peripheral endoplasmic reticu-
lum. Combining this technique with nAChRs expressing SEP
allows a combination of pH manipulation and evanescent wave
excitation to resolve single-vesicle insertion events and subcellular
localization of receptors within the field of view. Changes in these
physiological properties after exposure to a pharmacological agent
can be studied to observe changes in trafficking rates, distribution
between endoplasmic reticulum and plasma membrane, and
expression levels on the plasma membrane.

Figure 2 illustrates experimental procedures as described in the fol-
lowing steps:

1. A fluorophore is incorporated into the gene coding the rele-
vant nAChR subunit using PCR amplification. An SEP tag is
fused to the C-terminal end of the nAChR subunit so that the
fluorophore interacts with the luminal side of organelles in the
secretory pathways.

2. Cells or neurons are grown on 35 mm glass-bottom dishes so
that the cell-glass interface serves as the TIRF interface to form
an evanescent field for excitation of fluorescently labeled
nAChRs.

3. To determine the localization of nAChR-SEP on the plasma
membrane, the extracellular pH is manually adjusted using an
extracellular solution. The extracellular solution contains
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Fig. 2 Schematic of the experimental procedures. (1) A fluorescent construct containing superecliptic pHluorin
is incorporated on the C-terminus of the receptor in order to orient it on the extracellular portion of the subunit.
(2) Cells are transfected with the plasmid for the superecliptic pHluorin-labeled nAChR. (3) During imaging,
the solution is exchanged in order to turn on the plasma membrane fluorescence (pH 7.4) and to turn off the
fluorescence (pH 5.4). (4) A typical objective-style TIRF illumination is set up on an inverted microscope

150 mM NaCl, 4 mM KCl, 2 mM MgCl,, 2 mM CaCl,,
10 mM HEPES, and 10 mM glucose adjusted to pH 5.4 or
7.4, resulting in dark or fluorescing membrane SEP.

4. An inverted fluorescence microscope capable of TIRF is
required for these studies. Fluorophores are excited through
an objective with a laser, such as a 488 nm DPSS laser
(~1.00 W/cm?) for SEP. To achieve TIRF, a high numerical
aperture objective (NA>1.42) is required, typically a 60x or
100x oil immersion objective. The critical angle is reached by
focusing the beam of incident radiation on the back aperture
of the objective lens, which can be accomplished manually or
using a stepper motor to translate the beam laterally across the
objective. Emission is detected by an electron-multiplying
charge-coupled device. An automated stage capable of position
memory is also convenient to image identical cells at both pH

7.4 and pH 5.4.

5. A stage-top incubator can be incorporated into the system to
maintain a physiological temperature. The stage-top incubator
can be used in conjunction with humidity and CO, control, if
necessary. Regular culture media can then be used, provided
that the background fluorescence of this media is not high.
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2.2 Superecliptic
PpHIuorin Methodology

1.

Imaging medium, such as Leibovitz’s L-15, is preferred since
pH is CO, independent and background fluorescence is
minimized.

. Fluorescence intensity is determined using image processing

software such as Image] (http://imagej.nih.gov/ij/). After
background subtraction, an intensity-based threshold and
region of interest are manually selected for cell- or neuron-
based studies.

Mouse neuroblastoma 2a (N2a) cells or neurons are cultured
using standard techniques. Cells are plated on poly-d-lysine-
coated 35 mm glass-bottom dishes (90,000 cells /dish).

. Cells not expressing a fluorescent protein are transfected in

opti-MEM prior to imaging. Opti-MEM is a modified Eagle’s
minimum essential media, buffered with HEPES and sodium
bicarbonate, and supplemented with hypoxanthine, thymidine,
sodium pyruvate, l-glutamine, trace elements, and growth fac-
tors. For transfection of nAChRs, 500 ng of each subunit plas-
mid construct is mixed in 250 pL opti-MEM and combined
with 250 pL opti-MEM with 2 pL Lipofectamine-2000 trans-
fection reagent that has been incubated for 5 min. The
Lipofectamine-2000 and plasmid combination is incubated at
room temperature for 25 min and then added to pre-plated
cells. The transfection mix remains on the cells for 24 h before
being replaced by growth media for an additional 24 h.

. To investigate the effect of a drug on trafficking and expression

of nAChR, the drug is added to the cell’s growth medium.
Addition of drug can be at the time of transfection, and replen-
ished during the 24-h recovery period.

. Before imaging, growth medium is replaced with extracellular

solution at pH 7.4. Images are collected using TIRF micros-
copy, with stage positions memorized. At pH 7.4, nAChRs
located on the plasma membrane and endoplasmic reticulum
are visible. Then, the extracellular solution at a pH of 7.4 is
replaced with an identical solution at pH 5.4. Images are again
collected for the same cells at the low pH which eliminates
fluorescence from nAChRs on the plasma membrane. Thus,
only nAChR in the endoplasmic reticulum is detected.

. Real-time movies can also be collected to resolve single-vesicle

insertion events when cells are in the pH 7.4 extracellular solu-
tion. Due to the endogenous low pH of transport vesicles, SEP
is in a dark state during trafficking from the endoplasmic retic-
ulum to plasma membrane. When a vesicle fuses with the
membrane and is exposed to pH 7.4, SEP fluorescence is rees-
tablished. As the vesicle fuses with the plasma membrane and
senses the higher pH, the result is a burst of fluorescence.
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2.3 Obtainable
Results

2.3.1 Single-Vesicle
Trafficking

Insertion events are captured by monitoring the fluorescence
over a period of time (1000 frames) while continuously captur-
ing images at a high frame rate (100-200 ms).

The pH sensitivity of SEP enables intracellular nAChRs in the
endoplasmic reticulum to be distinguished from nAChRs residing
on the plasma membrane. SEP undergoes 488 nm excitation at
neutral pH, but does not excite under acidic conditions of pH <6.
When the extracellular pH is 7.4, fluorescence is measured for
nAChRs residing in the endoplasmic reticulum (pH>7) and on
the plasma membrane (pH =extracellular solution=7.4), but not
for those in the lower pH secretory vesicles or Golgi (pH<6) [23,
61]. Once the low pH trafficking vesicle fuses with the higher pH
plasma membrane, the fluorophores on nAChRs within these ves-
icles will turn on, allowing quantification of nAChR trafficking.

Insertion of single transport vesicles into the plasma membrane
can be measured when cells expressing SEP are imaged in an extra-
cellular solution of pH 7.4. In vivo images are acquired at a frame
rate of 200 ms over a period of time while exposed to 488 nm
excitation. SEP neither photobleaches nor fluoresces in the low pH
of a transport vesicle, but regains fluorescence upon insertion into
plasma membrane. Insertion events are visualized as a burst of flu-
orescence at the plasma membrane lasting at least three frames
(600 ms), corresponding to transient full fusion of the transport
vesicle into the plasma membrane. An insertion event in an N2a
cell expressing a3-sep/p4-wt is shown in Fig. 3. This corresponds
to the arrival of a transport vesicle carrying a3-sep/p4-wt nAChRs
(Fig. 3b2), followed by exocytosis of vesicle cargo (Fig. 3b3, b4)

10 pm

Fig. 3 An example of an N2a cell expressing a3-sep/p4-wt (a) and an insertion event in this cell (b). An inser-
tion event corresponds to the arrival of a nAChR-SEP carrying vesicle at the plasma membrane. b1 is the frame
immediately preceding an insertion, followed by vesicle arrival (b2), fusion with the plasma membrane (b3,
b4), and diffusion of newly inserted nAChRs across the plasma membrane (b5, b6)
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2.3.2 Relative

2.3.2.1 Expression
Levels of nAChRs
on Plasma Membrane

2.3.3 Subcellular
Localization of nAChRs

and diffusion of nAChRs across the plasma membrane (Fig. 3b5, b6).
Frequency and intensity of each insertion event per cell (Fig. 3a)
can provide information regarding the number of nAChR trans-
port vesicles trafficking to the plasma membrane as well as relative
number of nAChRs that each transport vesicle contains. Changes
in trafficking as a result of exposure to a pharmacological agent,
such as nicotine or cotinine, can be measured by a change in the

rate of arrival of transport vesicles containing these receptors
[19, 20, 23].

Emission from SEP labeled receptors on the plasma membrane is
regulated by the pH of the extracellular solution, which can be
varied to turn the fluorescence on or off. When the pH of the
extracellular solution is 7.4, receptors from both the peripheral
endoplasmic reticulum and plasma membrane fluoresce. The extra-
cellular solution can then be exchanged with an otherwise identical
solution of pH 5.4, causing nAChRs on the plasma membrane to
transition into an off state, meaning all fluorescence is from the
endoplasmic reticulum [20, 60, 62]. Fluorescence intensity of a
cell is collected at both pH 7.4 and 5.4. The relative number of
receptors on the plasma membrane is then calculated mathemati-
cally by subtracting the integrated density of the fluorescence at
pH 5.4 from that at pH 7.4, as shown in Fig. 4. The subtracted
value corresponds to fluorophores located on the plasma membrane.
Upregulation of nAChRs is evident by an increase in the number
of receptors on the plasma membrane.

Subcellular distribution of nAChRs expressing SEP within the
plasma membrane region of the cell can also be measured. Changes
in the relative number of nAChRs localized in the plasma membrane
compared to the endoplasmic reticulum can be attributed to
changes in trafficking of nAChRs. Once the fluorescence contribution

pH 7.4 (PM + ER) pH 5.4 (ER Only) Difference (PM Only)

Fig. 4 An N2a cell expressing o3-sep/p4-wt at pH 7.4 (@) and pH 5.4 (b). In A,
nAChR on the plasma membrane (PM) and endoplasmic reticulum (ER) are both
fluorescent. In b, plasma membrane fluorescence is lost at pH 5.4, so only endo-
plasmic reticulum receptors fluoresce. The difference between pH 7.4 and pH 5.4
is the fluorescence from nAChRs on the plasma membrane (c)
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from nAChRs on the plasma membrane is established, this value
can be divided by the total intensity at pH 7.4 to obtain a percent-
age of visible receptors on the plasma membrane (% plasma mem-
brane). Changes in subcellular localization of nAChRs as a response
to drug are quantified by changes in this distribution between
peripheral endoplasmic reticulum and plasma membrane [19, 20,
23, 27]. Dittferences in this distribution of nAChR between the
endoplasmic reticulum and plasma membrane as a result of drug
exposure correspond to drug-induced changes in trafficking of
that nAChR subtype. Increases in the percentage of nAChRs on
the plasma membrane suggest that nAChR trafficking towards the
plasma membrane is increased.

3 Conclusions

Exposure to nicotine from tobacco and other nicotine-delivery
products alters the trafficking and assembly of nAChRs, leading to
upregulation of a4p2 receptors on the neuronal plasma membrane,
which is believed to contribute to nicotine addiction and tobacco
dependence. To obtain a greater understanding of intracellular
receptor dynamics, the pH-sensitive fluorescent protein, supere-
cliptic pHluorin, can be used to differentiate between intracellular
nAChRs and those expressed on the plasma membrane to quantify
changes resulting from nicotine exposure. Using the methods
described in this chapter, the properties and stoichiometry of indi-
vidual nicotinic receptors located on the plasma membrane can be
studied, and the pharmacological effects of potential therapeutics
can be evaluated to determine their ability to counter the effects of
nicotine on these membrane-resident proteins.
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Chapter 8

Spectral Confocal Imaging to Examine Upregulation
of Nicotinic Receptor Subunits in a4-Yellow Fluorescent
Protein Knock-In Mice

Raad Nashmi

Abstract

Gene targeting approaches in mice such as transgenics and homologous recombination in embryonic stem
cells including knock-in mice have revolutionized the field of biology. In conjunction with gene targeting
approaches, the insertion of color variants of fluorescent protein genes in cell-specific promoters have given
neuroscientists rich information on the neuronal circuitry and localization of specific neurons within the
CNS. However, the localization of proteins within neurons, such as ion channels, using these powerful
tools has not been utilized. We have used a novel approach of engineering a knock-in mouse that expresses
the a4 nicotinic acetylcholine receptor subunit that is fused to yellow fluorescent protein (a4YFP). This
knock-in mouse has allowed for the first time accurate quantification of nicotinic receptors in subcellular
regions of cell type specific neurons and their expression changes with chronic nicotine exposure. In this
book chapter we outline specific details of the procedures used to optimize the imaging and quantification
of a4 YFD, from fixation to spectral confocal imaging and spectral unmixing.

Key words Nicotinic acetylcholine receptors, Knock-in mice, Spectral confocal imaging, Receptor
upregulation, Nicotine

1 Introduction

The discovery of green fluorescent protein (GFP), the optimization
of its expression in mammalian cells, and the development of a
wide palette of spectral variants of fluorescent proteins (FPs) have
revolutionized the field of biology [ 1-3]. This has led to the award-
ing of the 2008 Nobel Prize in Chemistry to Osamu Shimomura,
Martin Chalfie and Roger Y. Tsien. In combination with molecular
biological and genetic targeting approaches, fluorescent proteins
have been expressed in almost every conceivable living organism,
from bacteria, nematodes, flies, fish, and mammals, including
human cells [4-9]. The incorporation of fluorescent proteins in
genetically altered mice has significantly advanced our understand-
ing of many biological processes. In the neuroscience field,
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fluorescent proteins have allowed us to identify and localize various
neuronal subtypes and non-neuronal cells in specific circuits in the
CNS by driving fluorescent protein expression using a cell-specific
promoter [10]. Furthermore, chimeric products which involve the
fusion of a fluorescent protein to another target protein can be
used to examine the subcellular localization of proteins in cells. We
have used this strategy to make a knock-in mouse in which we
fused a yellow fluorescent protein to the a4 nicotinic acetylcholine
receptor subunit (a4YFP) [11-14]. With the a4 YFP knock-in mice
we were able to localize and quantify accurately the expression lev-
els of a4 nAChR subunits with unprecedented spatial resolution
on a cell type-specific and brain regional basis. We discovered that
a4YFP nicotinic acetylcholine receptor (nAChR) expression varied
greatly depending on the cell type and brain region. What made it
especially challenging was to image receptors that had low expres-
sion in certain brain regions that had significant autofluorescence
background in the fixed tissue, making it very difficult to discern
true YFP fluorescence from background in conventional confocal
microscopy. In this chapter, we describe the steps we have taken to
minimize autofluorescence in tissue and very importantly utilize
the power of spectral confocal imaging to separate true YFP fluo-
rescence from autofluorescence in order to accurately quantify
a4YFP nAChRs.

2 Principles of Spectral Confocal Imaging

Spectral imaging, otherwise known as hyperspectral imaging, has
long been used as a technique in remote sensing by satellites in
orbit to determine the different types of terrains on the imaged
earth landscape [15]. More recently, spectral imaging has become
a key tool in confocal microscopy, in order to image two or more
distinct fluorescent molecules in a preparation with significantly
overlapping emission spectra [16—-18]. In spectral confocal imag-
ing no dichroic mirrors or emission filters are used to limit a band-
width of wavelengths of light onto the single photomultiplier
detector as in conventional confocal microscopy. Instead, in spec-
tral confocal imaging a grating dispersive element is used like a
prism to diffract all the emitted wavelengths of light to be collected
simultaneously onto an array of multi-channel photomultiplier
detectors. Each detector of the array will collect a small bandwidth
of wavelengths of light (a choice of 2.5 nm, 5 nm, or 10 nm wave-
length resolution in the Nikon Clsi spectral confocal microscope).
With a total of 32 detectors in the array, the Nikon Clsi spectral
confocal microscope can collect over a bandwidth of 75, 150, and
300 nm, respectively, with one laser sweep. The user selects from a
range of 400 to 750 nm. The image set is called a lambda stack, in
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Fig. 1 Spectral confocal image acquisition. (A) A live scan image of the medial habenula from a homozygous
adYFP mouse brain section using a spectral confocal microscope. (B) An image of the medial habenula that was
averaged over nine laser sweeps of the field of view. (C) Two superimposed emission spectra. The blue emission
spectrum, which peaks around 550 nm, corresponds to the blue region of interest (ROI) shown outside the area
of the medial habenula in (A). The blue spectrum is mostly tissue autofluorescence. The red emission spectrum
shows a sharp peak at around 527 nm, which is consistent with YFP emission. This corresponds to the red ROI
over the green fluorescence in the medial habenula. The y-axis of the graph corresponds to the grey scale value
and the x-axis shows the wavelengths in nm

which x-yimages are obtained over equally separated wavelengths
of light. Thus, in a lambda stack, each pixel of the image has a
spectral emission profile (Figs. 1 and 2).

Other spectral confocal microscopes exist. Nikon presently has
two models of spectral confocals, which include the C2si+and the
Al+. The first commercially available spectral confocal microscope
was the Zeiss LSM 510 META. The next generation of spectral
confocal microscopes offered by Zeiss included the LSM 710,
LSM 780, and LSM 880.
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Fig. 2 Spectral confocal images of a lambda stack. The spectral confocal image of the medial habenula is
depicted as a lambda stack of 32 images that are tiled. Each image is one of the 32 wavelengths that the
images were acquired. The images are labeled from 499 to 654 nm

3 Spectral Unmixing

After collecting a lambda stack of images with the spectral confocal
microscope, in order to deconvolve the image into separate images
of known fluorescent molecular components, an image analysis
known as spectral unmixing or linear unmixing is used to separate
the raw spectral image into separate images with differing intensi-
ties of the individual fluorescent components. Spectral unmixing
uses the following algebraic algorithm:
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S(2)=AIFI(1)+ A2F2(1)+ A3F3(1) +...

or

m

S(2)=3 S AiFi(2))

j=1 i=1

where Aj represents the wavelengths of the emission spectrum and
Fi the fluorophore subtype.

S(4) is the total detected raw spectrum of each pixel of the
image, such that it equals the linear sum of the known types of
fluorescent molecules (F#(4)) in the preparation. If there are known
subtypes of fluorescent molecules in the preparation that was
imaged, then the reference spectrum (Fi(45)) of each known fluo-
rescent molecule would all be used to deconvolve the raw image
using a spectral unmixing algebraic algorithm in which each refer-
ence spectrum is weighted by a scalar constant (A7) so that the sum
of the weighted reference spectra of all the fluorescent molecules
would equal the raw image spectrum (S8(4)). Hence, the total raw
spectral image can be separated into different intensities of each of
the fluorophore images (Fig. 3).

4 Practice of Spectral Confocal Imaging of a4YFP Knock-in Mice

4.1 Reference
Spectra

Before imaging fluorescence from a4YFP knock-in mouse brain
tissue, we need to obtain reference spectra of YFP and fixed brain
tissue autofluorescence. Nikon Clsi has built in libraries of emis-
sion spectra of various fluorophores, including YFP. We found that
the YEP spectrum from the Nikon library is adequate as a reference
for spectral unmixing; however, in our lab we prefer to acquire an
image and reference spectrum of YFP from an actual sample imaged
on our own spectral confocal instrument. To do so, we transfect
HEK293T cells with soluble YFP and image the YFP using our
spectral confocal microscope. We choose this cell line because there
is minimal autofluorescence and the cells over express YEP to such
an extent that there is a tremendous YFP signal over background.
We use imaging parameters that maximize the dynamic range of
the 12 bit acquisition scale of the image acquired by the spectral
photodetector array without saturating any of the pixels.
Furthermore, we use averaging of several sweeps to reduce noise
and obtain as smooth and as accurate as possible a reference emis-
sion spectrum of YFP. Using the same care of selecting the opti-
mized imaging parameters, we image brain tissue of a wild-type
mouse that has undergone the same fixation procedure as the
a4YFP knock-in mouse and obtain the reference autofluorescence
spectrum (Fig. 4).
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Fig. 3 Spectral unmixing. (A) A spectrally unmixed image of the medial habenula. Green channel image shows
adYFP expression. The red channel image is the autofluorescent signal. The gray is the remainder. (B) This is
the spectral unmixing plugin with the two selected reference spectra of YFP and autofluorescence. (C) A plot
of the two reference spectra of YFP and autofluorescence that were used to spectrally unmix the raw image
into its components of YFP and autofluorescence

4.2 Considerations
for Fixation, Mounting,
and Goverslipping
Brain Sections

We have taken many measures to optimize the signal of YFP in our
knock-in mice, starting from the fixation procedure. Fluorescent
proteins are sensitive to acidic shifts in pH with YFP known to be
most sensitive with a pKa of 6.9 [2]. For an adult mouse (>6 weeks
old) we anesthetize and intracardially perfuse the following solu-
tions on ice: (1) 20 ml phosphate-buffered saline (PBS) at pH 7.6
with ~0.0015 g of heparin (Sigma, cat# H4784) as an anticoagu-
lant; (2) 30 ml of 4% paraformaldehyde (Electron
MicroscopySciences, cat# 15710) in PBS pH 7.6; (3) 5% sucrose
in PBS pH 7.6. We have the flow rate of solutions at 4-5 ml/min.
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Fig. 4 A flow diagram summary of the methodology of spectral unmixing of a4YFP from knock-in mice

Then the brain is cryopreserved in 30 % sucrose for 3 days and
frozen in OCT for brain sectioning. Hence, the brain tissue is
lightly fixed by following the perfusion of fixative with 5% sucrose
in order to flush out extra fixative and there is no post-fixation.
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4.3 Spectral
Confocal Imaging
of a4YFP Knock-in
Mice

We found from experience that excessive paraformaldehyde fixation
increases the autofluorescence in the brain tissue, which peaks at
approximately at 550 nm, making it more difficult to image
YFP. When sectioning the brain tissue on a cryostat, we take care
to minimize light exposure to the brain sections. We avoid turning
on the light bulb inside the cryostat that we use to cut brain sec-
tions and we cover the slide box as soon as we collect a brain sec-
tion onto a microscope slide box. The slide box containing the
brain sections is placed in a zip-lock bag and stored at -20 °C.

We have used Mowiol successfully in the past as a mounting
medium for coverslipping. One advantage of Mowiol is that it
hardens overnight so it is suitable to use with oil objectives without
worrying that the cover slip will move. However, more recently we
have opted for Vectashield Mounting Medium (H-1000, Vector
Laboratories) because of superior intensities of fluorescence for
fluorescent proteins than Mowiol. A disadvantage of Vectashield is
it does not harden. Therefore, we need to secure the cover slip to
the microscope slide so that it does not move around. Nail polish
cannot be used since it is known that it can quench fluorescent
proteins. Therefore, we use thin strips of parafilm to wrap the
edges of the cover slip to secure it in place (Fig. 5).

Confocal settings for imaging will vary depending on the intensity
of YFP signal in order to optimize the YFP signal to background
image. The settings that we used to obtain the a4YFP image with
a Plan Apo VC 60X (1.4 NA) objective of the medial habenula
shown in Fig. 1 are: pixel dwell time=5.52 ps, 5% transmission of
the 488 nm line of the Argon laser, medium pinhole set at 62 pm,
spectral detector gain at 220, spectral detector bandwidth set
between 496.5 and 656.5 nm at 5 nm resolution, at 512 x 512 pixel
resolution. The final image is an average of nine laser sweeps
(Fig. 1). The rationale for nine laser sweeps for the averaged image
is that it increases signal to noise and allows for more accurate spec-
tral unmixing since the emission spectrum of the image will also
have greater signal to noise. The image in Fig. 1 is a single optical
slice. It we were to take a z-stack of images, we would likely lower
the number of laser sweeps per averaged image slice (3—4 sweeps)
in order to minimize photobleaching. We have tried imaging with
different spectral resolutions (2.5, 5 and 10 nm). Although you
may double your spectral resolution from 5 to 2.5 nm, there is a
trade-off in the signal to noise as your signal is half the value. We
find that at 5 nm spectral resolution we can obtain adequate a4 YFP
signal to noise over background autofluorescence and yet have
good spectral resolution. One may want to consider trying a higher
spectral resolution of 2.5 nm if one were to separate two fluoro-
phores with close emission spectral peaks such as GEP (peaks at
509 nm) and YFP (peaks at 527 nm). We also prefer to excite
a4YFP with the 488 nm rather than the 514 nm line of the Argon
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Fig. 5 Coverslipping. (A) A brain tissue section mounted on a microscope slide with Mowiol. (B) The mounting
medium of this brain section is Vectashield Mounting Medium. Note that since Vectashield does not harden, we
must wrap with parafilm along the edges of the cover slip to prevent the cover slip from moving around

4.4 Considerations
for Quantitative
Spectral Confocal
Imaging

laser because we find that the 514 nm laser line is close to the
527 nm peak of emission of YEP and slightly distorts the peak of
the emission spectrum of YFP. After acquisition of the images, the
images are spectrally unmixed using the reference spectra for YFP
and for autofluorescence (Figs. 3 and 4). The images are then
imported into Image] for further analysis.

We have previously quantified the relative expression of a4YFP
nAChR subunits in a cell-specific manner in different brain regions
over a group of mice that received chronic nicotine administration
versus a control group of mice receiving saline [11, 13, 14]. When
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4.5 Generation
of the x4YFP Knock-In
Mice

performing quantitative imaging of oa4YFP, there are several
important considerations. Since YFP is sensitive to conditions like
fixation and pH, we prefer to make up the day before large vol-
umes of PBS, 4% paraformaldehyde and 5 % sucrose in PBS so that
all the mice are fixed together on the same day with the same batch
of solutions. This minimizes any variability due to differences in
solution conditions.

At the beginning of every imaging session on the spectral con-
focal microscope, we ensure that the laser intensity is the same.
After turning on the laser, we wait at least 15 min for the lasers to
warm up and stabilize their output. We check the power output
with a power meter, which is built in the Nikon Clsi spectral con-
focal laser system. Alternatively, the laser power can be monitored
with an external power meter with the sensor placed close to the
objective. By ensuring that the samples were imaged with the same
laser power, we can minimize any variability in the emission inten-
sities recorded for the imaged a4YFP since emission intensity of
fluorescence is linearly related to the intensity of the light stimula-
tion. After establishing the optimal settings for imaging, we keep
the confocal settings identical for all the image acquisitions.
Furthermore, we make sure that the confocal settings are such that
there are no saturated pixels in the image. This is checked by tog-
gling the saturated pixels indicator and also viewing the spectrum
in different regions of the acquired image to check no pixels have
a gray scale value of 4095.

Generation of the a4 YFP knock-in mice began with the construc-
tion of several engineered cDNAs of a4 nAChR subunits fused to
YFP that was inserted in different locations along the a4 sequence
[5]. We needed to test which of the nicotinic receptor constructs
were functional since there was concern that inserting a 238 aa
length fluorescent protein into a 629 aa length a4 nAChR subunit
may severely impact nAChR function. Fluorescent proteins inserted
at either the N- or C-termini of nAChR subunits resulted in a sig-
nificant loss of function of the receptor as measured using whole-
cell patch-clamp recordings of the constructs transfected in
HEK293T cells. Fully, functional receptors were obtained when
the fluorescent protein was inserted into the M3-M4 cytoplasmic
loop of the nAChR subunit.

With this information in hand, using molecular biological
techniques we proceeded in making a genomic targeting construct
in which yellow fluorescent protein was inserted in the identical
position, the M3-M4 cytoplasmic domain [11]. Details of the
homologous recombination strategy of a4 knock-in mice are also
found elsewhere [19, 20]. The 16 kb long a4YFP genomic targeting
vector (pKO Scrambler V907; Lexicon Genetics, The Woodlands,
TX) included exons 5 and 6 of the a4 nAChR gene, with YFP
inserted into exon 5 in precisely the same location as the cDNA
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4.6 Results Obtained
from the a4YFP
Knock-In Mice

construct. The targeting construct contained a positive selection
factor, which was a neomycin resistance gene, flanked by loxP
sequences and a diptheria toxin gene as the negative selection
factor, which prevented random integration into the genome.
Embryonic stem cells were electroporated with the linearized tar-
geting construct, and clonal lines were isolated and grown in sepa-
rate wells of a 96-well plate. Embryonic stem cell clones were
selected for due to gentamycin resistance to cell death. The posi-
tive embryonic stem cell clones were screened with pcr and
sequencing to ensure successful homologous recombination incor-
poration of the targeting vector in the correct location in the
mouse genome. Then these positive embryonic stem cells were
electroporated with a cre recombinase expressing cDNA plasmid
to remove the neomycin selection cassette, leaving a single loxP
sequence in the intronic region. This was confirmed with pcr and
sequencing. Karyotyping was performed to ensure the correct
number of DNA. The embryonic stem cells with the incorporated
YFP were then injected into mouse embryonic blastocysts, which
were allowed to grow into chimeric mice. These mice were mated
to wild-type C57Bl/6] mice to get germline transmission of the
a4YFP mutant gene in order to obtain a4 YFP heterozygous knock-
in mice. These mice were then bred for homozygosity. a4YFP
knock-in mice then were checked for normal expression and func-
tion of a4* nAChRs using epibatidine binding, immunohisto-
chemistry with mAb299 antibody, whole-cell patch-clamp
recordings of nicotinic currents from cultured neurons from wild-
type and o4YFP mice and nicotine induced analgesia of the noci-
ceptive hot-plate test.

When we generated the a4YFP knock-in mice we first proceeded
in quantifying receptor expression in over 16 different brain regions
to examine where a4* nAChRs are expressed in the brain [11].
The highest expresser of a4* nAChRs is the medial habenula, fol-
lowed by the thalamus, dopaminergic neurons of the substantia
nigra and then the interpeduncular nucleus. We showed that
functional o4* nAChRs were highly expressed in the ventrolateral
portion of the medial habenula [21]. With chronic nicotine expo-
sure we discovered that there was upregulation of a4YFP nAChR
subunits in GABAergic neurons of the substantia nigra and ventral
tegmental area but not the dopaminergic neurons [11]. Patch-
clamp recordings from slices demonstrated that this resulted in a
dampening of excitability of dopaminergic neurons but increased
the firing frequency of GABAergic neurons. We proposed that this
result may explain one contributing mechanism of nicotine addic-
tion that the reduced dopamine output may cause a craving and
tolerance of reward. Furthermore, there is an inverse relationship
between smoking and the risk of Parkinson’s disease [22, 23].
We hypothesize that our findings showing the reduced excitability
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of dopaminergic neurons in the substantia nigra may explain the
mechanism of why smokers are unexpectedly protected from
Parkinson’s disease [11].

Although we showed that chronic nicotine did not alter recep-
tor expression in the cell bodies of dopaminergic neurons in the
substantia nigra, we did witness a significant upregulation of a4YFP
in the dopaminergic terminals located in the caudate putamen [11].
This resulted in a significantly enhanced a4p2 nAChR mediated
facilitation in glutamate release recorded in medium spiny neurons
of the dorsal striatum [12]. This was the first demonstration of sub-
cellular specific upregulation of nAChR expression with chronic
nicotine. Using the «a4YFP knock-in mice we further showed that
nAChR upregulation due to chronic nicotine exposure resulted in
clevated oral nicotine self-administration in mice [14].

We and our colleagues showed a difference in the developmen-
tal functional expression of nicotinic currents in layer 6 neurons
even though there was no visible difference in a4* nAChR expres-
sion [24]. Furthermore, we showed with the knock-in mice that
there is an upregulation of a4* nAChRs in GABAergic neurons of
the barrel cortex in mice following sensory deprivation due to
whisker trimming [25]. This cell-specific upregulation of o4 recep-
tors in GABAergic neurons results in their hypoexcitability and a
loss of sensory perception.

5 Future Directions

Producing knock-in mice that express the o4 nicotinic receptor
subunit fused to a fluorescent protein has allowed for the first time
an accurate quantification and localization of a nicotinic receptor
subunit subcellularly in subtype specific neurons at submicron res-
olution. This technology obviates the ambiguity of antigen speci-
ficity by antibodies as a couple of studies have shown that many
commercial antibodies against nicotinic receptor subunits in
knock-out mice still showed nonspecific labeling [26, 27].
However, it should be noted that when carefully conducted,
immunohistochemistry using selective antibodies such as mAb 299
and mAb 270 will faithfully localize nAChRs in brain tissue when
used under the correct conditions [28, 29].

The field will benefit from the production of more nAChR-FP
knock-in mice. An a6YFP BAC transgenic mouse line has already
been produced and have illustrated some novel and interesting
localizations of this receptor in the CNS [30, 31]. More nAChR-
FP knock-in mice with other spectral variants of fluorescent pro-
teins have been produced by Henry Lester’s lab including «3GFP,
a4-mCherry, a4GFP, p2GFP, p3GFD, and p4GFP. Using a pair of
spectral variants of fluorescent proteins, such as cyan fluorescent
protein (CFP) and yellow fluorescent protein (YFP) or GFP and
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mCherry, one can use Forster resonance energy transfer (FRET),
to observe assembly of different proteins. Previously FRET has
been used to assess assembly and stoichiometry of different nAChR
subunits in transfected cultured cells [5, 32—-36]. These mice will
allow for the first time the ability to determine subunit assembly
and stoichiometry of nAChR subunits in CNS neurons in vivo.

In the future, it would be valuable to have conditional knock-
outs of nAChR subunits that are fused to fluorescent proteins.
Two without fluorescent proteins already exist for the o7 and a4
subunits [37, 38]. Such a strategy would allow, in conjunction
with electrophysiology, imaging and behaviour, the elucidation of
the physiological roles of different nAChR subtypes in specific neu-
ral circuits in the brain and their roles in modifying specific
behaviors.
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Chapter 9

a7-Nicotinic Acetyicholine Receptors: New Therapeutic
Avenues in Alzheimer’s Disease

Murat 0z, Georg Petroianu, and Dietrich E. Lorke

Abstract

Amyloid plaques, derived from aggregates of amyloid p (Af), are closely linked to the pathogenesis of
Alzheimer’s disease (AD). Another neuropathological hallmark is the loss of cholinergic markers, associ-
ated with a reduction in the o7 subunit of the nicotinic acetylcholine receptor (nAChR) in the brains of
AD patients. The a7-nAChR plays an important role in circuits involved in learning and memory, and may
be a promising target for the treatment of AD. Numerous studies indicate that binding to a7-nAChRs is
neuroprotective. However, Ap has also been shown to induce tau phosphorylation via «7-nAChR activation.
In addition, picomolar to nanomolar concentrations of Ap stimulate presynaptic a7-nAChRs, evoking an
increase in presynaptic Ca?* levels. There is evidence that Ap influences hippocampus-dependent cognitive
functions and synaptic plasticity such as long-term potentiation by modulating the function of «7-nAChRs.
In line with the roles of a7-nAChRs in AD pathogenesis, allosteric modulators of a7-nAChRs have been
proposed as novel therapeutical agents in the treatment of this disease.

Key words Acetylcholinesterase, Amyloid, Alzheimer’s disease, a-Bungarotoxin, Cholinergic,
Hippocampus, Neuroprotection, Nicotinic acetylcholine receptor, Review, Tau phosphorylation
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Mild cognitive impairment
Methyllycaconitine

Nicotinic acetylcholine receptor
N-methyl-d-aspartate

Small interfering RNA

1 The Cholinergic System in Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive degenerative brain disor-
der causing cognitive and behavioral deterioration in the elderly,
for reviews, see refs. [1-3]. Neuropathological hallmarks of this
disease are senile plaques, neurofibrillary tangles and neuronal cell
death. Several theories have been put forward to explain the patho-
genesis of this disease. According to the tan hypothesis, excessive or
abnormal phosphorylation of the microtubule-associated protein
tau results in the transformation of normal adult tau into paired
helical filaments and subsequently intracellular neurofibrillary tan-
gles. The amyloid hypothesis assumes that abnormal cleavage of the
amyloid precursor protein (APP) is the initial step, leading to the
generation of beta amyloid (Af), which aggregates to amyloid
fibrils and thereafter forms extracellular senile (=amyloid = neuritic)
plaques (reviewed in refs. [3-5]). Oligomeric and protofibrillar A
may promote tau hyperphosphorylation. The inflammation hypoth-
ests states that neuroinflammation, initiated by neurodegeneration,
amyloid plaques and tau protein aggregates, significantly contrib-
utes to the progression of the disease through the release of neuro-
inflammatory mediators (reviewed in refs. [ 3, 6-81). The cholinergic
hypothesis is based on the neuropathological observation that neu-
rodegeneration primarily affects cholinergic neurons in the basal
forebrain projecting cholinergic fibers to the neocortex and the
hippocampus [9, 10]. Acetylcholine (ACh) is a key player in learn-
ing, memory and cognition (reviewed in refs. [3, 11-14]), and the
cholinergic deficit contributes markedly to the early mental dete-
rioration in AD. This loss in cholinergic neurons in AD is accom-
panied by a decrease in cholinergic markers, e.g., choline acetyl
transferase (ChAT), depolarization-induced ACh release, vesicu-
lar ACh transporter protein and choline uptake in nerve terminals.
In addition, muscarinic receptors are involved in the pathogenesis
of AD (reviewed in ref. [15]), and nicotinic ACh receptors
(nAChRs) are significantly reduced in AD (reviewed in ref. [3]).
This loss in nAChRs primarily affects its a4 subunit, but a7-nAChRs
are also markedly affected. a7-nAChRs play an important role in
the neuronal circuits involved in learning and memory [3, 11]. A
peptides bind to this receptor subtype, which may lead to internal-
ization of the Ap—a7-nAChR complex. Moreover, Ap modulates
the function of the o7-nAChR through multiple mechanisms
(reviewed in refs. [3, 16]).
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Currently, tacrine, donepezil, rivastigmine, and galantamine,
the four acetylcholinesterase (AChE) inhibitors approved by the FDA
for the treatment of AD [2, 17] address the cholinergic deficit.
ACHhE is the enzyme that inactivates ACh in the synaptic cleft.
ACHhE inhibitors, by increasing ACh levels at cholinergic synapses,
improve cholinergic neurotransmission. Recently, compounds spe-
cifically targeting the a7-nAChR have been suggested as potential
novel therapeutics in AD. The present review addresses this oppor-
tunity. Heterologous expression of recombinant nAChRs provides
a remarkable opportunity to characterize these receptors [18] and
to study how they are modulated by potential novel therapeutics.
This review first describes experimental procedures for the func-
tional expression of nicotinic receptors in Xenopus oocytes, then
summarizes evidence for neuroprotective actions of a7-nAChRs
and subsequently describes interactions of Af with presynaptic
a7-nAChRs. Thereafter, it discusses AB- and a7-nAChR-mediated
signaling pathways as well as findings on synaptic alterations and
a7-nAChRs in AD. Subsequently it addresses new therapeutic
avenues targeting the a7-nAChR.

2 Protocols—Methods

Functional expression of nicotinic receptors can be achieved in
different preparations such as mammalian cells [18] and Xenopus
oocytes [19-21]. In this chapter the expression of nicotinic recep-
tors in Xenopus oocytes is described (see Fig. 1). Female Xenopus
lnevis frogs are obtained from Xenopus Express (Haute-Loire,
France) and housed in a container filled with dechlorinated water
at 19-21 °C. Frogs are exposed to 12:12-h light-dark cycle and
fed with dry food pellets obtained from Xenopus Express. Methods
described here have been explained in detail previously [22].
Oocytes are removed surgically under local tricaine (Sigma, St.
Louis, MO) anesthesia (0.15% w/V) and dissected manually in a
solution containing (in mM): NaCl, 88; KCI, 1; NaHCO3, 2.4;
MgS04, 0.8; 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 10 (pH 7.5). Isolated oocytes are then stored for up to
7 days in modified Barth’s solution (MBS) containing (in mM):
NaCl, 88; KCl, 1; NaHCO;, 2.4; Ca(NO3),, 0.3; CaCly, 0.9;
MgSO,, 0.8; HEPES, 10 (pH 7.5), supplemented with sodium
pyruvate, 2 mM, penicillin 10,000 IU /1, streptomycin, 10 mg/1,
gentamicin, 50 mg/1, and theophylline, 0.5 mM. During experi-
ments, oocytes are positioned in a recording chamber with a vol-
ume of 0.2 ml and superfused at a rate of 2—-3 ml/min. The bathing
solution contains (in mM): NaCl, 95; KCl, 2; CaCl,, 2;and HEPES
5 (pH 7.4). The cells are impaled with two glass microelectrodes
(1-5 MQ) filled with 3 M KCl. Throughout the experiments, the
oocytes are voltage-clamped at a holding potential of -70 mV
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Fig. 1 African female Xenopus Leavis frog (a) used in expression studies. Lobes of oocytes are removed from
frog under anesthesia (b). Individual oocytes (c) are obtained after collagenase treatment of oocyte lobes. (d)
mRNA synthesized by in vitro transcription of linearized DNA injected into oocytes. Following 24 h incubation
period, functional expression of nicotinic receptors was studied by Acetylcholine applications (e) (figure is
modified from https://kasturisem2biochem.wordpress.com)

using a GeneClamp-500 amplifier (Axon Instruments Inc.,
Burlingame, CA), and current responses are recorded digitally at
2 kHz (Gould Inc., Cleveland, OH).

Drugs are applied by a glass pipette positioned about 2 mm
from the oocyte. Bath applications of the compounds are attained
by directly adding to the superfusate. Stock solutions of drugs
used are prepared in distilled water, dimethyl sulfoxide (DMSO),
or ethanol, according to their solubilities. Capped cRNA tran-
scripts are synthesized in vitro using an mMESSAGE mMA-
CHINE kit from Ambion (Austin, TX) and analyzed on 1.2%
formaldehyde agarose gel to check the size and the quality of the
transcripts.

3 Evidence for Neuroprotective Actions of a7-nAChRs

Nicotine and its mimetics are known to protect neurons from
various neurotoxic influences, such as glutamate and Af toxicity
(for reviews, see refs. [23-25]). The protective effects of nico-
tine are blocked by the nicotinic antagonists DHBE,
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mecamylamine [23, 26] and a-bungarotoxin [27]. a7-nAChRs
and phosphatidylinositol 3-kinase-Akt signaling pathways have
been suggested to play a central role in the neuroprotective
effects of nicotine [27]. Similarly, a7-nAChR activation has been
shown to be neuroprotective by reducing Ap-induced apoptosis
via inhibition of caspase-independent cell death through phos-
phatidylinositol 3-kinase [28].

In addition to nicotine, donepezil and rivastigmine, two AChE
inhibitors currently used in the treatment of AD, have also been
shown to protect cultured neuroblastoma cells from the toxic
effects of AB. However, these compounds not only inhibit AChE,
but are also allosteric modulators of nAChRs (for reviews, see ref.
[23]), and it has not yet been established whether these AChE
inhibitors protect neurons by their direct actions on a7-nAChRs or
indirectly by inhibiting AChE, thereby elevating ACh in the
medium.

Interestingly, although most studies agree that nAChRs need
to be activated to mediate their neuroprotective effects, mouse
cortical neurons are protected by the o7 antagonist methyllycacon-
itine (MLA) [29], raising the possibility that neuroprotection by
a7 agonists may be through desensitization rather than activation
of this rapidly desensitizing receptor. Jonnala and Buccafusco [30]
have suggested that upregulation of a7-nAChRs, due to desensiti-
zation/inactivation, is responsible for the neuroprotective effects
of chronic nicotine applications. However, in other rodent models
of AD, both acute [31] and chronic [32] nicotine administrations
were found to exacerbate tau phosphorylation and cognitive
impairment, suggesting that the functional roles of nAChRs in
these models are different.

Nevertheless, the results of several in vivo and in vitro studies
have led to the development of the hypothesis that a7-nAChRs
mediate neuroprotective effects during the progress of AD. In line
with this assumption, a7-nAChR-deficient AD mice show prema-
ture evidence of a dodecameric AP oligomer that has been associated
with early memory loss [ 33], suggesting that functional deficiency of
this receptor may be linked to the pathogenesis of AD.

The AChE inhibitors donepezil, tacrine and galantamine have
also been shown to protect neuronal cells from glutamate neuro-
toxicity, an effect that is antagonized by the a7-nAChR antagonist
MILA [34, 35]. AP peptides elevate AChE levels in neuronal cells
by increasing the intracellular Ca?* concentration [36]. In primary
cortical neurons, an Af-induced increase in AChE levels was found
to be mediated by a direct agonistic effect of this peptide on
a7-nAChRs [37].

In neuroblastoma cells transfected with o7-targeted small
interfering RNA (siRNA), reducing the levels of a7-nAChR mRNA
and of the receptor protein, Ap-induced toxicity is significantly
enhanced. On the other hand, stimulation of this receptor attenu-
ates Af-induced toxicity, suggesting that o7-nAChRs play a
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significant neuroprotective role in AD [38]. This assumption is
also corroborated by another study [39], in which a7 knockout
mice were crossed with the Tg2576 AD strain, and the progeny
was analyzed at 5 months of age. At this time point, cognition
begins to decline but plaques are still undetectable in the Tg2576
parent strain. Progeny of a7-nAChR-null mice crossed with the
Tg2576 AD strain showed significantly intensified learning and
memory problems.

Pretreatment (24 h) of PC12 cells with 1 nM-100 pM nico-
tine and other nAChR agonists significantly decreases cytotoxicity
induced by NGF and serum deprivation. Neuroprotective actions
of nicotinic agonists are blocked by the a7-nAChR antagonist
MLA. Incubation of PC12 cells with nicotine increased the num-
ber of ['**T]a-bungarotoxin binding sites by 41% [30].
Furthermore, cells expressing increased levels of cell surface [12°T]
a-bungarotoxin binding sites received added neuroprotective ben-
efit from nicotine, suggesting that upregulation of the a7 subtype
of nAChRs may be responsible for the neuroprotective actions of
chronic nicotine treatment [30].

Autophagy is an intracellular degradation pathway with
dynamic interactions for eliminating damaged organelles and protein
aggregates by lysosomal digestion. A large number of autophagic
vacuoles are detectible in degenerating neurites of AD patients,
indicating that autophagy is involved in AD pathogenesis [40].
It has been shown that extracellular Ap induces a strong autopha-
gic response and that a7-nAChRs act as carriers that bind to A,
which further inhibits Ap-induced neurotoxicity via autophagic
degradation. When microtubule-associated protein 1 lLight chain-3
(LC3), a protein necessary for autophagosome formation which is
mainly used as a marker in monitoring autophagic processes, is
overexpressed in both neuroblastoma cells and primary cortical
neurons derived from embryonic mice, these cells showed better
resistance against AP neurotoxicity, higher a7-nAChR expression
and stronger autophagic activity than controls [41 ]. Blocking of the
a7-nAChR by administration of a-bungarotoxin antagonized this
neuroprotective action, suggesting that Af binding to a7-nAChR is
an important step in AP detoxification. LC3 overexpression thus
exerts neuroprotection by increasing the expression of a7-nAChRs,
which allows AP binding, thereby further enhancing autophagic
activity for AP clearance in vitro and in vivo [41].

Activation of a7-nAChRs is also linked to tau-protein dependent
pathogenesis [42]. Glycogen synthase kinase3p (GSK3beta) is a
major kinase responsible for tau protein hyperphosphorylation,
thereby contributing to the development of AD neuropathology
[43, 44]. The selective a7 agonist A-582941 increases phosphory-
lation of GSK3beta in the mouse brain [42], thereby inhibiting
this enzyme. This effect is not observed in o7-nAChR knockout
mice. Moreover, A-582941 decreases tau phosphorylation in
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hippocampal CA3 mossy fibers and spinal motoneurons in two
mouse models of AD, indicating that inactivation of GSK3beta
may be associated with a7-nAChR-induced signaling leading to
attenuated tau hyperphosphorylation [42].

Whereas the above-mentioned findings suggest that inhibi-
tion/desensitization or downregulation of a7-nAChRs and lack of
neuroprotection provided by a7-nAChRs underlies the neurode-
generative changes in AD; there are numerous other publications
suggesting the opposite. These experiments will be discussed in the
tollowing sections.

4 Amyloid Beta and Presynaptic Alpha 7 Nicotinic Receptors

As mentioned earlier, the functional outcome of Af binding to
a7-nAChRs has been equivocal. However, presynaptically located
a7-nAChRs have been consistently shown to be upregulated by
low concentrations (in low nM range) of AB. When applied to
rodent hippocampal nerve terminals, picomolar to nanomolar con-
centrations of A induce an increase in presynaptic Ca?*, which is
largely dependent upon the presence of presynaptic nAChRs, as
demonstrated by pharmacological studies and studies using recep-
tor null mutants [45, 46]. For example, picomolar concentrations
of AP evoke sustained increases in presynaptic Ca?* levels in iso-
lated presynaptic nerve endings [45]. This effect is contingent
upon the presence of a7-nAChRs, since presynaptic responses to
soluble AP are strongly attenuated in cortical terminals from a7
knockout mice [46]. AB-evoked stimulatory changes in presynap-
tic Ca?* levels are also dependent on the expression of a7-nAChRs
in axonal varicosities of differentiated hybrid neuroblastoma
NG108-15 cells used as a model presynaptic system [47]. The
Ap-evoked responses are concentration-dependent and sensitive to
a-bungarotoxin. Similarly, Af, at low concentrations, was reported
to increase the overflow of dopamine in the prefrontal cortex in the
presence of tetrodotoxin, and this stimulatory effect was sensitive
to antagonists of a7-nAChRs and was lost in &7 null mutant mice
[48]. Picomolar concentrations of Ap were also shown to positively
modulate synaptic plasticity in the hippocampus via presynaptic
a7-nAChRs [49], as measured by an increase in long term poten-
tiation (LTP). Activation of presynaptic nAChRs in contrast to
nAChRs located on cell bodies, has been found to result in a pro-
longed stimulatory effect [45, 50-52]. The time course of agonist-
like actions of AP on presynaptic signals also indicates a prolonged
action. In addition to enhancing hippocampal synaptic transmis-
sion, activation of a7-nAChRs also prevents Ap-mediated inhibi-
tion of LTP in the rat hippocampus [ 53 ]. However, intra-ventricular
injections of AP oligomers and different Ap fragments inhibit LTP
[54-56], as eclaborated below (see: Synaptic alterations and
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a7-nAChR). Collectively these results suggest that nAChRs located
at presynaptic sites mediate an agonist-like effect of Af in picomo-
lar to nanomolar concentrations.

The agonistic effect of AB on a7-nAChR may also play a role
in increased hyperexcitability and elevated incidence of seizures in
AD. It was recently reported that exposure to pathologically rele-
vant levels of A induces form-dependent (i.e., oligomeric versus
fibrillar Ap), concentration-dependent, and time-dependent neu-
ronal hyperexcitation in primary cultures of mouse hippocampal
neurons [57]. These effects are prevented by co-exposure to
brefeldin A, an inhibitor of protein transport from the endoplasmic
reticulum to the Golgi, suggesting that this effect involves traffick-
ing of a7-nAChRs to the cell surface. Exposure to fibrillary Ap
increases the levels of a7-nAChR protein on the cell surface, an
effect occurring before neuronal hyperexcitation is observed [57].
Pharmacological inhibition using an a7-nAChR antagonist or
genetic deletion of a7-nAChR subunits prevents induction and
expression of neuronal hyperexcitation, further suggesting that
functional activity and perhaps functional upregulation of
a7-nAChRs are necessary for the production of AB-induced neuro-
nal hyperexcitation and possibly AD pathogenesis.

In line with these findings, it was found that «7-nAChRs are
necessary for Ap-induced neurotoxicity in hippocampal neurons
[58]. AP peptides have been shown to inhibit a7-nAChRs in cul-
tured rat hippocampal neurons [59] and slices [60]. In brain syn-
aptosomes, nAChR-mediated Ca?* influx is also inhibited by Af
peptides [61, 62]. In a study using lactate dehydrogenase (LDH)
as a measure for cytotoxicity, chronic exposure to fibrillary Ap sig-
nificantly increased LDH levels, an effect which was prevented
either by the «7-nAChR antagonist MLA or by gene deletion of
the o7 subunit. In contrast, the antagonist of P2-containing
nAChRs DHBE, or genetic deletion of the p2-nAChR subunit
failed to prevent AB-induced cytotoxicity [58]. In differentiated
human neuroblastoma (SH-SY5Y) cells with cholinergic character-
istics, larger aggregates of AP preferentially upregulated a7-nAChR
expression and function. This effect was accompanied by a signifi-
cant decrease in cell viability. Co-treatment with the a7-antagonist
MILA prevented Ap-induced cytotoxicity, suggesting a detrimental
role of upregulated a7-nAChRs in the mediation of Ap-induced
neurotoxicity [58].

5 Ap and o7-nAChR-Mediated Signaling Pathways

In the hippocampus, activation of the extracellular-signal-requlated
kinase mitogen-activated protein kinase (ERK/MAPK) signal trans-
duction pathway is known to play an important role in the forma-
tion of long term memory [63, 64]. In acute organotypic
hippocampal slice preparations, elevation in the extracellular Ap
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level activates the ERK/MAPK cascade in an «7-nAChR-dependent
manner [65]. In SH-SY5Y cells, acute exposure to oligomeric AP
(1-100 nM), but not to fibrillar or non-aggregated Ap42, leads to
phosphorylation of ERK1 /2. The eftects of oligomeric Ap peptides
are inhibited by the specific «7-nAChR antagonist MLA [66], sug-
gesting that in these cells, a7-nAChRs mediate AP activation of
ERK/MAPK. Further studies in APP transgenic mice (TAS10)
with a significant deficit in hippocampal Akt phosphorylation and
concomitant plaque formation and memory impairment showed
that acute application of Af42 stimulated Akt phosphorylation.
However, chronic exposure to Ap42 in TAS10 mice resulted in
downregulation of Akt phosphorylation consistent with an
involvement of «7-nAChRs in the excitatory neurotransmission
abnormalities observed in these mice [67].

Another mechanism of Af peptides is to reduce glutamatergic
transmission and inhibit synaptic plasticity by increasing the endo-
cytosis of N-methyl-d-aspartate (NMDA) receptors in cortical
neurons [68]. Neurons from a genetic mouse model of AD express
reduced amounts of surface NMDA receptors, and Af-dependent
endocytosis of NMDA receptors requires the activation of
a7-nAChRs [68]. A recent in vitro study reported an increase in
hippocampal LTP and enhanced hippocampus-dependent mem-
ory by picomolar Ap concentrations, which was mediated by pre-
synaptic a7-nAChRs, whereas an inhibitory effect was observed by
high nanomolar AP concentrations, which was independent of
nAChRs [49]. These findings suggest that the stimulatory and
inhibitory effects of Af are concentration-dependent.

Furthermore, it was shown both in vivo and in vitro that the
administration of nicotine and a7-AChR agonist choline stimulated
an overflow of aspartate, glutamate and GABA [69]. High AP con-
centrations (100 nM) inhibited the overflow of all three neurotrans-
mitters evoked by choline. On the contrary, low AP concentrations
(1 nM and 100 pM) selectively acted on a7 subtypes potentiating
the choline-induced release of both aspartate and glutamate, but
not the one of GABA. Like in other studies, the effects of Ap span
from facilitation to inhibition of stimulated release, depending
upon the concentration used [69]. Collectively, these results
provide evidence that some of the neurotoxic actions of Af peptides
involve activation of a7-nAChRs.

Hyperphosphorylation of tau microtubule associated protein is
known to be associated with the formation of intracellular neurofi-
brillary tangles. Ap has been found to induce tau protein phos-
phorylation via a7-nAChR activation [70]. Nicotine has been
shown to increase tau phosphorylation in SH-SY5Y and SK-N-MC
neuroblastoma cells and in hippocampal synaptosomes [70, 71].
In particular, Wang et al. [70] found that both nicotine and AP
effectively increase tau phosphorylation in systems enriched in
a7-nAChRs, such as hippocampal synaptosomes. However,
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application of nicotine or AP to preparations containing low
a7-nAChR levels failed to increase tau phosphorylation, suggest-
ing that a7-nAChRs mediate Af-induced tau pathology [70].
There is in vivo indication that the toxic signaling of Ap42 by
a7-nAChRs, resulting in tau phosphorylation and formation of
neurofibrillary tangles, requires the scaffolding protein filamin A
and that this toxic cascade can be prevented by PTI-125, a small
molecule binding to filamin A [72]. By disrupting filamin Af-
a7-nAChR interaction, PTI-125 decreases phospho-tau and Af
aggregates and prevents Ap-induced inflammatory cytokine release
[72]. Therefore, it is likely that a7-nAChRs, besides mediating Af
related neurodegeneration, play a role in cholinergic modulation
of tau pathology as well.

These results concur with other in vitro studies showing that
nAChR agonists lead to enhanced tau phosphorylation (see ref. [73]
for review). Similarly, in a transgenic mouse model of AD, tau phos-
phorylation and aggregation were significantly increased in CAl
pyramidal neurons of nicotine-treated versus untreated age-matched
mice [32]. The mechanism underlying the nicotine-induced phos-
phorylation of tau appears to be selectively mediated by p38-MAP
kinase; other putative tau kinases, including GSK3, Erkl, Erk2, and
CDKS5, were unaffected by this treatment. These results are also
consistent with epidemiologic studies showing a positive correlation
between the amount of smoking and the neurofibrillary tangle load
in brains of 301 patients with a known history of smoking [74].
However, as mentioned earlier, nicotine is also neuroprotective, and
currently the relationship between nicotine, cognition and dementia
remains largely unknown [24, 30, 75]. Adding to this complexity,
AP per se has been reported to induce tau pathology by activating
different kinases, leading to an increase in tau phosphorylation and
microtubule destabilization [70, 76].

6 Synaptic Alterations and a7-nAChRs

It is notable that AP binding to a7-nAChRs increases the intracel-
lular Ca?* concentration, which in turn can lead to an activation of
different kinases, thereby regulating the function of ion channels
involved in synaptic transmission (for a recent review, see ref. [60]).
This concept has been elaborated [ 77 ] by suggesting that o7 -nAChRs
contribute to the progression of AD through a mechanism involving
synaptic scaling, a form of synaptic plasticity compensating unbal-
anced neurotransmission. Changes in a7-nAChR level are attributed
to an altered activity of neural networks, rather than to a direct effect
of AP on the receptor itself. In fact, neuropathological studies sug-
gest that synapse loss (or dysfunction), rather than cell death, is
closely correlated to cognitive decline [56, 77, 78]. The accumula-
tion of AP protein in the AD brain is known to be associated with
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neuritic dystrophy [79], a loss of functional synapses and profound
deficits in learning and memory [78].

Synaptic scaling can be regulated presynaptically by changing
the efficacy of neurotransmitter release [77, 80]. Moreover, in
response to a decrease in synaptic activity, the level of cholinergic
receptors can be upregulated. Because AP neurotoxicity causes
synaptic loss or dystrophy, synaptic scaling is likely to play an
important role in maintaining signal strength in the remaining
healthy neurons. This is illustrated by recent studies demonstrating
that abnormal excitatory neuronal activity occurs in association
with Ap-induced changes of hippocampal circuits in a transgenic
mouse model of AD [81]. Altered neurotransmitter metabolism of
basal forebrain cholinergic neurons may be another mechanism
contributing to synaptic scaling in AD brains [82, 83]. Although a
decrease in cholinergic activity in the brain is generally viewed to
be associated with the cognitive decline in AD, the activity of the
ACh synthesizing enzyme ChAT is increased in cases of mild cog-
nitive impairment (MCI) that are likely to develop into early-stage
AD [84], and it has been speculated that cholinergic activity may
also be elevated in very early stages of the disease [77]. A decrease
in cholinergic activity may only occur during later stages of AD,
when clinical symptoms become apparent [84]. Studies of APP-
transgenic mice support the view that the cholinergic system may
be activated as a consequence of Af accumulation in the brain.
APP transgenic mice show elevated levels of the cholinergic mark-
ers ChAT, abnormally glycosylated AChE and a7-nAChR around
amyloid plaques without apparent loss of cholinergic cell bodies
[83-85]. For both abnormally glycosylated AChE [86] and
a7-nAChRs [87], this increase occurs at a very early stage in the
development of transgenic mice, well before amyloid plaque for-
mation, suggesting that it may be caused by soluble (non-plaque)
AP [86]. Dziewczapolski et al. [88] examined 15-month-old
a7-nAChR knockout mice crossed with the transgenic PDAPP J9
line, carrying human APP with two familial AD mutations,
Swedish (K670N, M671L) and Indiana (V717F), downstream
from the platelet-derived growth factor p promoter. They found
that lack of a7-nAChRs rescues the synaptic loss as well as LTP
and improves cognition in AD mice, suggesting a functional role
of a7-nAChRs in the pathogenesis of AD. In fact, it has been
reported that interventions, e.g., calcineurin inhibition, can
reverse cognitive deficits in young (5-month-old) but not older
(12 months) Tg2576 mice [87, 89], suggesting that distinct
molecular mechanisms play distinct roles at ditferent stages of
AD. It is conceivable that during early phases of AD, a7-nAChRs
are neuroprotective, whereas during late phases they contribute to
Ap-related pathological changes through prolonged interaction
with the receptor.

Normally, soluble Ap molecules (3943 amino acids) undergo
conformational changes in the course of the disease and are
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deposited in the brain as oligomers, insoluble fibrils, protofibrils,
and fibrils (see Chapter 10, Fig. 1). Previously it had been assumed
that AP neurotoxicity requires insoluble fibril formation (mainly
AP42 and to a lesser degree Ap40) [90] and that the fibrils induce
neuronal apoptosis [91]. However, a lack of correlation between
plaque burden and cognitive score contrasted with a strong positive
correlation between total soluble amyloid and cognitive decline
pointing to soluble oligomeric forms as the primary toxic factors
[56, 92]. In line with this assumption, brain oligomeric Af, but not
total amyloid plaque burden correlates with the loss of neurons and
astrocyte inflammatory response in APPswe /tau double transgenic
mice [93]. In this study, hippocampal reactive astrogliosis, but not
brain oligomeric Ap burden was tightly correlated with memory
impairment. Moreover, it has been shown that Ap42 dimers and
trimers naturally secreted from a 7PA2 cell line disrupt cognitive
functions [94]. Importantly, intra-ventricular injections of such
small Ap42 oligomers [54] and of AP fragments [55] inhibit long-
term potentiation in the rat hippocampus, and an anti-Ap monoclo-
nal antibody (6E10) that binds to the N-terminal region of Ap42
prevents this inhibition [54]. The inhibitory effect of these Ap frag-
ments upon LTP has been shown to be a7-nAChR-dependent [55].

The a7-nAChR agonist “compound A” and the positive allo-
steric modulator PheTQS induce a persistent enhancement of syn-
aptic transmission in the dentate gyrus in vitro, and the antagonist
MLA prevented this effect [53]. Systemic injection of the agonist
also induced a similar MLA-sensitive persistent enhancement of
synaptic transmission in the CAl area in vivo. Remarkably, although
compound A did not affect control LTP in vitro, it prevented the
inhibition of LTP by Apl-42, and this effect was inhibited by
MLA, suggesting that activation of a7-nAChRs is sufficient to per-
sistently enhance hippocampal synaptic transmission and to over-
come the inhibition of LTP by A [53].

It has also been demonstrated that passive immunization with
monoclonal antibodies (NAB61) specifically recognizing a patho-
logic conformation present in Af dimers, soluble oligomers and
higher order species of AP results in rapid improvement in spatial
learning and memory [95]. Other authors have shown that 12-mer
oligomers of AP42, also known as Ap-derived diffusible ligands
(ADDLs), are increased about 70-fold in the brains of AD patients
compared to controls [96].

In addition to LTP, hippocampal plasticity also involves
long-term synaptic depression (LTD), resulting in a decrease in
dendritic spine volume or elimination of synapses [97]. It has been
demonstrated that soluble Af oligomers can facilitate the induc-
tion of LTD through both metabotropic glutamate and NMDA
receptors. This effect can be mimicked by inhibition of glutamate
uptake suggesting that the neuronal glutamate transporter is mis-
regulated by diffusible Af oligomers [97].
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In another study, it was reported that neurotoxicity in neuro-
nal cells in culture induced by fibrillar AB1-40 is prevented through
an a7-nAChR-dependent mechanism [98]. The a7-nAChR ago-
nists varenicline and JN403 increase binding of the amyloid ligand
[*H]PIB to fibrillar Ap in AD frontal cortex autopsy tissue [98],
suggesting that the presence of nAChR agonists may inhibit the
interaction of AP with a7-nAChRs and prevent the formation of
AP—a7-nAChR complexes. This interaction has been confirmed in
binding assays with ['?*T]Ap and «7-nAChRs in autopsy brain tis-
sue homogenates from the frontal cortex. The functional effects of
ApB fibrils and oligomers on nAChRs have been examined by mea-
suring intracellular calcium ([Ca?*];) levels [98]. Oligomeric, but
not fibrillar Ap increased [Ca?*]; in neuronal cells, and this effect
was attenuated by varenicline, suggesting that fibrillar Ap exerts its
neurotoxic effects through a blockade of a7-nAChRs, while oligo-
meric AP acts as a ligand activating «7-nAChRs, thereby stimulat-
ing downstream signaling pathways.

As mentioned earlier, the results of studies on the functional
aspects of Ap—a7-nAChR interactions have been inconclusive (see
refs. [16, 99] for review). Currently, it is widely accepted that
purely monomeric and fibrillar assemblies of Ap peptide are unlikely
to be the disease-relevant stoichiometries. The majority of studies
in the field use soluble Af peptides that likely represent a mixture
of monomeric and oligomeric assemblies. However, the precise
structure and aggregation state of the peptide solution in these
studies are largely unknown. At present, the identity of oligomeric
aggregate species responsible for causing synaptic dysfunction and
ultimately neurodegeneration in AD remains to be determined.

In addition to its aggregation state, it will be important to spec-
ity the concentration of soluble Af used, since an increasing num-
berofstudiesindicatesthat Appeptideshave concentration-dependent
effects. For example, purified oligomers (dimers, trimers) of Ap can
disrupt synaptic plasticity and cognitive function, when adminis-
tered in high (nanomolar) concentrations, and «7-nAChR activa-
tion can overcome synaptic impairments, suggesting that
a7-nAChRs are an important target of oligomeric Ap [33, 55, 68,
94, 100]. A recent study suggests that very low (picomolar) con-
centrations of oligomeric Ap play a role in modulating hippocampal
synaptic plasticity by increasing hippocampal LTP, thereby enhanc-
ing cognitive function in mice via an a7-nAChR-dependent mecha-
nism, whereas high nanomolar concentrations result in LTP
reduction [49]. In another study, it was shown that an antibody and
siRNA against murine APP reduce LTP [101]. A peptide structure
and aggregation properties are dynamic and depend on various
physicochemical factors, such as concentration, pH, salinity, chela-
tion status, and temperature. It is therefore not surprising that dif-
ferent results are obtained with AP solutions prepared using
methodologically distinct approaches.
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7 Therapeutic Avenues

The involvement of a7-nAChRs in the pathogenesis of AD has been
reported in numerous studies. However, the functional and thera-
peutic implications of these studies have not been conclusive (for
reviews, see refs. [16, 102]). Evidence indicating possible roles of
both activation and inhibition of ®7-nAChRs in the pathogenesis of
AD has been presented in earlier studies [ 11,99, 102]. In the rodent
hippocampus, both a7-nAChR agonists and antagonists have been
found to protect from NMDA neurotoxicity [ 103]. Similarly, some
effects of o7-nAChR agonists can be mimicked by selective
a7-nAChR antagonists [104-106]. Although it has been shown
that «7-nAChR agonists enhance cognition and are neuroprotec-
tive, it is not clear whether these effects are the result of receptor
activation per se or of receptor desensitization, because «7-nAChRs
are known to rapidly desensitize following activation [107].

It has been shown in several earlier studies that both nicotine
and nAChR antagonists have almost similar effects [ 108, 109]. In
addition, the selective o7 nAChR antagonist MLLA has been
reported to facilitate the induction of LTP in the CAI region of rat
hippocampus [104-106]. The nonselective nAChR antagonist
mecamylamine, when administered alone, caused significant
improvement in radial-arm-maze working memory performance
[110]. In another study training rats on a repeated acquisition
procedure on an automated 8-arm radial maze, mecamylamine at
low doses (1 mg/kg) showed significant improvement in learning
when compared to saline controls [111]. Similar improvements in
cognition were evident in a rodent model of attention, following
low doses of the selective a7 nAChR antagonist MLA [112].
Therefore, it is currently not clear if the apparent inhibition of
a7-nAChRs by anti-AD-drugs would be “counterproductive” or
beneficial in the treatment of AD. There have been several hypoth-
eses implying either inhibition or activation of nAChRs in the
pathogenesis of AD. A cascade of events suggested to be triggered
by an inhibition of nAChRs in AD [113] is presented in Fig. 2.

Results of earlier studies indicate that AP peptides directly
interact with a7-nAChRs and that the interplay between the AP
peptide and the nAChR contributes to some of the cellular pathol-
ogies observed in AD [99, 102]. However, the biophysics of Ap
aggregation is exceedingly complex: aggregation can take different
routes to different end points and is highly sensitive to the ionic
environment [114]. There is a notable gap in current research
among physiological experiments designed to determine the mode
of action of Ap, the conditions under which Ap is prepared and its
state of aggregation. Although the physiological role of Ap interac-
tion with the cell membrane and its resultant impact on «7-nAChR
function still needs to be clarified, recent studies point to
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Proposed steps leading to neuroprotective
effects of a7-nAChR antagonism

Antagonists of AChE inhibitors, e.g. galantamine
a7- nAChRs &
1 AChE inhibition

\

Inhibifi?" ‘:"r Increased synaptic ACh level
desensitization *
of a7-nAChRs

l Desensitization of a7-nAChRs

Decreased function of a7-nAChRs

\/

Decreased release of GABA from hippocampal interneurons

Decreased tone of GABA, receptor

‘

Increased ACh release in hippocampus

¥

a4B2-nAChR activation

‘

Neuroprotection

¥
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Fig. 2 Possible mechanisms leading to neuroprotection by functional antagonism of o7-nicotinic acetylcholine
receptors (nNAChRs). Functional antagonism of «7-nAChRs can be due to a pharmacological agent causing
direct antagonistic action or enhancing the desensitization of the receptor by increasing synaptic acetylcholine
(ACh) concentrations as a result of acetylcholinesterase (AChE) inhibition. Decreased «7-nAChR activity in
hippocampal interneurons can reduce GABA release. As a result, disinhibition on cholinergic terminals can lead
to enhanced ACh release (modified from ref. [113])

therapeutic implications of this interaction [62, 115]. In these
studies, it has been found that drugs like S 24795 that are known
to disrupt Ap—o7-nAChR interaction alleviate Ap-mediated synap-
tic dysfunction and block AD-like pathologies [62, 115], suggest-
ing that some recovery of neuronal channel activities may be
achieved in AD brains by removing A from a7-nAChRs.
However, it is important to note that the most effective ther-
apeutic agents, such as donepezil, galantamine and tacrine as well
as methylene blue, which is currently being tested for its efficacy in
AD [116], are not only AChE inhibitors, but also target the
a7-nAChR directly. Similar to Ap actions, both inhibitory [117-119]
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and stimulatory [120, 121] actions of clinically used AChE inhibi-
tors on o7-nAChR function have been reported. In addition, not
only AChE inhibitors, but also other clinically used drugs, such as
memantine, interact directly with «7-nAChRs [122-124]. Further
studies indicate that their interactions are not specific to a7-nAChRs
and that various nAChR subtypes [23, 125-127] as well as other
ion channels are also affected by these drugs [128, 129]. In con-
clusion, cholinergic dysfunction and AP accumulation are central
features in the pathogenesis of AD, but the precise mechanisms
linking these two components remain to be established. In vitro
experiments have shown that AP strongly binds to «7-nAChRs and
subsequently can activate intracellular pathways, thereby altering
neuronal function. This implicates «7-nAChRs as a potential link
between AP pathology and cholinergic dysfunction.

8 Conclusions

Given the complex nature of the interaction between AP and
a7-nAChRs, it is not surprising that both inhibition [88, 130] and
activation [24] of a7-nAChRs have been suggested as potential
therapeutic approaches in AD. Positive allosteric modulators of
a7-nAChRs, which work only in the presence of endogenous ago-
nists and do not produce receptor desensitization, thereby preserv-
ing the spatial and temporal integrity of neurotransmission, have
recently been identified as a promising therapeutic alternative
[131, 132]. Testing of these therapeutic strategies is, however, still
at a very early experimental stage.
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Chapter 10

a7-Nicotinic Acetyicholine Receptors and -Amyloid
Peptides in Alzheimer’s Disease

Dietrich E. Lorke, Georg Petroianu, and Murat 0z

Abstract

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly. Neuropathological hallmarks of AD
are amyloid plaques composed of amyloid-p (Ap), neurofibrillary tangles originating from hyperphosphory-
lated tau protein and neuronal loss preferentially affecting cholinergic neurons. Mutations in the amyloid
precursor protein (APP), presenilin 1, or presenilin 2 genes are autosomal dominant causes of familial AD
(FAD); the €4 allele of the apolipoprotein E gene represents a strong genetic risk factor. Various animal mod-
els have been developed, replicating signs, lesions, and causes of AD to a varying degree.

Nicotinic acetylcholine receptors (nAChRs), particularly the a7 subtype, are highly expressed in brain
regions relevant to cognitive and memory functions and involved in the processing of sensory information.
There is strong evidence for the participation of «7-nAChRs in the pathogenesis of AD. In the brains of
AD patients, o7-nAChR binding sites are reduced as well as a7-nAChR protein levels. Ap binds to
a7-nAChRs and modulates their function. Co-localization of a7-nAChRs, Ap and amyloid plaques also
indicates that these receptors play a role in the pathogenesis of AD. a7-nAChRs are also located on non-
neuronal structures affected by AD, such as microglia, astrocytes, and vascular smooth muscle cells, and
are involved in neuroinflammation. Functional modulation of a7-nAChRs in these structures has also been
shown to contribute to the pathogenesis of AD. Epidemiological evidence suggests an increased risk of AD
in cigarette smokers. Based on the importance of a7-nAChRs in AD pathogenesis, modulators of this
receptor have been suggested for the therapy of AD.

Key words Acetylcholinesterase, Amyloid, Alzheimer’s disease, a-Bungarotoxin, Animal models,
Cholinergic, Cigarette, Hippocampus, Neuroprotection, Nicotinic acetylcholine receptor, Presenilin,
Review, Smoking, Tau phosphorylation
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AChE Acetylcholinesterase
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COX-2
DhBE
ECD
FAD
iNOS
LTP
mAChR
MCI
MLA
nAChR
NMDA
NO
PSEN
sAPPa
VSMC
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Cyclooxygenase-2
Dihydro-p-erythroidine
Extracellular domain

Familial Alzheimer’s disease
Inducible nitric oxide synthase
Long term potentiation
Muscarinic acetylcholine receptor
Mild cognitive impairment
Methyllycaconitine

Nicotinic acetylcholine receptor
N-methyl-d-aspartate

Nitric oxide

Presenilin

Soluble APPa

Vascular smooth muscle cell

1 The Neurobiology of Alzheimer’s Disease

Alzheimer’s disease (AD), a progressive neurodegenerative disease,
is the most common cause of dementia in the elderly worldwide,
accounting for over 80% of dementia cases diagnosed after the age
of 60 [1, 2]. Early symptoms of AD include short-term memory
impairment; later stages are characterized by a general cognitive
decline, accompanied by deterioration of language, spatial, and
motor abilities as well as behavioral and psychological symptoms,
including hallucinations [ 1-3]. Based on the age of onset, AD can
be classified into early-onset AD, manifesting before the age of 65,
and late-onset AD [2]. In the year 2015, it is estimated that
approximately 200,000 people in the USA have early-onset AD,
accounting for 1-6% of all cases. Up to 44 million people world-
wide are affected by late-onset AD [4-6]; in the USA, the number
reaches over 5 million [2]. The risk to develop AD rises exponen-
tially with increasing age, doubling every 5 years from 1 to 3% in
the population between 60 and 70 years to 3-12% in the 7th
decade of life and up to 25-35% at 85 years and older [6-8]. The
global burden of the problem is illustrated by the fact that, by mid-
twenty-first century, one person in every 85 individuals is expected
to suffer from AD [5], and every 33 s someone in the USA will be
diagnosed with the disease [2].

Most recent criteria and guidelines for diagnosing AD distin-
guish three stages of the disease: preclinical AD, mild cognitive
impairment (MCI) due to AD, and dementia due to AD [2].
Individuals with preclinical AD have measurable changes in bio-
markers, i.e., in the cerebrospinal fluid and /or blood, but have not
yet developed noticeable symptoms such as memory loss. In the
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stage of MCI, patients have mild, but measurable changes in think-
ing abilities, which do not yet affect the person’s ability to perform
daily activities. Patients with dementia due to AD have noticeable
memory, thinking and behavioral symptoms impairing the patient’s
ability to function in daily life. Biomarkers can be divided into two
categories: those determining the level of amyloid in the brain and
those identifying injured neurons. Sensitivity and specificity of dif-
ferent biomarkers and diagnostic imaging procedures, including
analysis of Ap and phosphorylated tau in the cerebrospinal fluid,
FDG-PET, SPECT and MRI, have been recently reviewed for the
three different stages of AD [4, 9].

2 Amyloid Plaques and Amyloid Beta

Key neuropathological features of AD include deposits of extracel-
lular amyloid plaques (=neuritic plaques) containing insoluble
amyloid-p (AP) peptide and intraneuronal neurofibrillary tangles
originating from hyperphosphorylated tau protein, leading to a
loss of neurons and synapses in the entorhinal area, hippocampus,
basal forebrain, ventral striatum and later the cerebral isocortex
[10-14].

Ap is an aggregate-prone and toxic polypeptide consisting of
39—43 amino acid residues, generated intracellularly by proteolytic
processing (Fig. 1) of the amyloid precursor protein (APP), a
highly conserved transmembrane glycoprotein expressed in several
cells, e.g., neurons, glia, endothelial cells, and fibroblasts [15, 16].
APP plays an important role in brain development, synapse forma-
tion, and synaptic modifications (see refs. [17, 18] for review).
Two proteolytic pathways of APP have been described (Fig. 1):
under physiological conditions, APP is enzymatically cleaved by
a-secretase (secretory non-amyloidogenic pathway), generating
soluble APPa (sAPPa), thereby converting APP into nontoxic by-
products and preventing the formation of Af peptides. sAPPa is
thought to exert a neuroprotective effect by modulating neuronal
excitability, synaptic plasticity, neurite outgrowth, synaptogenesis,
and cell survival [18, 19].

In contrast, when acted upon by the two amyloidogenic pro-
teases (B- and y-secretases), APP is first cleaved by B-secretase
forming sAPPPs and a remaining carboxyterminal fragment of
99 amino acids (C99) (Fig. 1). Subsequent cleavage of C99 by
y-secretase, which is regulated by presenilin 1 (PSEN1), results
in the formation of AP peptides, which contain between 37 and
46 amino acids (amyloidogenic pathway). Its two most promi-
nent isoforms are 40 (Ap40) and 42 (AP42) amino acids long
(see refs. [15, 16, 20] for reviews) (Fig. 1). Ap peptides sponta-
neously aggregate into soluble oligomers, coalesce to A
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Fig. 1 Synthesis of amyloid (3 (Ap) peptides. Amyloid precursor protein (APP) is a membrane-spanning
glycoprotein containing the AB domain (its amino acid sequence is specified above). Physiologically, APP is
cleaved by a-secretase (secretory non-amyloidogenic pathway), generating soluble APPx (SAPPx) and a
transmembrane fragment of 83 amino acids (C83). Because the excision occurs in the middle of the Ap
domain, no complete Ap can be generated. SAPP« is nontoxic and potentially neuroprotective. In contrast,
proteolysis by p-secretase and subsequently by y-secretase results in the formation of AB peptides
(amyloidogenic pathway). Depending of the site of cleavage, Ap peptides contain varying numbers of amino
acids, with 40 (Ap40) or 42 (AB42) amino acids forming the most important isoforms (Copyright© 2015
European Peptide Society and John Wiley & Sons, Ltd., from Qiu T, Liu Q, Chen YX, Zhao YF, Li YM, Ap42 and
AB40: similarities and differences. J Pept Sci. with permission from John Wiley & Sons, Ltd. [16])

profibrils and then to mature fibrils, eventually forming diffuse
senile plaques (see refs. [21, 22] for review). There is evidence
that Ap42 aggregates much faster into fibrils than AB40 and that
AP40 can inhibit Ap42 oligomerization (Fig. 2). In general, an
increased ratio of Ap42 to AP40 is associated with the disease
process [16, 23]. Mutations underlying familial forms of AD
cither increase this ratio or increase the amount of Af secreted.
AP oligomers are of special importance for the disease process
since they can be isolated from AD patients, induce oxidative
damage, promote tau hyperphosphorylation, are toxic to syn-
apses and mitochondria, and their concentrations correlate posi-
tively with AD neuropathology [21, 24]. Whereas Af is the most
important noncellular component of senile plaques, its cellular
components include dystrophic neurites, astrocytes, and activated
microglia [25].
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Fig. 2 Formation of amyloid p (A) fibrils. During the amyloidogenic pathway, two Ap peptides are formed,
containing 40 (AB40) or 42 (AB42) amino acids. Aae42 rapidly oligomerizes generating stable penta- and
hexamers, followed by stacked dodecamers, protofibrils and eventually amyloid fibrils. In contrast, Aa40 exists
as mono-, di-, tri- and tetramers, which only slowly aggregate to fibrils. Moreover, AB40 inhibits AB42 oligo-
merization (Copyright© 2015 European Peptide Society and John Wiley & Sons, Ltd., from Qiu T, Liu Q, Chen
YX, Zhao YF, Li YM, AB42 and Ap40: similarities and differences. J Pept Sci. with permission from John Wiley

& Sons, Ltd. [16])

3 Genes Implicated in AD

3.1 APP

The most common form of AD is sporadic, i.e., there is no familial
recurrence of the disease, and it has a late onset. However, in about
1-2% of the patients, the disease aggregates within families,
typically presenting an autosomal dominant pattern of inheritance.
In these cases of familial AD (FAD), the disease starts much earlier,
with symptoms appearing before 65 years of age. To date, the only
fully penetrant mutations relevant for this early onset familial type
of AD have been identified in three genes: APP, PSENI, and
PSEN?2 (see refs. [26, 27] for reviews).

Dominant mutations of the APP gene account for approximately
16% of early-onset FAD [26, 28] with more than 25 mutations
described (http://www.molgen.ua.ac.be/admutations/). There
are three mechanisms, whereby alterations in the APP gene can
cause AD: (1) by increasing AP production, (2) by altering the
AP42-Ap40 ratio and (3) by increasing the aggregation rate of the
mutated peptide.

Increased AP production is observed in the Swedish mutation,
the only identified mutation close to the B-secretase cleavage site;
it involves the change of two amino acids preceding the Af amino
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3.2 PSEN1
and PSEN2

3.3 APOE

terminus: lysine in position 670 to asparagine (K670N) and methi-
onine 671 to leucine (M671L) [29]. This autosomal dominant
mutation is very rare, it has only been reported in two Swedish
families that are linked by genealogy. However, its discovery pro-
vided the first evidence that increased AP production is sufficient to
induce AD. The initial clinical symptom of affected individuals is
loss of memory for recent events, and all atfected family members
meet the diagnostic criteria for probable AD [29]. The Swedish
mutation enhances p-secretase cleavage efficiency thereby shifting
cleavage from a- to B-secretase [30], resulting in a two- to three-
fold increase in plasma AP levels. Another cause for familial early
onset AD due to increased AP production is duplication of APP
and the surrounding sequences (reviewed in ref. [26]). Moreover,
patients with trisomy 21, i.e., presence of an additional chromo-
some 21, where APP is located, develop AD neuropathology.

An increase in the Ap42 /Ap40 ratio without affecting total Ap
levels is caused by several APP mutations affecting amino acids at
or after the C-terminal portion of the Ap domain [27]. As a result,
y-secretase function is altered, leading to a shift in APP processing
to the highly amyloidogenic Ap42 fragment at the expense of
AP40. As mentioned earlier, Ap42 aggregates faster and is more
toxic than AP40.

A third group of APP mutations, e.g., the arctic mutation
(E693G) or the Dutch mutation (E693Q), fails to alter absolute
Ap levels or the AP42-Ap40 ratio, but increases the aggregation
rate of the mutant peptide (see ref. [27] for review).

Presenilins began to interest the research community, when muta-
tions in their coding genes were discovered in several families with
carly onset FAD. About 60-80% of AD cases with autosomal domi-
nant inheritance are due to PSEN mutations, with over 170 patho-
genic mutations described in PSENI, whereas only 13 pathogenic
mutations in PSEN2 have been identified [27, 31]; http://www.
molgen.ua.ac.be /admutations/). In addition, PSENI and APP
mutations have been described in patients with late-onset AD having
a strong familial history [27]. PSEN1, located on chromosome 14,
and PSEN2Z, located on chromosome 1, encode two structurally very
similar integral membrane proteins that are important components
of the y-secretase complex. They are mainly detected in the endo-
plasmic reticulum and Golgi compartments and are most probably
involved in protein trafficking [32]. Similar to some APP mutations,
PSENI and PSENZ mutations are amyloidogenic by increasing the
AP42 /Ap40 ratio [33]. This is due to: (1) a shift in the y-secretase
cleavage site of APP, (2) inhibition of the initial endoproteolytic
cleavage and (3) premature release of intermediary substrates of
APP leading to the formation of longer AP peptides [27, 33].

Whereas mutations in PSEN1, PSEN2, and APP cause monogenic
early onset AD characterized by Mendelian inheritance, the
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apolipoprotein E gene (APOE) is associated with multifactorial
sporadic, late onset AD. The €4 allele, which encodes an isoform of
APOE, has been found to increase the risk of AD in different pop-
ulations (heterozygotes: ~4-fold; homozygotes: 8-15-fold
increase) and to have a dose-dependent effect on the age of onset
of the disease [27, 34, 35]. The &4 allele is also a risk factor for
atherosclerosis, cerebral amyloid angiopathy and other neuropa-
thologies [36]. In contrast, the rare €2 allele exerts a protective
effect against AD [36]. APOE plays an essential role in cholesterol
trafficking in the brain, where cholesterol is synthesized de novo by
microglia and astrocytes and is transported via APOE particles to
neurons and oligodendrocytes [ 36]. APOE affects AD pathogenesis
by being involved in APP trafficking, AP production and A clear-
ance (reviewed in refs. [36, 37]). APOE influences internalization
of newly synthesized APP to endosomes where p-secretase is abun-
dant, thereby generating highly toxic Ap. Moreover, APOE3 and
APOE4 can form stable aggregates with Ap in vitro, which form
faster and more eftectively with APOE4, resulting in accelerated
fibril formation [27, 37]. In addition, it is associated with amyloid
plaques and exacerbates the neuropathological effects of Ap [37].
In the blood, Af is transported in cholesterol-rich high density
lipoprotein (HDL) particles, which have APOAI or APOE as asso-
ciated lipoproteins, before being eliminated by the liver [26].
APOE is thus also involved in the systemic clearance of Af (reviewed
by [36]). In summary, APOE is the major risk gene for late onset
AD, exerting its pathogenic effect by influencing Ap metabolism
on several levels, resulting in decreased Af clearance and increased
amyloid fibril formation.

Variants of other genes involved in AD pathogenesis are either
extremely rare (e.g., ADAMI10="A disintegrin and metallopro-
teinase 10”) or only increase/decrease the risk of AD by less than
25%, as compared to over 300% for APOE [35]. “A disintegrin
and metalloproteinase 10” (ADAMI10) is the most important
a-secretase involved in APP cleavage [38]. Two very rare muta-
tions of its gene conferring large effects on the risk for late onset
AD have been described [35]; they disrupt a-secretase activity and
shift APP processing towards the amyloidogenic pathway, thereby
increasing AP levels [27]. Genome-wide association studies have
identified several additional genetic risk factors (reviewed in refs.
[26, 27, 35]), including genes involved in inflammatory reaction
and immune response, e.g., “triggering receptor expressed on
myeloid cells 2 protein” (TREM2), which is expressed by microg-
lia. Other identified genes are involved in lipid metabolism, poten-
tially playing a role in the clearance of highly amyoidogenic A,
e.g., clusterin (CLU), in endocytosis and in microtubule-associated
protein tau (MAPT) metabolism. Expression of these genes associ-
ated with AD is illustrated in Fig. 3.
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Fig. 3 Expression of genes involved in the pathogenesis of AD by the different cell types present in the brain
(see [27]) for review). Presenilin 2 (PSEN2) and microtubule-associated protein tau (MAPT) are expressed by
neurons, amyloid precursor protein (APP) by oligodendrocytes, “A disintegrin and metalloproteinase 10”
(ADAM10) by capillary endothelial cells, presenilin 1 (PSEN1) and “triggering receptor expressed on myeloid
cells 2 protein” (TREMZ2) by microglia and clusterin (CLU) by astrocytes

4 Other Neuropathological Hallmarks of AD

Recent evidence suggests that AD pathogenesis is not restricted to the
neuronal compartment, but also includes interactions with neuroglia
and blood vessels (see refs. [39, 40] for review). In addition to amy-
loid plaques and neurofibrillary tangles, brain inflammation represents
the third pathological hallmark of AD. Initiated by neurodegenera-
tion, numerous neuroinflammatory mediators, e.g., chemokines,
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cytokines, complement activators and inhibitors, radical oxygen spe-
cies, nitric oxide (NO), and inflammatory enzymes are generated and
released by microglia, astrocytes and neurons, significantly contribut-
ing to the progression and chronicity of AD [41, 42].

A critical event in the pathogenesis of AD is the loss of cho-
linergic neurons. Brain regions associated with attention, spatial,
and episodic memory lose cholinergic innervation in early AD;
cholinergic hypofunction is most evident in the neocortex and
temporal lobes including the hippocampus [43]. Acetylcholine
(ACh) is a crucial neuromodulator in the synaptic mechanisms
involved in learning and memory; the impaired cholinergic neu-
rotransmission due to the loss of basal forebrain cholinergic neu-
rons and reduced production of ACh therefore significantly
contributes to early AD dementia [44]. The cholinergic deficit is
evident by reduced choline acetyltransferase (ChAT) protein and
activity, and reduced vesicular ACh transporter protein. Treatment
of AD by acetyl-cholinesterase (AChE) inhibitors targets this
cholinergic deficit: tacrine, donepezil, rivastigmine, and galan-
tamine are the four AChE inhibitors approved by the FDA for the
treatment of AD [1, 24]. AChE is the enzyme responsible for
breaking down AChE at cholinergic synapses. Inhibiting AChE
increases ACh levels at cholinergic synapses, thereby improving
cholinergic neurotransmission.

ACh acts through two major receptor subtypes: nicotinic
acetylcholine receptors (nAChRs) and muscarinic acetylcholine
receptors (mAChRs). Several nAChR subtypes play an important
role in the pathogenesis of AD; one example being the a4p2 sub-
type. a4p2-nAChRs represent the most abundant nAChR subtype
in the cortex and the striatum [45, 46]. Being widely expressed
throughout the human brain, they play a crucial role in cognitive
functions, and their loss, especially in cholinergic neurons, may be
involved in memory loss in AD [46, 47]. Moreover, brain a4p2-
nAChR levels decrease very early in the course of AD [45].

In recent years, the role of another nAChR subtype in AD has
attracted increasing attention: the o7-subtype; this will be the focus
of our chapter. a7-nAChRs are involved in learning and memory
consolidation, and AP peptides interact with this receptor subtype.
The present review starts with a section on animal models available
to study the pathogenesis of AD, followed by a brief description of
the biochemistry of nicotinic receptors and the role of a7-nAChRs
in learning and memory. It then presents findings indicating that
a7-nAChRs are altered in AD. Thereafter, interactions of Ap pep-
tides with o7-nAChRs are summarized. Finally the role of
a7-nAChRs in neuroinflammation and the interaction of A pep-
tides with non-neuronal a7-nAChRs are discussed, followed by a
short chapter on cigarette smoking and AD.
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5 Investigating AD Through Mouse Models

5.1 Targeted Brain
Lesions

Table 1

There is no single animal model of AD capable of replicating all
three parameters of the disease: its causes, lesions and symptoms
[48]. The available model systems can be classified into 4 different,
partly overlapping categories: targeted brain lesions, cholinergic
depletion, AP injection and transgenic mice. Whereas targeted brain
lesions and cholinergic depletion only replicate the symptoms of
AD, but neither its lesions nor its cause, some transgenic mouse
models reproduce the signs, lesions and causes of FAD (Table 1).
The argument put forward for using nongenetic models is that the
majority of AD cases are sporadic and do not arise from single or
multiple mutations of genes and may therefore not be reliable for
uncovering the main mechanisms of sporadic AD [49, 50].

Okadaic acid, the main toxin produced by microscopic algae and
one of the major causatives of diarrheic shellfish poisoning, is a selec-
tive and potent inhibitor of the serine /threonine phosphatases 1 and
2A. It has previously been demonstrated that the activity of the ser-
ine/threonine phosphatase 2A is reduced in the brains of AD
patients [51]. When injected into the hippocampus [52, 53], lateral
ventricles [54, 55] or the basal forebrain [55], okadaic acid

Classification of different animal models according to their suitability to reproduce signs, lesions and
causes of Alzheimer’s disease (minimally altered from Acta Neuropathol, Alzheimer disease models
and human neuropathology: similarities and differences, 115, 2008, 5-38, Duyckaerts C, Potier MC,
Delatour B, with permission of Springer)

Causes

Models Signs Lesions Familial Sporadic
Targeted brain lesions + - - -
Cholinergic depletion + - - -
AP injection +3 + _ _
Transgenic models

Tg APP (mono) + + + -
Tg APP (multi) + + _ _
Tg tau (for expression of tau in the spinal cord) - + - -
Tg tau (for expression of tau in the limbic system)  + + - =
Tg APP x tau + + = -

+: model replicates the respective parameter; —: model does not replicate the respective parameter. This table does not

assess the quality of the model, since the objective of the experiment determines the appropriateness of the respective

model. Tg: transgenic

adepends on the site of injection
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5.2 Amyloid Injection

induces hyperphosphorylation of tau, Ap deposition and subsequent
neuronal degeneration, synaptic loss and memory impairment, all of
which resemble AD pathology [55]. The spatial-cognitive deficit,
oxidative stress, and neuroglial alterations are similar to those
observed in AD [53]. Streptozozin is another neurotoxin inducing
AD-like neuropathology [49]. When administered by intracerebro-
ventricular or intraperitoneal injection, streptozozin causes cognitive
deficits, tangle formation, and AP deposits reminiscent of
AD. Intrahippocampal administration of kainic acid [56, 57] and
injection of Botulinum Neurotoxin type B into the entorhinal cor-
tex [58] under stereotactic control induce cognitive dysfunction
that has also been used as a model of AD. Deafferentation of the
hippocampus by fimbria fornix transection, lesioning the septo-hip-
pocampal pathway [59], and olfactory bulbectomy [60] are surgical
approaches suggested to mimic AD pathology.

A wealth of other chemically induced memory deficits have been
suggested as models of AD, including dementias induced by colchi-
cine, benzodiazepines, heavy metal, sodium azide, lysophosphatidic
acid, clonidine, clozapine, lignocaine, cycloheximide, phenytoin,
high-fat diet, hypoxia, concussion, electrolytic lesion, and thiamine
deficiency. They have recently been reviewed by Neha et al. [61].

Based on the cholinergic hypothesis of AD pathogenesis
[43, 62], cholinergic depletion is frequently used as a model of
AD. A monoclonal antibody recognizing the low affinity p75 nerve
growth factor receptor (192 IgG), coupled with the ribosome-
inactivating toxin saporin (192 IgG-saporin), preferentially dam-
ages cholinergic cells [63, 64]. Injection of 192 IgG-saporin into
the basal forebrain or the cerebral ventricles destroys cholinergic
cells and depletes the cerebral cortex of its cholinergic fibers [ 64,
65] resulting in cognitive impairment resembling that of AD [66].
Cholinergic depletion can also be achieved by injection of
Cholinergic:ibotenic acid, a neurotoxin specific to hippocampal
cholinergic neurons [67, 68], or okadaic acid (see ref. [55] for
review) into the basal forebrain or the hippocampus. Another way
to mimic the cholinergic deficit is cognitive dysfunction induced
by intraperitoneal injection of the muscarinic receptor antagonist
scopolamine [69, 70] or by intracerebroventricular injection of
ethylcholine mustard aziridinium (AF64A), a choline analog which
is taken up by the high-affinity choline transport system into cho-
linergic neurons [71, 72].

According to the amyloid cascade hypothesis [73], Af triggers a
series of events leading to synaptic dystunction and memory loss as
well as to structural brain damage. It is, however, still unclear, which
roles AB40, Ap42, oligomeric AP, AP fibrils, and amyloid plaques
specifically play in the pathogenesis of AD. Intracerebroventricular
amyloid injections provide a model to characterize the effects of
these different Ap forms in vivo and to test possible therapeutic
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5.3 Transgenic
Mouse Models

avenues. Several experimental paradigms have been developed:
intracerebroventricular injection of Ap42 [74-78], of Ap40 [79,
80], of preparations containing both Ap42 monomers and oligo-
mers [81], of AP oligomers produced in cell culture [82] and of
soluble AP oligomers (reviewed in ref. [83]), some of them directly
extracted from the cerebral cortex of AD patients [84 |; moreover,
the consequences of injection of fibrillar Ap into the monkey cere-
bral cortex [85] and of injections of amyloid-plaque-containing
brain extracts into the rodent hippocampus [86] have been
described. There is general consensus that intracerebroventricular
injection of AB42 is able to cause rapid disruption of the synaptic
mechanisms underlying memory, impairing the consolidation of
complex learned behavior in rodents. However, the findings on the
effects of different Ap forms and different AB concentrations on
synaptic function are still inconclusive [87, 88].

After the discovery of the crucial role that APP is playing in the
development of AD, transgenic mice were generated overexpress-
ing the wild-type human APP gene. The first such transgenic
mouse was overexpressing the isoform p-APP751 containing the
Kunitz serine protease inhibitor domain [89], others overexpressed
the human APP C-100 fragment [90] or the entire human APP
sequence [91], reviewed by [50, 92]. Although the APP transgene
was successfully expressed in these models, resulting in hyperpro-
duction of Af and AP deposits, animals did not show any other
neuropathological features typical of the human AD brain, e.g.,
senile plaques, neuronal cell death, neurofibrillary tangles, or
neuroinflammation.

It was therefore concluded that besides overexpression, APP
must also be mutated to reproduce the histopathological charac-
teristics of AD. Therefore, in 1995, Games et al. [93] created the
PDAPP line, using a platelet-derived (PD) growth factor promoter
driving a human APP (hAPP) minigene harboring the Indiana
mutation (APP;,v_5), which is associated with FAD. These mice
show a tenfold increase in human APP in the brain, Ap40 and
AP42 levels that are 5 and 14 times those of endogenous mouse
AP, accompanied by AD-like plaques, synaptic loss, microgliosis,
astrocytosis, and cognitive deficits [50].

Subsequently, Hsiao et al. [94] generated another mouse
model, the Tg2576 line carrying the 695 amino acid isoform of
APP containing the Swedish double mutation APPswe, which
strongly enhances overall Af production. This is one of the most
commonly used single transgenic lines. Heterozygous mice express
mutant human APP at about 5.5 times the level of endogenous
murine APP, resulting in overproduction of Ap40 and AP42,
plaque formation in the frontal, temporal and entorhinal cortices
as well as in the hippocampus and cerebellum. In addition, they
exhibit hyperphosphorylation of tau at old age (reviewed by [50]).
A wide range of behavioral abnormalities have been observed, but
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no profound cognitive impairment was seen, even at older ages
(reviewed by [50]). The advantage of Tg2576 transgenic mice is
their well-known characterization and their easy management;
their disadvantage lies in the fact that the AD phenotype occurs
relatively late, around 11-13 months of age—Later, additional
transgenic models have been developed carrying the same muta-
tions (PDAPP, Tg2576) under different promoters, a combination
of both these mutations or other mutations (mainly the Arctic or
Dutch mutant forms of APP, reviewed by [50]).

Because familiar AD is also associated with mutations in
PSENIand PSENZ, transgenic mice have been generated express-
ing PSEN variants linked to FAD. Whereas single transgenic mice
carrying only a mutated PSEN transgene do not exhibit any amy-
loid pathology, double transgenic mice expressing both mutated
PSEN and APPswe show an increase in AB40 and Ap42, followed
by AP deposition in plaques [50, 95]. These double transgenic
mice have the advantage of developing AD pathology much ear-
lier than single transgenic animals, but the disadvantage of lack-
ing some key neuropathological features, e.g., neuronal loss and
tau deposition.

To overcome the lack of neurofibrillary tangles despite the
presence of hyperphosphorylated tau in these mouse models,
Oddo et al. [96] generated triple transgenic mice expressing
APPswe, mutated PSEN1 (PS1y4v) and hyperphosphorylated
tau (taupzeir). These mice are very useful because they show large
amounts of intracellular A deposition, followed by extracellular
plaque formation and tangles similar to those observed in humans.
AP deposits begin in the cortex and subsequently progress to the
hippocampus, whereas tau pathology is first apparent in the hip-
pocampus and then progresses to the cortex. Mice show an increase
in inflammatory mediators and an impairment in cognitive func-
tion measured in the Morris water maze and the novel object rec-
ognition test.

In recent years, numerous other genetic mouse models of AD
have been generated, overexpressing mutant human tau,  and y
secretase, PSEN or a combination of them; knockout of the ApoE
gene crossed with the Tg2576 or PDAPP line represents other
suggested models (reviewed in ref. [61]).

6 Nicotinic Receptors

nAChRs are members of the Cys-loop family of ligand-gated ion
channels (for review see, [97]). They consist of five subunits form-
ing a central, cation-permeant channel gated in response to binding
of the neurotransmitter ACh. Mammals have 16 nAChR subunit-
encoding genes, five of which function at the neuromuscular junc-
tion while the remaining subunits are neuronal. Neuronal nAChRs
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are generated from pentameric combinations of a («2-10) and p
(B2-4) subunits [98]; major brain nAChR subtypes are composed
of o7 and a4p2 subunits, but nearly 30 brain nAChR subtypes
have been described [99]. Functional receptors can be assembled
as either heteromers containing both aand f subunits, or homomers
containing only a subunits [98, 99].

The homomeric a7-nAChR is one of the most abundant forms
of nAChRs in the mammalian brain [100]. «7-nAChRs appear to
play a role in the development, differentiation and pathophysiology
of the nervous system [100, 101]. Among the nAChRs, the o7
subtype is distinguished by its high permeability to Ca?*, relatively
high affinity for antagonists such as a-bungarotoxin and methylly-
caconitine (MLA), and rapid desensitization kinetics [102, 103].
Several studies have shown that a7-nAChRs are located in presyn-
aptic nerve terminals and modulate the release of various neu-
rotransmitters including glutamate, GABA, dopamine, and
norepinephrine and thus have the potential to participate in a range
of neurobiological functions [100, 104].

7 Alpha 7 Nicotinic Receptors and Cognition

Cognition, memory, attention, and arousal are closely linked to
nAChRs, in particular the a7-nAChR (see ref. [105] for a review).
For example, nicotinic agonists including nicotine have been
shown to improve memory function in several cognition tests,
whereas impairments have been observed after application of nico-
tinic antagonists [ 106]. As a cellular mechanism underlying long-
term memory, N-methyl-d-aspartate (NMDA) receptor-dependent
long-term potentiation (LTP) is observed at hippocampal CAl
synapses after training in relevant memory tasks [107]. There are
high levels of a7-nAChRs in the hippocampus [103, 108, 109],
and o7-nAChR-dependent enhancement of LTPs by nicotine has
been demonstrated in the rodent hippocampus [110]. In addition,
nAChR-induced glutamate and/or GABA release in the hippo-
campal formation has been shown to be mediated by presynaptic
a7-nAChRs [111]. Specifically, 7-nAChRs located on hippocam-
pal glutamatergic terminals regulate presynaptic glutamate release
[112] and facilitate LTP [110, 113]. Furthermore, rapidly desen-
sitizing ACh-induced inward currents present in hippocampal CAl
interneurons are mediated by a7-nAChRs [114], suggesting that
these receptors are critical for various types of cholinergic synaptic
transmission in the hippocampus.

Currently, it is not clear whether nicotine induces memory
improvement and addiction by stimulating or by desensitizing
o7-nAChRs [115-117]. Although the great majority of studies
have found that nicotine and other nicotinic agonists improve
learning, memory and attention, there are also reports that nico-
tine has no effect on cognitive functions or can even impair them,
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and in some cases nicotinic antagonist treatment can improve cog-
nitive performance (see ref. [118] for review). Nicotinic receptors
are easily desensitized by nicotine [117], and desensitization of
nicotinic receptors has been suggested as a useful avenue for drug
development [115, 117]. In a recent study, it has been shown that
both the a7-nAChR antagonist MLA and the a4p2-nAChR antag-
onist dihydro-p-erythroidine (DHPE) attenuate attentional impair-
ment, and that low doses of the general nicotinic antagonist
mecamylamine improve learning and memory [116].

8 Alpha 7 Nicotinic Receptors Binding Sites and AD

Several earlier studies have demonstrated that nicotinic receptors
are selectively reduced in the AD brain [119-123], particularly in
regions harboring plaques and neurofibrillary tangles, suggesting a
potential relationship between nAChRs and AD neuropathology.
As mentioned earlier, neuronal cell death in AD preferentially
affects neurons of the basal forebrain [124], the main source of
cholinergic innervation in the brain, leading to a marked reduction
in cholinergic markers in the cortex. In human studies, significant
loss in ACh binding sites and impaired nAChR synthesis have been
observed at autopsy in a number of neocortical areas and the hip-
pocampus [119, 125, 126], the thalamic reticular nucleus [108]
and in basal forebrain neurons [127] of AD patients. This deficit in
nAChRs is preferentially associated with a loss of a4 subunits of
this receptor, which are reduced by 30-50% [128, 129], but a7
subunits are also markedly affected [119, 121-123], as reflected by
a significant reduction in a-bungarotoxin binding [120]. The pat-
tern of distribution and the number of 7 mRNA-expressing neu-
rons are similar in cortical neurons of AD patients, whereas at the
protein level (immunohistochemistry), a 30 % decrease in the den-
sity of a7-expressing neurons is observed [126]. Barrantes et al.
suggest that posttranscriptional changes underlie the significant
reduction in o7-nAChR expression in the temporal cortex of AD
patients, which is not accompanied by a decrease in mRNA pro-
duction [130]. Whereas the protein level of a7-nAChRs is signifi-
cantly reduced by 36% in the hippocampus of postmortem brain
samples from AD patients, no significant changes in the temporal
cortex were detected, indicating that the changes in the protein
level of the a7 subunit in AD brains are region-specific [122]. In
addition, genetic variation in the a7-nAChR has been shown to
influence AD symptoms [131].

The most vulnerable neurons in AD seem to be those express-
ing high levels of nAChRs, particularly those containing the o7
subunit [ 132, 133]; regions of the human brain that are more sus-
ceptible to AD neuropathology, such as the hippocampus and neo-
cortex, express the highest a7-nAChR levels [126]; and the
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number of nAChRs as well as some of their associated proteins
change in AD [129, 134, 135]. In addition, a7-nAChRs have been
found to co-localize with plaques [136, 137] and to be positively
correlated with neurons accumulating AP [126]. A compelling
overlap exists between NGF-mediated signaling and the a7-nAChR
subtype, since a7-nAChR activation also promotes the cholinergic
phenotype [138]; it is therefore very likely that the loss of
a7-nAChRs contributes to early AD cholinergic hypofunction and
cognitive deficits.

Collectively, these studies emphasize the involvement of
a7-nAChRs in the pathogenesis of AD and suggest that down-
regulation of these receptors plays a role in the progression of the
disease. However, in contrast to these results, there are other stud-
ies suggesting upregulation of «7-nAChRs in AD. For example, in
initial studies, increased levels of a7-nAChR mRNA were found in
lymphocytes and postmortem hippocampal tissue of AD patients
[139]. In leukocytes of AD patients, a7-nAChR levels were signifi-
cantly higher than in those of the normal control group and showed
a significant inverse correlation with cognitive abilities [140].
Moreover, in an animal model of AD [94], the brains of APPSWE
transgenic mice (Tg+), compared to age-matched nontransgenic
controls (Tg-), showed a significant increase in the binding of
['?°T]-a-bungarotoxin in most brain regions, preceding learning
and memory impairments and Af pathology [141]. Similarly, ele-
vated o7-nAChR binding is associated with increased AP plaque
pathology in AD patients, further supporting the hypothesis that
cellular expression of these receptors may be upregulated in brain
areas containing Ap plaques [142].

9 Amyloid Beta Binding to Alpha 7 Nicotinic Receptors

Early cell culture experiments demonstrated that AB25-35 modu-
lates the nicotinic response of bovine chromaffin cells, suggesting
an interaction between Ap and nAChRs [ 143]. Later investigations
by Wang et al. [136] indicated that AP1-42 could be co-
immunoprecipitated with a7-nAChRs from human brain tissue
and that neuronal cell lines overexpressing «7-nAChRs could bind
AP1-42 more strongly than cells lacking a7-nAChRs. This binding
was apparently inhibited by the a7-nAChR-specific antagonist
a-bungarotoxin. Wang et al. [137] also observed that Ap1-42 can
bind to a7-nAChRs with picomolar affinity, and a subsequent
study [ 144 ] suggested that the binding of Af to the receptor could
influence tau phosphorylation. In a recent study, the “Arctic”
mutant form of Ap40 has been shown to bind to a7-nAChRs with
high affinity and to inhibit the function of «7-nAChRs [145].

In immunocytochemical studies, co-localization of Ap with
a7-nAChRs was demonstrated within the neurons of AD brains
[133]. Rapid binding, internalization and accumulation of
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exogenous AP have also been shown in transfected neuroblastoma
cells expressing elevated a7-nAChR levels. Importantly, the rate
and extent of A internalization in these cells were directly related
to the a7-nAChR protein level. Furthermore, internalization was
effectively blocked by the a7-nAChR antagonist a-bungarotoxin
[133]. As in neurons of AD brains, the a7-nAChR in transfected
cells was co-localized with Af in prominent intracellular aggregates.
Internalization of A in transfected cells was blocked by phenylar-
sine oxide, an inhibitor of endocytosis. In addition, internalization
of AP was facilitated by its binding to the a7-nAChR on neuronal
cell surfaces and followed by endocytosis of the resulting complex,
suggesting that intracellular AB accumulations and depend upon
a7-nAChR expression. This may explain the selective vulnerability
of neurons expressing the a7-nAChR in AD brains [133].

After AP binds to o7-nAChRs, Amyloid beta
binding:internalization of the Ap-a7-nAChR complex may lead to
a buildup of intracellular AP, an event that has been shown to
interfere with neuronal function, including proteasome activity
[133, 146]. Nevertheless, an exceptionally high Ap affinity
(picomolar range), indicates a physiological interaction that may
influence synaptic transmission and plasticity.

AP binding to a7-nAChRs suggests that Ap modulates their
function. However, the functional consequences of the Ap-
a7-nAChR interaction appear to be controversial (for a recent
review, see ref. [138]). While some studies indicate potentiation
[147-150] of a7-nAChRs by Af, others report inhibition [145,
151-156] or no eftect [ 157, 158]. These contradictory results may
be partly explained by results of recent studies indicating that the
functional aspects of the interaction between o7-nAChRs can vary
significantly, depending on the anatomical microenvironment and
the stage of AD as well as the concentration, length, and confor-
mation of AP peptides (see refs. [ 138, 159, 160] for recent reviews).

It is important to note that, unlike classical nicotinic agonists,
AP is a peptide typically 40 or 42 amino acids in length with a sub-
stantial hydrophobic domain (last 10-12 residues) and is largely
oligomeric at picomolar to nanomolar concentrations [82, 161,
162]. Recent studies reporting differential biological actions of
monomeric and oligomeric forms of A (see refs. [138, 160] for
reviews) point to concentration-dependent eftects of Ap on nAChRs.

The location of amino acid residues involved in the interaction
between AP and the o7-nAChR has recently been investigated
[163]. Chimeric receptors containing the extracellular domain
(ECD) of the a7-nAChR and the transmembrane and intracellular
domains of the 5-HT3 receptor [154, 164-166], a ligand-gated
ion channel that is very closely related to a7-nAChRs but not acti-
vated by Ap [136, 137, 149, 154 ], were employed for locating the
binding site(s) for AB. It was found that the ECD of the a7-nAChR
mediates activation of the receptor by Ap. In order to demonstrate
directly that AP activates a7-nAChRs via the agonist-binding
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domain of the receptor, mutant receptors carrying substitutions of
key aromatic residues in the three binding loops (A, B and C) were
constructed. The results of these mutation studies suggest that the
aromatic residue tyrosine at position 188, situated in the loop C of
the extracellular agonist binding domain, plays an essential role in
the interaction between AP and the receptor [163]. Interestingly,
mutations of aromatic residues implicated in the binding and activa-
tion of the receptor by nicotine did not affect the interaction of Af
with the receptor, suggesting that Af interacts with a7-nAChRs in
amanner analogous to ACh. Furthermore, co-immunoprecipitation
studies revealed direct binding of AP to a7-nAChRs and to the
Y188 mutant receptor. The hydrophilic domain of Ap (~1-28) was
sufficient for its agonist-like action on the receptor [163].

Oligomeric AP binds to plasma membranes [ 158], probably not
only targeting proteins, but also its lipid components. It is likely
that an interaction between AP and the lipid microenvironment
around nAChRs may influence the function of a7-nAChRs.
For example, cholesterol appears to be an important modulator of
AP actions in AD (for a recent review, see ref. [167]). Lipid rafts
are heterogenous, cholesterol- and sphingolipid-rich membrane
microdomains that mediate compartmentalized cellular processes
by clustering receptors and signaling molecules. In presynaptic
nerve terminals, disruption of lipid rafts by cholesterol depletion
leads to substantially attenuated nAChR responses to A, indicat-
ing that the nAChR is a target for the agonist-like action of A and
that lipid rafts play a role in the interaction of Ap with a7-nAChRs
[150]. In summary, these results indicate that AP binds to
a7-nAChRs with high affinity at a site located in the extracellular
domain of the receptor and that is modulates its function through
multiple mechanisms.

While the a7-nAChR subunit was initially thought to be func-
tionally expressed only as homomeric receptors, it has recently been
shown to be capable of co-assembling with other subunits. At first,
it was observed that a7 and P2 subunits can co-assemble in vitro
[168, 169]; subsequently it was demonstrated that basal forebrain
cholinergic neurons express functional a7p2 receptors with an
enhanced sensitivity to the Ap peptide associated with AD [153].
A recent study, investigating the expression and pharmacology of
a7p2-nAChRs and their sensitivity to Ap [170], demonstrated that
GABAergic interneurons in the CAl region of the hippocampus
express functional o7p2-nAChRs. These a7p2-nAChRs were char-
acterized by relatively slow whole-cell current kinetics and pharma-
cological sensitivity to the selective p2-nAChR subunit blocker
DHBE. In addition, the f2-nAChR subunit was readily detected
immunologically in a7-nAChR immunoprecipitates, and o7p2-
nAChRs were sensitive to 1 nM oligomeric Af [170], suggesting
that AP modulation of cholinergic signaling in hippocampal
GABAergic interneurons via a7p2-nAChRs could be an early event
in Ap-induced abnormalities of hippocampal function.



a7-Nicotinic Acetylcholine Receptors and -Amyloid Peptides in Alzheimer’s Disease 189

10 Ap Peptides and a7-nAChRs in Neuroinflammation

10.1 Microglia

Increasing evidence suggests that chronic inflammation in the cen-
tral nervous system is an important neuropathological feature of
AD significantly contributing to the disease process, with microglia
and astrocytes playing a central role [40,42, 171, 172]. Once acti-
vated, microglia release a wide range of pro-inflammatory media-
tors contributing to further neuronal dysfunction and cell death.
These mediators create and feed a vicious cycle that plays an impor-
tant role in the pathological progression of AD [41, 173].

Microglia represent the innate immune system of the brain; they
are bone-marrow-derived cells serving as special sensors for ner-
vous tissue injury. Their highly motile processes constantly survey
the brain and thus represent the first line of defense against
pathogens or cell debris. By releasing trophic factors, including
brain-derived neurotrophic factor (BDNF), they also promote
learning-related synapse formation, thereby contributing to mem-
ory formation [174]. After they have been activated by neuronal
death or protein aggregates, these cells extend their processes to
the site of injury, undergo drastic morphological changes from the
ramified to the motile activated amoeboid phenotype [175-177]
(Fig. 4), migrate to the lesion and subsequently clear the debris. In
AD, microglia are able to bind to soluble AP oligomers and Af
fibrils via numerous cell surface receptors, e.g., a6p1 integrin and
toll-like receptors, resulting in microglial activation and release of
pro-inflammatory cytokines (for review, see refs. [25, 40, 172].
As a consequence, microglia are clustered in and around neuritic
plaques [25, 178, 179], phagocytosing Ap fibrils, thus decreasing
the AP load. Results from a double transgenic mouse model
(expressing both mutated PSEN and APPswe) indicate that periph-
eral blood-derived mononuclear cells can also be recruited to amy-
loid plaques thereby reducing their build-up [40, 180]. Depending
on the circumstances, microglial activation can have both benefi-
cial and detrimental effects [25, 181]. On one hand, the acute
microglial reaction allows to remove AP by phagocytosing and
degrading it; on the other hand, stimulated microglia are also able
to activate astrocytes, and activated astrocytes are typically present
in large numbers near amyloid plaques [41, 182]. Once activated,
both astrocytes and microglia produce pro-inflammatory media-
tors, e.g., activated complement, inflammatory cytokines, chemo-
kines, inducible nitric oxide synthase (iNOS), the prostanoid
generating cyclooxygenase-2 (COX-2), free radical generators and
other unidentified neurotoxins that actively enhance the inflamma-
tory response to extracellular AB deposits. There is evidence that
this local cytokine-mediated acute-phase response also enhances
APP production and the amyloidogenic processing of APP to
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Fig. 4 Schematic drawing of the role of neuroinflammation in the pathogenesis of Alzheimer’s disease (for
review, see ref. [40]). In the healthy brain, microglia display the ramified phenotype, performing physiological
functions including nervous tissue surveillance and synaptic remodeling; astrocytes are not activated. Triggered
by neuronal degeneration and pathological accumulations of AB, microglia and astrocytes become activated
releasing proinflammatory cytokines; microglia assume the phagocytic phenotype (neuroinflammation).
Beneficial effects of microglial activation include Ap removal by phagocytosis. However, continuous microglial
and astrocytic activation resulting in persistent exposure to pro-inflammatory cytokines leads to structural
damage to neurons (neurodegeneration)

induce AP42 peptide production, thus contributing to neuronal
dysfunction and cell death [40, 42, 183].

a7-nAChRs play a crucial role in this process: nicotine elicits
a transient «7-nAChR-mediated increase in microglial intracellu-
lar Ca * levels [181]. In addition, there is evidence that phagocy-
tosis of AP is mediated through a7-nAChRs, since bungarotoxin
and the potent endogenous a7-nAChR antagonist kynurenic acid
reduce microglial phagocytosis of A oligomers [184]. Microglial
cells express the a7-nAChR, and in vitro data demonstrate that its
stimulation inhibits the synthesis of cytokines, NO and prosta-
glandins, suggesting that ACh modulates the proinflammatory
response to AP in the brain [184-186], analogous to the “cho-
linergic anti-inflammatory pathway” described in the peripheral
nervous system [187, 188]. Moreover, nicotine inhibits the
inflammation mediated by microglia via «7-nAChRs, is neuropro-
tective [ 189] and protects neuronal stem cells against neurotoxic-
ity of microglia-derived factors induced by Af exposure [190].
However, it has also been shown that cytokine release mediated
by oligomeric or fibrillary Ap40 is reduced by the a7-nAChR
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10.2 Astrocytes

antagonist kynurenic acid [184], indicating that a7-nAChR stim-
ulation by AP may in some situations also be pro-inflammatory. In
addition, both ACh and the a7-nAChR antagonist bungarotoxin
have been reported to inhibit the Af-induced production of reac-
tive oxygen species, caspase cleavage, and cell death in mixed cul-
tures of hippocampal neurons and glia [191]. These seemingly
contradictory results may possibly be reconciled by data on rat
microglia [181] suggesting that a7-nAChR stimulation may dif-
terentially regulate cytokine release, depending on the nature of
the stimulant.

Galantamine sensitizes microglial a7-nAChRs to choline and
induces Ca** influx into microglia, thereby significantly enhancing
microglial AP phagocytosis and improving spatial learning in dou-
ble transgenic APdE9 mice [192] expressing the Swedish APP
670/671 mutation (APPswe) and mutant human PSENI
(PS1dE9). Moreover, early microglial activation is associated with
a7-nAChR upregulation in an Ap42-injected mouse model of AD
[193]. Unlike its other cholinergic counterparts, the a7-nAChR
can be activated by a primary ligand other than ACh, i.e., choline
[194, 195]. Hence a7-nAChRs can function in areas of the brain
devoid of cholinergic transmission per se, where the far more
ubiquitous choline may act as a substitute ligand. This is particu-
larly relevant in the light of reports that AD could be linked to an
aberration in choline uptake mechanisms, independent of cholin-
ergic synapses [ 196, 197].

In summary, stimulation of a7-nAChRs in microglia enhances
AP clearance and modulates the neuroinflaimmatory response,
which may open new therapeutic avenues for AD.

Microglial activation stimulates the proliferation of astrocytes, the
most abundant glial cells. Astrocytes carry out various important
functions in the healthy CNS: Extending numerous long cytoplas-
mic processes terminating at brain capillaries and the meningeal
surface, they participate in the exchange between blood and the
brain parenchyma (for review, see ref. [182]). They surround syn-
aptic terminals and maintain the extracellular homeostasis by
removing glutamate and potassium from the synaptic region and
provide trophic support to neurons, producing neurotrophic and
neuroprotective factors. Under pathological conditions, astrocytes
become activated (reactive astrogliosis), contribute to the local
immune response, participate in CNS repair processes and ulti-
mately form a glial scar.

In AD, reactive astrocytes cluster around amyloid plaques and
accumulate Ap42-positive material (for review, see ref. [172]), which
is of neuronal origin, most likely derived from phagocytosis of
degenerated dendrites and synapses [198]. The amount of this
material correlates positively with the extent of local AD pathology.
Some of these AP42-burdened astrocytes may undergo lysis,
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forming astrocyte-derived amyloid plaques, which can be distin-
guished from neuronal plaques by their smaller size, subpial localiza-
tion and strong glial fibrillary acidic protein immunoreactivity. This
indicates that lysis of AB-burdened neurons and astrocytes contrib-
utes to the formation of amyloid plaques in AD brains [ 198].

In the hippocampus and entorhinal cortex of AD brains,
a7-nAChR immunoreactivity is associated with astrocytes, and
a7-nAChR-positive astrocytes co-localize with amyloid plaques
[199]. An increase in the proportion of astrocytes expressing
a7-nAChR immunoreactivity has been observed in AD compared
with age-matched controls [200]. Whereas in AD, the number of
a7-nAChR immunoreactive neurons is decreased selectively in the
hippocampal formation, the number of astrocytes labeled with
a7-nAChR antibodies and the intensity of immunostaining are
increased in most areas of the hippocampus and entorhinal cortex
[201]. Significant increases in the total numbers of astrocytes and
of astrocytes expressing the a7-nAChR subunit, along with signifi-
cant decreases in the level of a7-nAChR subunits in neurons, have
also been observed in the hippocampus and the temporal cortex of
AD patients carrying APPswe and in sporadic AD brains, whereas
the expression of a3, a4 and p2-nAChR subunits was confined to
neurons and not found in astrocytes [ 199]. Moreover, the number
of ['%I] a-bungarotoxin binding sites in the temporal cortex of
APPswe brains was significantly lower than that found in the
younger control group, reflecting the lower neuronal level of
a7-nAChRs. In the AD brains, the increased level in astrocytic
a7-nAChR expression was again positively correlated with the
extent of neuropathological alterations, especially the number of
neuritic plaques, further suggesting that the elevated a7-nAChRs
expression in astrocytes may play an important role in the patho-
genesis of AD, possibly through an involvement of «7-nAChRs in
APP metabolism [ 199]. Expression of a7-nAChR mRNA and pro-
tein and their upregulation by 0.1-100 nM A have also been
observed in immunohistochemical studies on primary cultures of
rat astrocytes [202]. Moreover, it has recently been demonstrated
that ApP42 induces glutamate release from cultured astrocytes,
which is mediated through o7-nAChRs [203, 204]. As a result,
AP42 increases extrasynaptic glutamatergic currents in hippocam-
pal autaptic microcultures and can induce molecular cascades lead-
ing to synaptic spine loss. This effect may, however, be
concentration-specific, because in an in vitro hippocampal neuro-
nal [205] and astrocytic [206] model, high AB42 concentrations
inhibited the release of glutamate and aspartate evoked by choline,
whereas low Ap42 concentrations selectively acted on a7-nAChRs
potentiating choline-induced glutamate release.

Additional evidence that glial a7-nAChRs are involved in the
inflammatory process in AD is supplied by the finding that an
a7-nAChR-specific antibody, which decreases the density of
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10.3 Mast Cells

10.4 Vascular
Smooth Muscle Cells

a7-nAChRs in the hippocampus, induces proinflammatory inter-
leukin-6 production in glioblastoma cells and that this antibody
causes neuroinflammation within the mouse brain resulting in
symptoms typical for AD [207]. In addition, activation of
a7-nAChRs inhibits astrocytes and microglial activation in vitro,
suppresses H,O,-induced astrocyte apoptosis, and thus protects
astrocytes against oxidative stress-induced apoptosis [208]. Results
from stroke injury models also suggest that a7-nAchR activation
reduces neuroinflammation, oxidative stress and neuropathologi-
cal changes [209-211]. Further support for the detrimental role of
neuroinflammation comes from the observation that chronic use
of nonsteroidal anti-inflammatory drugs is linked to a lower inci-
dence in neurodegenerative disease, potentially including AD (see
latest meta-analyses [172, 212]). It has therefore been suggested
that reducing glia-mediated inflammation might diminish neuro-
nal lossin AD [171, 213].

Recently, a third cellular element in neuroinflammation has been
implicated in the pathogenesis of AD: the mast cell. Mast cells are
also bone-marrow-derived; they are situated in the vicinity of blood
vessels and can move through the healthy brain in the absence of
neuroinflammation (for review, see ref. [214]). Mast cells produce
a wide range of inflammatory mediators, including histamine, sero-
tonin, cytokines, enzymes, neuropeptides, growth factors, and NO
and recruit microglia to the site of injury, thereby significantly con-
tributing to neuroinflaimmation. It has been demonstrated in
mucosal tissue that mast cells carry o7-nAChRs and that their
degranulation is specifically inhibited by o7-nAChR stimulation
[215, 216]. In AD, fibrillary Ap42 peptides have been shown to
promote mast cell degranulation [217], and the tyrosine kinase
inhibitor masitinib, which inhibits mast cell-glia interaction, has
been suggested as potential AD therapeutic [218].

Deposition of AP peptides in the vascular smooth muscle cells
(VSMC:s) of the brain, cerebral amyloid angiopathy, is a common
pathology in patients with AD, and it has been linked to a loss of
VSMC viability and the presence of perivascular leak clouds of
AB-positive material in arterioles [39]. a7-nAChRs with high Ap
affinity have been shown to be expressed in VSMCs and to facilitate
the selective accumulation of AP peptides in these cells [39]. In
addition, nicotine stimulates vascular endothelial cells to proliferate
and migrate through the tissue to form new blood vessels. This
neo-angiogenic eftect, which is concentration dependent, is mainly
mediated by a7-nAChRs (evidence reviewed by [219]); it has been
suggested that angiogenic activation of the brain endothelium in
AD leads to deposition of the Ap plaque and secretion of a neuro-
toxic peptide that kills cortical neurons [220].
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11

Cigarette Smoking and AD

Since there is indication that nicotine exerts a neuroprotective effect
via a7-nAChR activation (reviewed by [87]), since the cholinergic
input to the cerebral cortex is lost in AD and since application of
nicotine can reverse cognitive impairment [219], it has frequently
been suggested that nicotine administered by cigarette smoking
may protect against AD. In fact, several neuropathological analyses
point into that direction, suggesting a negative correlation between
smoking and AD. Ulrich et al. [221] studied the relationship
between smoking habits and AD-type histopathological changes.
Their autopsy findings on the brains of age- and sex-matched smok-
ers versus nonsmokers demonstrated a protective action of smoking
against senile plaque formation in women; they also found signifi-
cantly fewer neurofibrillary tangles in the brains of smokers of both
genders. Another postmortem neuropathological study revealed
that the density of senile plaques was significantly decreased in the
hippocampus, entorhinal cortex and neocortex of aged smokers
without AD as compared to age-matched nonsmokers [222].
Moreover, the levels of soluble and insoluble AB40 and AB42 in the
cortices of postmortem brains of nonsmoking controls, smoking
controls, nonsmoking AD patients and smoking AD patients have
been compared by ELISA [223]. A significant upregulations of
nAChRs in the brains of smoking patients was observed, accompa-
nied by a decrease in soluble and insoluble Ap40 and Ap42 in sev-
eral brain regions of smoking controls compared to nonsmoking
controls. Reduction in Ap40 and Ap42 was also observed in smok-
ing AD patients compared to nonsmokers with AD, resulting in a
significantly lower Braak stage. The authors speculate that nicotine
in the cigarette smoke, by binding to nAChRs, might stimulate
non-amyloidogenic processing of APD.

In contrast, animal studies point in the opposite direction:
Wild-type rats exposed to cigarette smoke for 56 days had more
AP, sAPPP and phospho-tau than control animals, but no senile
plaques or neurofibrillary tangles were observed in either group
[224]. In doubly transgenic mice expressing the Swedish APP
670/671 mutation (APPswe) and mutant human PSENI
(PSEN1dE9), exposure to cigarette smoke increased A load and
amyloid plaque density, neuroinflammation as evidenced by
microglial activation and reactive astrogliosis, as well as abnormally
phosphorylated tau. Neurodegeneration was, however, not affected
by exposure to smoke in these animals [225].

The matter is, however, relatively complex since the conse-
quences of cigarette smoking are not confined to the effects of
nicotine. Increased oxidative stress, neuroinflammation as evi-
denced by elevated levels of inflammatory markers, atherosclerosis,
and breakdown of the blood-brain barrier are additional factors
associated with cigarette smoking (reviewed by [224]).
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Epidemiological studies initially suggested that there was no
significant association between smoking and AD [226, 227].
Subsequent publications observed an impact of cigarette smoking
on AD. However, both positive and negative associations were
reported (see ref. [224] for review). Analyses by Hernan et al.
[228] suggest that some of these inconsistencies can be explained
by a selection bias in the elderly due to “censoring by death.” This
means that people dying prematurely of other causes (e.g., lung
cancer) before dementia can be diagnosed are excluded from the
study. Most recent meta-analyses of the available epidemiological
literature [229-231] all come to the conclusion that smoking is
associated with a significantly increased risk of dementia and AD. A
meta-analysis of 43 epidemiological studies evaluating the relation-
ship between smoking and AD with regards to an affiliation of the
authors with the tobacco industry [232] revealed that the majority
of authors affiliated with the tobacco industry claimed that smok-
ing protects against AD, whereas all but three studies yielding a
significantly increased risk of AD associated with cigarette smoking
had no affiliation with the tobacco industry.

12 Conclusions

Numerous observations indicate that the homomeric a7 subtype
of the nAChR is critically involved in the pathogenesis of AD.
a7-nAChRs play a crucial role in cognitive functions, learning, and
memory. o7-nAChRs co-localize with amyloid plaques, and Ap
binds to a7-nAChRs, probably leading to internalization of Af} by
endocytosis and a build-up of intracellular Ap. a7-nAChR express-
ing neurons are most susceptible to AD neuropathology, and
a7-nAChR binding sites as well as a7-nAChR protein levels are
reduced in the brains of AD patients. In addition, a7-nAChRs are
expressed by microglia and astrocytes, modulating cytokine release
thereby influencing the neuroinflammation associated with AD.

Currently, it is not clear whether downregulation or upregula-
tion of a7-nAChRs is related to the pathogenesis of AD. It is likely
that interaction of this receptor with Ap peptides contributes to the
pathogenic mechanisms of cholinergic dysfunction. Alternatively,
upregulation of a7-nAChRs may signal a compensatory response
to maintain cholinergic activity during AD progression. New
approaches targeting the a7-nAChR in the treatment of AD are
summarized in the subsequent review [87].
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Chapter 11

Development of Antidepressant Drugs Through Targeting
a4p2-Nicotinic Acetyicholine Receptors

Han-Kun Zhang, Hendra Gunosewoyo, Fan Yan, Jie Tang, and Li-Fang Yu

Abstract

Nicotinic acetylcholine receptors (nAChRs) represent a family of ligand-gated ion channels that are ubiq-
uitously distributed in the central and peripheral nervous systems. There is a considerable line of evidence
both from clinical and preclinical studies supporting the notion that antagonism or partial agonism of
these receptors, particularly the a4f2-containing subunits, could lead to antidepressant-like effects in vivo.
In this chapter, an overview of the fundamental neuropharmacology of a4f2-nAChRs underpinning its
association with depression is covered, including the original cholinergic hypothesis of depression pro-
posed by Janowsky in the 1970s. The primary section highlights important structural classes of com-
pounds that have been reported to mediate antidepressant-like effects through targeting of a4p2-nAChRs
with an emphasis on their potency, selectivity, pharmacokinetics, and drug-likeness. The pyridyl ether
ligands represent the most promising scaffold for selective targeting of a4p2-nAChRs and their
antidepressant-like effects have been confirmed in animal behavioral studies. Recent advances in the field,
including the use of imaging technologies for depression, are also discussed, highlighting the evolution of
structural classes that have been developed as useful positron emission tomography (PET) ligands in imaging
nicotinic receptors.

Key words Nicotinic acetylcholine receptors, Antidepressants, a4f2 subtype selectivity, Behavioral
models, Forced swim test, Tail suspension test, Novelty induced hypophagia, Novelty suppressed
feeding, Radioligand, Pyridyl ethers

1 Introduction

Major depressive disorder is a debilitating disease affecting more
than 350 million people worldwide [1] and poses a significant eco-
nomic burden at an estimated cost of $210.5 billion in the USA
alone [2]. Current treatments for depression are limited by delayed
pharmacological response, a lag that could take up to several weeks.
Furthermore, inadequate response to pharmacological treatment,
referred to treatment resistance, is a major limitation to current
treatments, with only about 30% of patients achieving remission
[3]. The majority of current antidepressant treatments act through
enhancing serotonergic and/or noradrenergic neurotransmission.
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Therefore, there is a great need for development of effective
antidepressants that act through novel mechanisms. In this chapter,
we review the association between depression and nicotinic acetyl-
choline receptors (nAChRs), with a focus on the a4f2-nAChR
subtype. The most recently developed nAChR ligands for treatment
of depression are also described from the perspective of clinical and
preclinical findings.

2 Cholinergic System and Depression

Clinical evidence has suggested that the cholinergic system is asso-
ciated with depression and that targeting the nicotinic or musca-
rinic system may be a promising area for development of drugs to
treat depression. The cholinergic-adrenergic hypothesis of mood
disorders, initially proposed by Janowsky and colleagues in 1972,
postulated that depression was associated with an increased
cholinergic-sensitivity /activity and mania with adrenergic hyper-
sensitivity [4]. The hypothesis was supported by evidence that cho-
linergic agonists and acetylcholinesterase inhibitors, which would
increase acetylcholine neurotransmission, induced severe depres-
sion in humans [5]. Furthermore, studies estimate that 50-60% of
patients with major depression are nicotine-dependent, compared
to ~25% in the general population [6], suggesting that patients
may use nicotine to relieve symptoms of depression. More recent
evidence has supported this hypothesis, with studies demonstrat-
ing that toning down the cholinergic signaling through muscarinic
or nicotinic antagonism is an effective treatment for depression.
The muscarinic antagonist scopolamine [7, 8] was shown to pro-
duce rapid antidepressant effects, 3-5 days after intravenous infu-
sion. Similarly, the noncompetitive, nonselective nAChR antagonist
dexmecamylamine (TC-5214, compound 1, (15,2R,4R)- N,2,3,3-
tetramethylbicyclo[2.2.]1 Jheptan-2-amine, Fig. 1) showed promis-
ing antidepressant effects as an add-on to traditional antidepressants
in treatment resistant patients in both a Targacept (now Catalyst
Biosciences, Inc.) trial [9] and a smaller trial at Yale using racemic
mecamylamine [10].

Preclinical studies have also supported the hypothesis that cho-
linergic hypersensitivity is related to depression. The Flinders
Sensitive Line (FSL) rats, selectively bred for increased cholinergic
sensitivity, were found to exhibit several depression-like behaviors,
including reduced locomotor activity, reduced body weight,
increased rapid eye movement, increased anhedonia in the chronic
mild stress model of depression, increased immobility in the forced
swim model of antidepressant efficacy, and cognitive deficits [11,
12]. Furthermore, enhancing acetylcholine signaling through ace-
tylcholinesterase knockdown in the hippocampus of mice was found
to increase depression-like behaviors and susceptibility to social
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Fig. 1 Examples of nicotinic ligands associated with antidepressant-like effects
stress [ 13]. Administration of the cholinesterase inhibitor physostig-

mine in the ventral tegmental area (VTA) in rats also produced pro-
depressive-like behavior in the forced swim test (EST) [14].

3 Nicotinic Acetylcholine Receptors and Depression

Nicotinic acetylcholine receptors are ligand-gated ion channels
composed of five subunits. In the mammalian brain, homomeric
receptors are comprised of a7 subunits and heteromeric receptors
generally contain two a4p2 (a2-a6) and three f (f2-p4) subunits.
Receptors that contain the a4p2* subunits (* denotes possible
combination with other nAChR subunits) are widely distributed
throughout the brain, with high levels in areas that regulate mood
such as the thalamus, basal ganglia, striatum hypothalamus, amyg-
dala, VTA, locus coeruleus, and dorsal raphe. o7 receptors are also
widely distributed with high levels in the cortex, hippocampus, and
hypothalamus. nAChRs containing the a3p4 subunits are more
restricted with high levels in the interpeduncular nucleus and
medial habenula [15]. «3p4 nAChRs are also highly expressed in
the peripheral nervous system and activation or blockade of these
receptors may result in side effects in vivo, including deregulation
of the autonomic nervous system [16]. When activated by
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endogenous acetylcholine or exogenous cholinergic ligands,
nAChRs form transient open cationic channels that allow the ions
Na*, K* and Ca?* to flow across the plasma membrane and induce
cellular responses. Prolonged exposure to acetylcholine or cholin-
ergic ligands causes a gradual decrease in the rate of response,
leading to a functionally inactive state through a process known
as desensitization. Through activation and desensitization pro-
cesses, nAChRs can modulate key neurotransmitter systems
including dopamine, serotonin, norepinephrine, glutamate, and
y-aminobutyric acid (GABA) which can regulate various mood
states including depression [17].

Despite the lack of efficacy of nAChR antagonist TC-5214 for
refractory depression in the Targacept (now Catalyst Biosciences,
Inc.) Phase III trial [18, 19], there is still a great deal of evidence
to support the idea that altered cholinergic neurotransmission
plays a role in depression and that nAChR ligands may be an effec-
tive treatment for depression [20]. Clinical studies using single
photon emission computed tomography (SPECT) imaging have
suggested a role for f2-subunit-containing nAChRs in depression.
Patients with major depressive disorder had a lower availability of
B2-subunit-containing nicotinic receptors compared to healthy
comparison subjects [21], and subjects with bipolar depression
also had lower p2*-nAChR availability compared with euthymic
control in several brain regions [22], observations that could be
caused by greater endogenous acetylcholine. Similarly, positron
emission tomography (PET) showed reduced levels of ligand bind-
ing to a4p2*-nAChRs in Parkinson’s patients with depressive
symptoms [23].

4 Nicotinic Acetyicholine Receptor Ligands as Antidepressants

Several studies have supported the use of nicotinic agonists, partial
agonists, and antagonists as treatment for depression. Nicotine patch
was shown to improve mood in nonsmoking depressed patients [24,
25], possibly acting through sustained desensitization of nAChRs.
The a4p2 partial agonist and a7 full agonist varenicline (compound
2, 7,8,9,10-tetrahydro-6,10-methano-6 H-pyrazino[ 2,3-/4] [3]ben-
zazepine, Fig. 1) reduced depressive symptoms in smokers attempt-
ing to quit [26] and when used as an adjunct treatment in a small
sample of depressed smokers [27]. The a4p2 nAChR partial agonist
CP-601,927 (compound 3, (1R,5S8)-7-(trifluoromethyl)-2,3.4,5-
tetrahydro-1H-1,5-methanobenzo[ d]azepine, Fig. 1) was recently
evaluated as an augmenting agent for antidepressants in major
depressive disorder patients with insufficient response to selective
serotonin reuptake inhibitors (SSRIs). Although there was no over-
all effect of CP-601,927, a post hoc analysis revealed that this com-
pound may show an antidepressant effect in nonobese subjects
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(body mass index < =35 kg,/m?) with lower leptin levels [28]. Future
clinical trials should take into account the body mass index and
leptin levels when evaluating efficacy of nicotinic ligands in treating
depression.

Similar to the clinical findings, nAChRs antagonists also exhibit
antidepressant-like effects in rodents. For example, racemic meca-
mylamine produced antidepressant-like effects in mice FST and tail
suspension test (TST) [29-32 ], prevented stress-induced depressive-
like behaviors in rats [33], and intra-VTA mecamylamine produced
antidepressant-like effects in rats [14]. Similarly, the 25-(+)-isomer
of mecamylamine, namely TC-5214 (compound 1, Fig. 1) showed
antidepressant-like effects in the FST in rats and mice [ 34 ]. Lobeline
(compound 4, 2-((2R,65)-6-((S)-2-hydroxy-2-phenylethyl)-1-
methylpiperidin-2-yl)-1-phenylethanone, Fig. 1), a nonselective
nAChR antagonist with high affinity for a4p2 and a3p2 subtypes,
had antidepressant-like properties in a chronic stress model in mice
[35]. Interestingly, a variety of full nAChR agonists such as nicotine
[29, 36—40], and partial agonists such as cytisine (compound 5,
(1R,58)-1,2,3,4,5,6-hexahydro-1,5-methano-8 H-pyrido[1,24][ 1,
5]diazocin-8-one, Fig. 1; a partial agonist at a4p2* nAChRs and a
full agonist at «3p4* nAChRs) [31,41,42], compound 2 [43, 44 ],
and sazetidine-A (compound 6, 6-[5-[(2S)-2-azetidinylmethoxy]-
3-pyridinyl]-5-hexyn-1-ol, Fig. 1; a partial agonist at a4p2*) [43,
45, 46], all were found to display antidepressant-like effects in
rodent models.

The preclinical findings suggest that f2* nAChRs ligands may
have the highest potential to act as stand-alone treatments for
depression, whereas a7 nAChR ligands may be useful as add-on
treatments to traditional antidepressants. Activity at f2* nAChRs is
common trait to all of the preclinical compounds that show
antidepressant-like efficacy. Furthermore, studies in mice demon-
strate that p2* nAChRs are required for the antidepressant-like
properties of mecamylamine and sazetidine-A [32, 43]. Similar to
p2* nAChRs, a7 nAChRs are also required for the antidepressant-
like effects of mecamylamine [32]. Unlike the p2* ligands, however,
the full a7 nAChR agonist PNU-282987 showed no antidepressant-
like activity in the mouse when tested alone [47—49]. Interestingly,
PNU-282987 enhanced antidepressant-like effects of the SSRI cita-
lopram [48] and other o7 agonists showed antidepressant-like effects
when combined with potent serotonin transporter inhibition
(SSR180711) [49] or triple monoamine reuptake inhibitor, NS9775
[50]. The p4* nAChR subunit was also shown to be required for the
antidepressant-like activity of nicotine [51], although the possibility
of peripheral side effects with p4* ligands limit their potential for
development.

Because antagonists, full agonists, and partial agonists all
produce antidepressant-like effects in animal models, there has
been some controversy as to whether the antidepressant properties
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4.1 Nicotinic
Acetylcholine
Receptor Agonists
and Partial Agonists

of nAChR ligands is mediated by agonism, antagonism, or some
combination of both. The next sections will describe various nAChR
agonists, partial agonists and antagonists associated with antidepres-
sant-like properties both in the preclinical and clinical studies.

Varenicline (compound 2, Fig. 1), marketed as Chantix® in the USA
and Champix® in Canada and Europe for smoking cessation, is the
most well-known a4p2* nAChR partial agonist with a K; value of
0.4 nM and approximately half the agonistic efficacy relative to that
of nicotine [52, 53]. When tested in the rodent models of depres-
sion, varenicline alone showed antidepressant-like effects in the EST
and was able to augment the effects of SSRI sertraline in combina-
tion studies [44]. The antidepressant-like effects seem to be trans-
lated into humans as supported by the reports of varenicline’s ability
to augment the effects of clinically available antidepressants in
depressed smokers [27] and to elevate mood and cognition during
periods of smoking abstinence [54]. Furthermore, a comprehensive
meta-analysis of smokers using various cessation aids found that
chronic administration of varenicline was not associated with a
higher risk of cardiovascular and adverse neuropsychiatric events
when compared with nicotine replacement therapy [55].

Another related class of nicotinic partial agonists bearing struc-
tural resemblance to varenicline is cytisine (compound 5, Fig. 1)
and its derivatives. Originally extracted from the seeds of Cytisus
laburnum L., it is a reasonably potent partial agonist at the a4p2
nAChR (K; value of 2 nM) and a full agonist at a3p4 and a7 sub-
types with K; values of 480 and 5890 nM respectively [41]. The
antidepressant-like effects of cytisine were shown in several rodent
models [31, 41] albeit with a tolerated dose of no higher than
1.5 mg/kg. The use of cytisine at higher doses has been associated
with undesirable side effects, such as nausea, vertigo, and muscle
weakness among others. A more recent study reported that the
antidepressant-like effect of cytisine could be blocked by serotonin
depletion in a mouse behavioral model, revealing potentially excit-
ing cross talk between the serotonergic and cholinergic systems in
mood modulation [42]. However, its relatively low brain uptake
[56, 57] is a major factor to be considered for its development as a
clinical antidepressant. Various derivatives of cytisine have been
reported in the literature, but two in particular: 3-pyridylcytisine
(compound 7, (1R,55)-9-(pyridin-2-yl)-1,2,3,4,5,6-hexahydro-
8 H-1,5-methanopyrido[ 1,2-#][ 1, 5]diazocin-8-one, Fig. 2) and
5-bromocytisine (compound 8, (1R,5S)-11-bromo-1,2,3,4,5,6-
hexahydro-8 H-1,5-methanopyrido[1,2-2][1, 5]diazocin-8-one,
Fig. 2) were further tested in rodent assays for their antidepressant
efficacy. Both compounds are potent partial agonists at the a4p2*
nAChRs with K; values of 0.9 and 0.3 nM respectively.
3-pyridyleytisine has a superior selectivity profile (K; values of
119 nM at a3p4 and 1100 nM at o7 subtypes) compared to the
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Fig. 2 Cytisine derivatives showing antidepressant-like effects in preclinical

studies
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Fig. 3 Pyridyl ether derivatives as nAChR partial agonists

5-bromocytisine (K values of 3.8 nM at a3p4 and 28 nM at a7
subtypes) [41]. 3-pyridylcytisine was found to exert antidepressant-
like eftects in the TST, FST and chronic novelty suppressed feeding
assay at doses between 0.3 and 0.9 mg/kg in C57BL/6 mice. In
contrast, administration of 5-bromocytisine at doses up to 1.2 mg/kg
did not result in antidepressant-like effects, which could be explained

by its poor brain uptake.

A more classical nicotinic ligand class emanating from structural
extension of nicotine itself is the pyridyl ether-based compounds
exemplified by A-85380 (compound 9, (§)-3-(azetidin-2-ylmethoxy)
pyridine, Fig. 3). Typical for this compound class, A-85380 is a
high-affinity partial agonist displaying high potency at the
f2-containing nAChRs, with a K; value of 0.02-0.05 nM at the
a4p2* subtype, and excellent selectivity against the o7 (K value of
148 nM) [58, 59]. When tested in the mouse FST, this compound
exhibits antidepressant-like effects that could be reversed upon pre-
treatment with nAChR antagonist mecamylamine or a nonselec-
tive serotonin receptor antagonist methiothepin, indicating that
neuronal nicotinic receptor activation of serotonergic systems is
essential for A-85380’s antidepressant-like effects [59, 60]. The
halogen substitutions at the pyridine ring result in compounds that
retain subnanomolar potency for the a4p2* nAChR and conse-
quently several radioligands for PET imaging have been developed

(see Sect. 5 below).
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As a result of the good selectivity profile inherent to the pyridyl
ether-based ligands for a4p2 and o4p2* nAChRs over the a3f4
and a7 subtypes, a considerable body of structure—activity rela-
tionship data have been reported in the literature in the last two
decades or so for this class of compound. Replacement of the pyri-
dine core with a methylisoxazole group emanated compound 10
((8)-5-(azetidin-2-ylmethoxy)-3-methylisoxazole, Fig. 3), which
still maintained the selectivity for a4p2 (K value of 4.6 nM) over
the a3p4 (K value of 692 nM) subtype [61]. More importantly,
administration of this compound at 1-5 mg/kg i.p. or 5 mg/kg po
resulted in decreased immobility in the mouse FST. Comprehensive
screening of this compound at approximately 45 common neuro-
receptors and transporters revealed no significant binding to
these receptors, confirming its selectivity towards the nAChRs.
An extension of the pyridyl ether-based ligands at the 5-position
with an alkynyl substituent led to sazetidine A (compound 6,
Fig. 1), which is a high-atfinity partial agonist at the 042 nAChR
(K value of 0.4 nM) with an excellent selectivity profile (K; values
of >10,000 nM for a3p4 and a7 subtypes) [45, 62, 63]. The dis-
sociation half-life of sazetidine A is between 8 and 24 h, which is
significantly higher compared to that of A85380 (3-5 h) [43].
Acute administration of sazetidine A at 1 mg/kg dose to rodents
in the FST and TST showed robust antidepressant-like effects,
which was also observed in novelty induced hypophagia test upon
chronic administration [43, 46]. The antidepressant-like activity in
the FST was abolished by administration of nicotinic antagonist
mecamylamine. In addition, knockdown of the B2 subunits was
accompanied with the loss of the antidepressant activity in FST,
corroborating the importance of the f2 subunits in the behavioral
activity elicited by sazetidine A [43]. Of particular interest, no
upregulation of neuronal nAChR occurred post chronic adminis-
tration of sazetidine A [64, 65], a mechanistic feature that is dis-
tinct to that of nicotine or varenicline.

Substitution of the alkynyl group of sazetidine A with a cyclo-
propyl oranisoxazolyl group gave rise to compounds 11 (2-((1R,2S)-
2-(5-(((8)-azetidin-2-yl)methoxy)pyridin-3-yl)cyclopropyl)
ethan-1-ol, Fig. 3) and 12 (($)-2-(5-(5-(azetidin-2-ylmethoxy)pyri-
din-3-yl)isoxazol-3-yl)ethan-1-ol, Fig. 3), respectively [66-69].
On the other hand, replacement of different amino substituents on
the ether side led to analogs represented by the pyrrolidine 13
((8)- N-phenyl-5-(pyrrolidin-2-ylmethoxy)pyridin-3-amine, Fig. 4),
N-methylpyrrolidine 14 (3-((15,2R)-2-(2-methoxyethyl)
cyclopropyl)-5-(((§)-1-methylpyrrolidin-2-yl)methoxy )pyridine,
Fig. 4), and diazabicyclo[3.3.0]octane 15 (2-(5-((18,2R)-2-(2-
fluoroethyl)cyclopropyl)pyridin-3-yl)octahydropyrrolo[ 3,4-c|pyr-
role, Fig. 4) [70-72]. These derivatives of sazetidine A are high
affinity a4p2 nAChR partial agonists with low nanomolar to sub-
nanomolar binding affinities and able to exert antidepressant-like
effects in mouse FST at doses between 1 and 30 mg/kg while
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Fig. 5 Other pyridine-based nAChR partial agonists with antidepressant-like
effects

maintaining good selectivity for the nAChRs. Coupled with the
promising preliminary absorption, distribution, metabolism, excre-
tion and toxicity (ADME-Tox) profiles, these analogs hold some
promise for clinical candidates.

Other pyridyl-based ligands associated with antidepressant-like
effects include TC-1734, SIB-1508Y and NS3956 (compounds
16-18  respectively, (28,4 E)-5-(5-isopropoxypyridin-3-yl)- N-
methylpent-4-en-2-amine, (28)-3-ethynyl-5-(1-methylpyrrolidin-
2-yl)pyridine, 1-(5-chloropyridin-3-yl)-1,4-diazepane, Fig. 5).
TC-1734 is a potent partial agonist of a4p2 nAChR with K value
of 11 nM and excellent selectivity over the o7 subtype (K >50 pM)
[73]. Intraperitoneal administration of TC-1734 was shown to be
efficacious in the mouse FST and this compound has been studied
for other areas of cognitive impairment [74, 75]. SIB-1508Y is
another a4p2 nAChR partial agonist which has been shown to dis-
play antidepressant-like effects in the learned helplessness model in
rats upon subchronic or chronic administration [76]. The effects
were blocked by the nicotinic antagonist mecamylamine and
improvement of cognition and motor function were seen in mon-
key models of Parkinson’s disease [77, 78]. NS-3956 is yet another
a4p2 partial agonist (K value of 0.4 nM) imbued with good selec-
tivity over o7 subtype (I value of 400 nM) [48]. Although admin-
istration of this compound alone did not exert antidepressant-like
effects in mouse FST, NS3956 at 1 mg/kg significantly enhanced
the responsiveness to citalopram and reboxetine.
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4.2 Nicotinic
Acetyicholine
Receptor Antagonists

The most advanced nicotinic ligand coming down the clinical trials
pipeline for its potential antidepressant efficacy is the noncompeti-
tive and nonselective antagonist TC-5214 (compound 1, Fig. 1), a
28-(+)-enantiomer of mecamylamine. This compound was reported
to dissociate more slowly than the opposite enantiomer from both
a4p2 and a3p4 nAChRs [79], with 1Csy values of 0.5-3.2 and
0.2-0.6 pM respectively. TC-5214 is shown to elicit superior
antidepressant-like effects in rodent models of FEST and social
interaction tests compared to the racemic mecamylamine [34] and
subsequently chosen for the Phase 2 study as an augmentation in
depressed patients who were resistant to SSRI citalopram. Despite
the initial promising results [9] and being well-tolerated in acute
and chronic toxicity studies in animals with acceptable drug phar-
macokinetic and metabolic profiles, this compound unfortunately
did not meet the endpoints in the Phase III studies. Several possi-
ble explanations for the failure are covered previously [80]. Central
to the disappointing clinical results of TC-5214 is the fact that it is
a nonselective nAChR antagonist with more potent activity at the
ganglionic a3p4 receptors than the o4p2 subtype. It is also argued
that the SSRI citalopram might not be the optimal choice for the
combination study especially given the contradictory results in ani-
mal studies [81].

Other nAChR antagonists associated with antidepressant-like
effects include bupropion [82], dihydro-f-erythroidine [83], and
methyllycaconitine [84] (compounds 19-21 respectively, 19:
(£)-2-(tert-butylamino)-1-(3-chlorophenyl)propan-1-one,  20:
(28,135S8)-2-methoxy-2,3,5,6,8,9,10,13-octahydro-1H,12 H-
pyrano[4’,3":3,4 |pyrido[2,1-7]indol-12-one, Fig. 6). Bupropion is

MeO
2 K
Cl N (@)
Y B
(@)

Bupropion, 19 dihydro-beta-erythroidine, 20

methyllycaconitine, 21

Fig. 6 Examples of nAChR antagonists associated with antidepressant-like effects
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a nonselective, noncompetitive antagonist at various nAChR
subtypes and its main metabolite hydroxybupropion was reported
to possess weaker potency at monoamine transporters and a major-
ity of nAChR subtypes [85, 86]. A more recent study demon-
strated that functional p4-nAChR subunits played a crucial role in
the chronic antidepressant effect elicited by bupropion, and that its
effect was gender-specific at least in mouse FST [87]. Originally
isolated from the seeds of Erythrina L., dihydro-p-erythroidine is a
competitive antagonist of a4p2 nAChRs (ICsy value of 30 nM)
with good selectivity over the a3p4 subtype (1Cs, value of 23 pM)
[83]. At doses of 3 mg/kg or lower, administration of this alkaloid
led to antidepressant-like effects in the mouse EST and TST [47].
At higher doses up to 20 mg/kg, a potentiation of the antidepres-
sant efficacy of imipramine was observed in mouse TST [88].
Another natural product methyllycaconitine is a selective, competi-
tive antagonist of a7 nAChR with subnanomolar potency [84, 89].
The antidepressant efficacy of this compound in mouse behavioral
assays [43, 47] is still under debate in the literature, and more
studies are needed to ascertain the link between a7 nAChR antag-
onism with behavioral antidepressant effects. For a detailed list of
compounds that have been clinical and preclinical examined for
treating depression based on nAChRs, please refer to Table 1.

5 Recent Advances in Imaging of nAChRs

As the central nAChRs play important roles in a wide range of CNS
disorders including but not limited to, Alzheimer’s disease, depres-
sion, Parkinson’s disease, schizophrenia, ADHD and tobacco
dependence, there has been an ever increasing need for noninvasive
imaging methods that would allow clinical monitoring of the bio-
chemical processes involving human nAChRs at various stages of
the disease. Towards this goal, medicinal chemists and radiochem-
ists had invested a sizable effort in developing PET radioligands for
imaging nAChRs in human brain. From the last three decades of
literature data and this perspective, it is becoming apparent that at
least three subtypes of nAChRs in the CNS are identified: those
with high affinity for (-)-nicotine, bungarotoxin, and neuronal
bungarotoxin, which correspond well to the distribution of 0«42,
a7 and a3p4 subtypes respectively.

The first literature report [90] of [''C]-(-)-nicotine (com-
pound 22, Fig. 7) [91] in mice as early as 1976 and subsequent
work over the years revealed a number of drawbacks for its usetul-
ness as a PET radioligand. These include fast dissociation from
the receptor-ligand complex and high levels of nonspecific bind-
ing among others, such as rapid, problematic metabolism [92].
Since then, PET radioligands aimed to study a4p2 nAChRs in
human brain can be broadly classified into the pyridyl ether
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Clinical and preclinical evidence for the viability of targeting nAChRs in depression

Compounds Pharmacology

Remarks

1

10

11
12
13
14
15
16
17
18

19

20

21

Nonselective noncompetitive
antagonist

a4p2 partial agonist, less
potent a3p4, o7 full agonist,
and 5-HT; agonist

a4p2 partial agonist

a4p2 partial agonist, a3p4 and
a7 full
agonist

Selective 042 partial agonist
Selective a4f2 partial agonist

o4p2 partial agonist, a3p4
agonist

o4p2 partial agonist, less
potent a3p4 agonist

Selective a4f2 partial agonist
Selective a4f2 partial agonist
Selective a4f2 partial agonist
Selective 042 partial agonist
Selective a4f2 partial agonist
Selective a4f2 partial agonist
a4p2 partial agonist

a4p2 partial agonist, weak
a3p4 agonist

Dopamine and norepinephrine
reuptake inhibitor

Competitive a4p2 antagonist

o7 antagonist

Improved FST, social interaction test, light/dark assay;
failed phase 3 clinical study as add-on in MDD
patients who inadequate responders to prior
antidepressant therapy, well-tolerated in clinical study

Improved FST; augmented the antidepressant effects in
depressed smokers, not associated with increased
cardiovascular and neuropsychiatric side effects

Improved EST, failed as augmentation of antidepressant
therapy for major depression in phase 2 clinical study,
safe and well-tolerated in clinical study

Antidepressant-like activities in several rodent models;
safety issues, poor absorption and limited brain
penetration

Improved FST, TST, and NIH
Improved EST, TST, and chronic NSF
Improved FST

Improved FST

Improved FST

Improved FST

Improved EST

Improved FST

Improved FST

Improved EST, well-tolerated in clinical study
Improved learned helplessness

No effect alone in FST; enhanced the antidepressant-
like effect of SSRI citalopram and SNRI reboxetine

Improved FST, its metabolite was more potent for
antidepressant treatment

Improved FST and TST, augment the antidepressant
effects of imipramine

Improved FST and TST
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analogs exemplified by compounds 23-27 (Fig. 7) and the epibati-
dine derivatives (Fig. 8). 2-['8F]-Fluoro-A-85380 (compound 23)
and 6-['*F]-fluoro-A-85380 (compound 24) in particular have
proved to be useful pyridyl ether-based radioligands, addressing
some but not all of the issues with [1'C]-(-)-nicotine [92-95].
Within the pyridyl ether class, other radioligands reported
include: i) (**F)-nifzetidine (compound 25) [96], which still suf-
fers from slow brain kinetics, ii) (1*F)-nifene (compound 26)
[97, 98], with improved, rapid brain kinetics, and iii) (}¥F)-ZW-
104 (compound 27) [99-101] which offers good selectivity

towards the a4p2 subtype.

Epibatidine analogs that have been advanced into human studies
include: (8F)-flubatine (compound 28) [102, 103], (*8F)-XTRA
(compound 29) [104], and (**F)-AZAN (compound 30) [104-106]
(Fig. 8). Of particular highlight, ('*F)-AZAN currently represents
one of the most advanced tool for studying a4p2 nAChRs in
human brain with advantages compared to 2-[*F]-fluoro-A-85380
[93]. Although not discussed to a further length herein, some
known a7 nAChR imaging ligands include but not limited to:
[''C]-CHIBA-1001 [107], [**F]-NS14490 [108], ['*F]-NS10743
[109], [M'C]-NS14492 [110], ['SF]-ASEM [111-113], ['®F]-

AZ11637326 [114, 115], and [''C]-A-752274 [116].
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6 Conclusions

There is a substantial body of evidence supporting the hypothesis
that depression results from the overactivation of the cholinergic
system over the adrenergic system. Both clinical and preclinical
studies demonstrated that modulating nAChRs, specifically the
a4p2 subtype, may produce antidepressant effects when adminis-
tered either alone or in combination with currently available anti-
depressants. Desensitization of the a4p2* nAChRs through
chronic administration of nicotinic antagonists or partial agonists is
believed to be intimately linked with the observed antidepressant-
like effects, in line with the cholinergic/adrenergic hypothesis.
Towards this end, many reported nicotinic ligands have inherent
selectivity issues across the nAChR subtypes or subtype isoforms
which needs to be addressed with caution. Future pharmacological
and/or imaging studies with more selective a4p2-nAChR ligands
will help to elucidate the exact nAChR subtypes/isoforms that are
essential for the neurobiology of depression.
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Chapter 12

Evolutionary Relationship of Nicotinic Acetyicholine
Receptor Subunits in Both Vertebrate and Invertebrate
Species

Ming D. Li, Zhongli Yang, Huazhang Guo, and Bhaghai Dash

Abstract

A significant number of subunits for nicotinic acetylcholine receptor (nAChRs) have been identified in
humans and other species. However, the evolutionary relationship and biological functions for most of
these subunits are largely unknown. The purposes of this chapter were (1) to infer molecular evolutionary
history and divergence times of nAChRs, (2) to identify possible essential amino acid residues for the
complementary component of the acetylcholine binding site, and (3) to predict the combinational roles of
functionally unassigned nicotinic receptor subunits. A total of 123 nucleotide sequences from 23 species,
retrieved from public databases, were aligned and a set of phylogenetic trees was generated using different
algorithms. Our results indicate that homooligomer-forming subunits (a7-a10) diverged before the split
event between vertebrata and invertebrata. Following this divergence, other o and non-a subunits evolved
within each lineage independently, suggesting a convergence in the evolution of nAChR subunits. In the
invertebrate lineage, this gene duplication event seems to have occurred not long before splitting between
nematoda and insecta. Furthermore, we suggest that asparagine at position 4 (N4) in loop E may be essen-
tial for the complementary component of the acetylcholine binding site upon examination of the amino
acid residues in multiple sequence alignments, which correspond to complementary loops. Finally, the
combinational roles for several unverified nAChR subunits are predicted using the information on the
conserved residues of the acetylcholine binding site and our generalized quaternary organizational model.

Key words Nicotinic acetylcholine receptor, Evolution, Gene duplication, Phylogeny,
Combinational role

Abbreviations

C subunit  Complementary subunit

ML Maximum likelihood

MP Maximum parsimony

N4 Asparagine at position 4
nAChR Nicotinic acetylcholine receptor
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P subunit

Ming D. Li et al.

Neighbor-joining

Principal subunit

PC subunit  Principal-complementary subunit
S subunit Structural subunit
1 Introduction

The initial molecular cloning and sequencing of Torpedo electric
organ nicotinic acetylcholine receptor (nAChR) subunits [1-3]
enabled the identification of a family of diverse but yet homolo-
gous genes encoding nAChR subunits in the brain and muscle of
both vertebrate [4, 5] and invertebrate [6-10] species. Numerous
studies have documented that nAChRs are involved in a wide range
of neuronal activities, including cognitive functions and neuronal
development and degeneration [11, 12]. Nicotine, a highly addic-
tive component in tobacco, binds to nAChRs and its use has been
associated with a protective role in the etiology of several brain
disorders, such as Alzheimer’s and Parkinson’s diseases [12-15].
To date, 10 o (al-x10) and 4 p (B1—-p4) subunits have been
reported in vertebrata [5, 16]. Of these, at least six alpha subunits
(02—07) and three beta subunits (f2—f4) of nAChRs are expressed
in the mammalian central nervous system and govern the iono-
tropic cholinergic mechanism. Each nAChR is formed by five
homologous subunits arranged around a central ion channel and
nAChR B3 and o5 subunits are considered to be structural or
accessory subunits as they do not form functional receptors when
expressed alone or in binary complexes with any other single sub-
unit. However, they seem capable of integrating into complexes
containing at least one other o and one other p subunit [17, 18].
The diverse list of nAChRs include those assembled with single «
subunits (a7, a8, a9) [19, 20], multiple a subunits with («2a5p2,
a3a5p2, a3das5p4, ada5p2) [21-24] or without supplemental f
subunits (a7a8, a9al0) [25, 26], single o and multiple p subunits
(a3p2p4, a3p3p4, a6p2p3) [27-30], and multiple o and p subunits
(a3p2p4a5, ab6adf2p3) [30, 31], as well as heteromeric nAChRs
formed via pairwise combinations of a2, a3, o4, a5, a6, or a7 with
either the B2 or p4 subunits [32-36]. Together, the number of
potential subtypes of nAChRs is very large and determining the
stoichiometry of each association has become challenging in most
cases [37]. Similar challenges exist in classifying the nAChR sub-
units as o or P subunits and in deciphering the nAChR subtypes
and their stoichiometry in invertebrates [9, 38]. For example,
Caenorbabditis elegans genome contains the largest nAChR gene
tamily described so far, of which 29 subunits could be predicted as
nAChR subunits and 32 subunits show closest homology to
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vertebrate and invertebrate nAChR subunits but at present they
are designated as “orphan” subunits [9]. Generation and valida-
tion of predictive hypotheses or models would be of much interest
to the scientific community for i silico deciphering of the combi-
national roles for vertebrate and invertebrate subunits.

Given the complexity of this gene family and its broad biologi-
cal functions, it is of interest to understand how nAChR subunits
have evolved and how they may be related to each other. Several
studies [39—41] on the evolutionary history of the nAChR family
indicated that nAChR subunits might be classified into several
major groups, with the occurrence of the first gene duplication at
approximately 1.0-1.6 billion years ago and that of the last one at
about 400 million years ago. However, a number of questions
remain to be addressed. For example, even though all the early
studies [39—-41] showed that a7 and a8 subunits diverged first,
subsequent evolutionary processes were not defined. Although
advances have been made in understanding the evolution of
nAChR gene families in some model organisms or organisms of
economic and medical importance [42, 43], the phylogeny of the
invertebrate subunits was not clearly inferred due to an insufficient
number of subunits known when these studies were conducted.
Therefore, a more comprehensive study using the most recent
sequence information is necessary to further delineate the evolu-
tionary relationships among the nAChR subunits.

In addition, it was reported that neurotransmitter binding
sites of different subunits are composed of a principal component
in loops A, B, and C and a complementary component in loops
D, E, and F [44]. Although the presence of two consecutive cys-
teines in loop C was suggested to be essential for the character-
ization of the principal component [16], it is unclear whether
there exist any essential amino acid residues in the complemen-
tary component. Therefore, the second objective of this study is
to identify essential amino acid residues for the complementary
component, if they exist, on the basis of our multiple amino acid
sequence alignments. Furthermore, we propose a more general-
ized quaternary organization model for nAChRs based on a spe-
cific quaternary organization of the muscle-type, homooligomeric
a7 and heterooligomeric a4p2 receptors [44]. In spite of the
extensive experimental studies conducted on nAChR subunits,
the combinational roles for vertebrate a5, $3 and most inverte-
brate subunits are not yet well deciphered. Based on our general-
ized quaternary model and the presence of essential amino acid
residues for principal and complementary components of the ace-
tylcholine binding site, a predictive hypothesis is proposed to
assign combinational roles.
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2 Materials and Methods

2.1 Data Collection

Programs used in this study were run on a Dec Alpha computer in
a UNIX environment. All sequences were extracted from the
DDBJ/EMBL/GenBank using keyword searches. All predicted
nAChR subunit sequences from C. elegans and D. melanogaster
genomes, and redundant sequences for each subunit in GenBank,
were excluded from the analysis. After these filtrations, 123 sub-
unit sequences representing 23 species remained and were used in
the evolutionary analysis reported in this communication. A
detailed list of names, abbreviations, accession numbers, and refer-
ences for these subunits is given in Table 1.

Table 1
Genes used in this study

Gene abbreviation Species Accession number
Asu-o Ascaris suum AJ011382
Bta-al Bos taurus X02509
Bta-a3 Bos taurus X57032
Bta-a7 Bos tanrus X93604
Bta-p1 Bos taurus X00962
Bta-5 Bos taurus X02473
Bta-e Bos taurus X02597
Bta-y Bos tanrus M28307
Cau-a3 Carassius anratus X54051
Cau-p2 Carassius anratus X54052
Cau-na2 Carassius auratus X14786
Cau-na3 Carassins auratus M29529
Cel-deg3 C. elegans U19747
Cel-ce21 C. elegans X83887
Cel-acr3 C. elegans Y08637
Cel-cel3 C. elegans X83888
Cel-lev C. elegans X98601
Cel-acr2 C. elegans X86403
Cel-acr4 C. elegans AF077307
Cel-unc38 C. elegans X98600

(continued)
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Table 1

(continued)
Gene abbreviation Species Accession number
Cfa-al Canis familinris AB021708
Dme-sad D. melanggaster X52274
Dme-a3 D. melanogaster Y15593
Dme-o4 D. melanogaster AJ272159
Dme-als D. melanogaster X07194
Dme-rel D. melanogaster M20316
Dme-sbd D. melanogaster X55676
Dme-f3 D. melanogaster AJ318761
Dre-al Danio rerio U70438
Gga-al Gallus gallus AJ250359
Gga-al0 Gallus gallus AJ295624
Gga-a2 Gallus gallus X07339
Gga-a3 Gallus gallus M37336
Gga-o4 Gallus gallus X07348
Gga-ab Gallus gallus J05642
Gga-a6 Gallus gallus X83889
Gga-a7 Gallus gallus X52295
Gga-a8 Gallus gallus X52296
Gga-o9 Gallus gallus AF082192
Gga-p2 Gallus gallus X53092
Gga-p3 Gallus gallus X83739
Gga-p4 Gallus gallus J05643
Gga-o Gallus gallus K02903
Gga-y Gallus gallus K02904
Hco-hcal Huaemonchus contortus U72490
Hsa-al Homo sapiens Y00762
Hsa-a2 Homo sapiens U62431
Hsa-a3 Homo sapiens Y08418
Hsa-a4 Homo sapiens X89741
Hsa-a5 Homo sapiens Y08419

(continued)
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Table 1
(continued)

Gene abbreviation

Species

Accession number

Hsa-a6
Hsa-a7
Hsa-a9
Hsa-al0
Hsa-f1
Hsa-p2
Hsa-p3
Hsa-p4
Hsa-6
Hsa-¢
Hsa-y
Hvi-al
Hvi-a2
Hvi-a3
Hvi-a7-1
Hvi-a7-2
Hvi-pl
Lmi-al
Lmi-a2
Lmi-a3
Lmi-f
Mmu-al
Mmu-o4
Mmu-a5
Mmu-a6
Mmu-a7
Mmu-p1
Mmu-f2
Mmu-6

Mmu-¢

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Heliothis vivescens
Heliothis vivescens
Heliothis vivescens
Heliothis vivescens
Heliothis vivescens
Heliothis vivescens
Locusta migratovia
Locusta migratoria
Locusta migratoria
Locusta migratoria
Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

Mus musculus

U62435
X70297
AJ243342
AF199235
X14830
X53179
Y08417
Y08416
X55019
X66403
X01715
AJ000399
AF096878
AF096879
AF143846
AF143847
AF096880
AJ000390
AJ000391
AJ000392
AJ000393
X03986
AF225912
AF204689
AJ245706
L37663
M14537
AF145286
L10076
X55718

(continued)
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Table 1
(continued)

Gene abbreviation

Species

Accession number

Mmu-y
Mmu-ht
Mpe-al
Mpe-a2
Mpe-a3
Mpe-o4
Mpe-ab
Mse-als
Ovo-na
Rno-a
Rno-al
Rno-al0
Rno-a2
Rno-a3
Rno-a4
Rno-a5
Rno-a6
Rno-a7
Rno-pl
Rno-p2
Rno-f3
Rno-p4
Rno-8
Rno-¢
Rno-y
Rno-mls
Rra-al
Rra-a3
Rra-a9
Rra-p1

Mus musculus
Mus musculus
Myzus persicae
Myzus persicae
Myzus persicae
Myzus persicae
Myzus persicae
Manduca sexta
Onchocerca volvulus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus rattus
Rattus rattus
Rattus rattus

Rattus rattus

M30514
M74425
X81887
X81888
AJ236786
AJ236787
AJ236788
Y09795
120465
M15682
X74832
AF196344
M20292
L31621
L31620
NM_017078
108227
L31619
NM_012528
L31622
J04636
J05232
X74835
X13252
X74834
X15834
X74832
L31621
Ul12336
X74833

(continued)
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2.2 Multiple
Sequence Alignments

Table 1
(continued)
Gene abbreviation Species Accession number
Rra-p2 Rattus rattus L31622
Rra-8 Rattus rattus X74835
Rra-y Rattus rattus X74834
Sgr-all Schistocerca gregavin X55439
Tca-al Torpedo californica J00963
Tca-p1 Torpedo californica J00964
Tca-6 Torpedo californica J00965
Teca-y Torpedo californica J00966
Tco-tarl Trichostrongylus U56903
colubriformis

Tma-ol Torpedo marmoratn M25893
Xla-al Xenopus lnevis X07067
Xla-ala Xenopus laevis X17244
Xla-p1 Xenopus laevis U04618
Xla-6 Xenopus lnevis X07069
Xla-g Xenopus lnevis U19612
Xla-y Xenopus lnevis X07068

Gene abbreviations are those used in the text and tree. The first letter represents the
genus and the second two letters represent the species, followed by the name of the
subunit

Three programs, i.e., PILEUP of GCG package [45], CLUSTAL
W [46], and SAM-T99 [47], were used to conduct multiple
sequence alignments. Upon alignment of the consecutive cysteines
and four transmembrane domains among all subunits, different
methods were compared with respect to their performance.

The multiple sequence alignments resulting from SAM-T99
analysis, which performed the best, consisted of the conserved
Hidden Markov Model (HMM) sites as well as nonconserved
insertion sites. The nonconserved insertion sites were excluded
from the analysis because they are less informative in phylogenetic
analysis [47]. The resulting amino acid sequence alignments were
used as a template for the proper alignment of the corresponding
DNA sequences. For both the amino acid and nucleotide sequence
alignments, columns containing one or more nucleotide or amino
acid deletions among all members were deleted to generate an
alignment profile for the most conserved sites. The third nucleotide
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position of each codon of the aligned HMM and of the most con-
served sites was deleted to produce nucleotide sequence align-
ments for first and second codon positions.

Three phylogenetic analysis methods, including neighbor-joining
(NJ) method of CLUSTAL W [46], maximum parsimony (MP)
method of GCG, and maximum likelihood (ML) method of
PHYLIP 3.69 (http://evolution.genetics.washington.edu,/phy-
lip.html) were employed in this study. Six alignments (2 for amino
acid sequences: HMM sites and most conserved sites; 4 for nucleo-
tide sequences: HMM sites and most conserved sites for the first
and second codon positions) were used for each method of analy-
sis. The robustness of the phylogenetic hypotheses was tested by
bootstrapping. All bootstrap analyses of DNA and amino acid
sequences for MP and NJ methods involved 1000 replications of
the original alignments. For all analyses, the serotonin-gated ion
channel receptor subunit (Mmu-5HT) was used as an outgroup to
root the trees. The combinational roles of unverified subunits were
predicted based on the assumption that the subunits that belong to
the same group within a phylogenetic tree tend to share similar
functional roles. Working procedures and rationales of each phylo-
genetic analysis method used in the current study were as described
previously [48, 49].

TREEVIEW32 [50] was used to view and print the phyloge-
netic trees. In the process of sequence analysis, several perl scripts
were written, which include CONSITE to delete the columns of
multiple sequence alignments that have deletions, TREETRA to
transform the tree output file from GCG format into the input file
for TREEVIEW32, and CODONI12 to delete the third nucleotide
of each codon.

To estimate the divergence time of major groups of this family,
intergroup average p-distances were calculated using the MEGA2
package [51]. Since the p-distance is not proportional to the evo-
lutionary time, the Poisson-corrected distance (4) was used to esti-
mate the time of divergence among the major groups. The
relationship between p- and Poisson-corrected distances is

d=-In(1-p) [52].

All vertebrate subunits except a5, al0, and p3 were divided into
two groups, with one group having the complementary compo-
nent of the binding site while the other group did not have this
component. Based on the multiple sequence alignments, loops D,
E, and F were examined in detail to identify the amino acid resi-
dues, which are conserved in the complementary component but
are not conserved in the noncomplementary component. These
residues were assumed to be essential amino acid residues for the
complementary component.
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3 Results

3.1 Gomparison

It has been reported that two consecutive cysteines are essential
for acetylcholine binding [53, 54] and four transmembrane
regions (TM1-4) are conserved among all subunits identified so

far [55]. Accordingly, proper alignment of these regions was used
as the criterion to select the best multiple sequence alignment. As
shown in Fig. 1, TM1-3 were aligned together by all three pro-
grams, while TM4 was aligned by CLUSTAL W and SAM-T99.
As for the consecutive cysteines, only SAM-T99 was able to align
them together among all subunits included in this study. These
findings have led us to use the alignment results generated by
SAM-T99 as input files for further phylogenetic analysis, as
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Fig. 1 Comparison of three multiple sequence alignment methods, PILEUP, CLUSTAL W, and SAM-T99 on 123
nAChR subunits. Acetylcholine binding cysteines of o subunits and four transmembrane regions (TM) were
used as criteria to select the best alignments. PILEUP was unable to align cysteines and the fourth transmem-
brane regions together. CLUSTAL W did not align the cysteines together. Only SAM-T99 aligned all of them
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3.2 Evolutionary
Relationship
of the nAChR Family

3.3 Evolutionary
History
of the nAChR Family

Most of the phylogenetic trees constructed by different phyloge-
netic analysis methods showed that the 123 sequences included in
the study were classified into six major groups. Groups I (contain-
ing both vertebrate and invertebrate subunits, Heliothis vivescens
(an insect) and C. elegans) and II (vertebrate subunits only)
diverged earlier from a common ancestor than did groups III-
VI. All other invertebrate subunits were classified into group III or
IV whereas other remaining vertebrate subunits were assigned into
either group V or VI. Groups III, IV, V, and VI were further
divided into 2 or 4 subgroups, as noted. Regardless of the type of
analytical method used, members classified in groups I-VI were
almost the same, even though the topology among a few sub-
groups may have differed from each other. A rooted NJ tree con-
structed from nucleotide HMM site alignments is given in Fig. 2.
The bootstrap values of subunits appearing in each major group
from 1000 bootstrap replicates were 95, 100, 100,99, 79 and 86 %
for groups I to VI, respectively. For the sake of convenience, we
summarize subunits classified in each group and the corresponding
subgroups (Table 2).

Group I, a direct descendant of the ancestral gene, consists of
both vertebrate (a7 and a8) and invertebrate subunits (Hvi-a7-1,
Hvi-a7-2, and Cel-ce2l). Following the evolution of group I,
group II diverged to generate a9 and alO subunits. The third split
within the family generated two clusters, groups III/IV and V/
VI. Groups III and IV are composed of all the remaining inverte-
brate subunits, in which group IV (a subunits, Dme-sbd, and
Ovo-na) diverged from group III (non-a subunits). Subgroups
I1I-2 and IV-2 are solely composed of insect subunits whereas sub-
groups III-1 and IV-1 are constituted of nematoda subunits only.
On the other hand, groups V and VI are composed of vertebrate
subunits only, in which group V (non-a subunits) has diverged
from group VI (a and p3 subunits). In group V, subgroup V-1 (p2
and p4) diverged from subgroup V-2 (vertebrate muscle non-a
subunits). In group VI, subgroups VI-1 (a2, a4) and VI-2 (a3,
a6) diverged successively before a further split between subgroups
VI-3 (a5, f3) and VI-4 (muscle o). On the basis of these phyloge-
netic analysis results, we propose to change the nomenclature of
several vertebrate subunits used in the original reports to reflect
their evolutionary relationships with other known vertebrate sub-
units (see Table 3).

The phylogenetic tree indicates that, prior to the invertebrata—ver-
tebrata transition, two gene duplications of the ancestor for nAChR
subunits occurred, with the first duplication event yielding group
I, and the second event yielding group II and the ancestor gene for
groups III-VI. Following separation of vertebrata from inverte-
brata, the ancestor gene for groups I1I-VI produced groups V and
VI in vertebrata, and groups III and IV in invertebrata, which has
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Fig. 2 Phylogenetic tree of 123 nAChR subunits representing 23 different species (12 vertebrates and 11
invertebrates) with serotonin receptor as an outgroup. The tree was constructed by the ML method using
nucleotide HMM site alignments. According to their phylogeny and biological functions, these subunits were

classified into 6 major groups
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3.4 Times
of Divergence
for the nAChR Family

Table 2
Summary of subunits classified in major groups and subgroups according
to the phylogenetic trees

Group Subgroup Subunits

1 Vertebrate a7, a8 subunits
Invertebrate Cel-ce21, Hvi-a7-1, and Hvi-a7-2
subunits

11 Vertebrate a9, al0 subunits

11 III-1 Nematoda f subunits
II1-2 Insecta p subunits

v IV-1 Nematoda o and Ovo-na subunits
V-2 Insecta o« and Dme-sbd subunits

v V-1 Vertebrate 2 and p4 subunits
V-2 Vertebrate non-a subunits

VI VI-1 Vertebrate ol subunits
VI-2 Vertebrate o5 and B3 subunits
VI-3 Vertebrate a2 and a4 subunits
VIi-4 Vertebrate a3 and a6 subunits

Table 3

Proposed changes on nomenclature of several nAChR subunits

Original name  Proposed new name  Bootstrap value  Reference

Cau-na2 Cau-p3-1 1000,1000 [80]
Cau-no3 Cau-p3-2 1000,1000 [81]
Cau-a3 Cau-a6 484 /1000 [82]
Rno-a Rno-o4 1000,/1000 [33]
Rno-mls Rno-p4 1000,/1000 [84]
Xla-¢ Xla-y 743 /1000 [85]

been inferred to occur before nematoda split from insecta. Based
on these phylogenic analyses, an evolutionary model of this gene
family is presented in Fig. 3.

To obtain an evolutionary age of this gene family, we estimated the
time of divergence among the family’s major groups (Table 4). On
the basis of fossil records, it was estimated that the chicken diverged
from mammals approximately 310 million years ago [56]. The dis-
tances were initially calculated for al-a7, a9-al0, p2—p4, 8, and y
subunits between chickens and mammals and then used to calculate
the ratio of distance to evolutionary time. Relative to this ratio, we
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Fig. 3 Proposed model for the evolution of the nicotine acetylcholine receptor family. There were two gene
duplications, which produced groups | and Il, before splitting between vertebrata and invertebrata. In verte-
brata, one gene duplication produced groups V and V. In invertebrata, one gene duplication produced groups
Il and IV before splitting between insecta and nematoda

;?rzfs“of divergence for the major groups and subgroups of nAChR
subunits®
Average Kimura’s Time of divergence

Group/subgroup distance (10° years)

I cf. II-VI 0.918 835

II cf. III-VI 0.9141 831

III-1V cf. V-VI 0.8513 774

11 cf. IV 0.8588 781

V cf. VI 0.8389 763

II1-1 cf. I11-2 0.7524 684

IV-1 cf. TV-2 0.7401 673

V-1 cf. V-2 0.7958 723

VI-1 cf. VI 24 0.7018 638

VI-2 cf. VI 34 0.6729 612

VI-3 cf. VI-4 0.588 535

*‘Assuming diverged time: chicken/mammals 310 MYA [56]
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3.5 Identification
of Putative Essential
Amino Acid Residues
for Complementary
Binding Sites

3.6 Prediction
of Combinational Role
for Unverified Subunits

obtained the divergence time for the major duplication events of
this family. As shown in Table 4, our results indicate that three
major gene duplications took place around 1.1 to 1.5 billion years
ago, which is consistent with previous reports [39, 40].

Based on their contribution to neurotransmitter binding sites, ver-
tebrate subunits could be divided into four functional groups: (1)
principal-complementary subunits (PC subunits, i.c., oa7-09),
which contribute to both the principal component and the com-
plementary component; (2) principal subunits (P subunits, i.e.,
al—a4 and a6), which contribute to the principal component but
not to the complementary component; (3) complementary sub-
units (C subunits, i.e., f2, p4, 5, and ¢), which contribute to the
complementary component but not to the principal component;
and 4) structural subunit (S subunit, i.e., 1), which contributes to
neither the principal component nor the complementary compo-
nent. By examining the amino acid sequence alignments within
loops D, E, and F, we found that asparagine at position 4 (N4) in
loop E is conserved in both C (i.e., vertebrate 9, €, 2 and p4) and
PC (vertebrate a7—a9) subunits, but is not conserved in S subunits
(B1) or P subunits (vertebrate al—a4, a6) (see Fig. 4a). This sug-
gests that N4 in loop E may be essential for the complementary
component of these subunits.

Based on the quaternary organization of the muscle-type,
homooligomeric a7 and heterooligomeric a4p2 receptors [44], a
more general quaternary organization for PC, P, C, and S subunits
is proposed herein (Fig. 5). Based on this extended model and the
essential amino acid residues for principal and complementary com-
ponents, we propose the following hypothesis: (1) if a subunit has
both N4 of loop E and C9C10 of loop C, it is likely to be a PC
subunit; (2) if'a subunit has only C9C10 of loop C, it would be a P
subunit; (3) if a subunit only has N4 of loop E, it would be a C
subunit; (4) if a subunit has neither N4 of loop E nor C9C10 of
loop C, it is likely to be an S subunit. According to this hypothesis,
we predict that vertebrate alO, invertebrate Hvi-a7, and Cel-al
subunits resemble the PC subunits, whereas subunits clustered in
group IV and vertebrate a5 may belong to the P subunit category
with the exception of Ovo-na and Dme-sbd subunits. Subunits in
group III are predicted to be C subunits, and vertebrate 3, Ovo-na,
and Dme-sbd are predicted to be S subunits (see Fig. 4b).

4 Discussion

In this study, different program packages for multiple sequence
alignments and phylogenetic analyses were used to assess the evo-
lutionary history of nAChR subunit sequences available in the
literature /public databases. Our phylogenetic analysis showed
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Xla-3 WVELAW WQPQLILE YYSNVL...ISS..... DGFMYWL LTYNAKEI DLdeasgryypvewii.. .. IDP KENIDRS..LSPESt..K...YQ
Rra-8& WIDHAW WLPEIVLE YACHNVL...VSD..... SGHVTWL LEYTAKEI EEednrsypiewii.... .. IDP EVNVDPS. .VEMDSt..N...HQ
Tca=-& WMDHAW WIPDIVLO YFCHVL...VEP..... NGYVTWL LNYDANEI DTidgkdypiewii.... ..IDPF KENIYFD..KFPNGt..N...YQ
Bta-¢ WIGIDW WLPEIVLE YEANVL...VSE..... GGYLSWL QTYNAEEV DDegktiskid............. IDT VIRRHDG..DSAGG...Fg..ET

Fig. 4 Multiple amino acid sequence alignments of neurotransmitter binding loops. (a) Sequence alignments
of the vertebrate subunits whose combinational roles have been verified by experiments. N4 of loop E is con-
served in all complementary components but not in noncomplementary components. (b) Sequence alignments
of the subunits whose combinational roles were predicted. The combinational roles were inferred from the
hypothesis proposed in this study (see text for details)



Mmu-g WIGIDW WLPEIVLE YDSNVL...VYE..... GGYVSWL QTYNAEEV DDdgntinkid............. MIRRYEG. .GSTEG...Pg..ET
Hsa-¢ WIGIDW WLPEIVLE YDANVL...VYE.....GGSVIWL QTYNAEEV DNdgktinkid..... ' VIRRHHG. .GATDG...Pg..ET
Xla-¢ WVQIAW WLPDIVLE YYANVL...VYN..... TGYIYWL KTYSANEI DDetglpfdgvd... RKILNPK..YSKEDL..R...YQ
Rno-¢ WIGIEW WLPEIVLE YDCNVL.. ...GGSVSWL QTYNAEEV DDdgnainkid.... " MIRHYEG..GSTED...Pg..ET
Bra-vy WIEMQW WRPDIVLE LYCNVL...VSP..... DGCVYWL QTYSTHEI EDggtiewif KMLLDEA. .APAEEa..G...HQ
Gga-y WIEMOW WLPDIVLE LYTHNVL...VYP..... DGSIYWL QTYSANEI EEggtiewif RKIINSG..RFTPDdi.Q...YQ
Hsa-y WIEMOW WRPDIVLE LYCHVL...VSP..... DGCIYWL QTYSTNEI EDggtiewif KMLLDPA. .APAQEa. .G
Mmu=y WIEMOW WRPDIVLE LYCHNVL...VSP..... DGCIYWL QTYSTSEI EDggaiewif KMLLDSV. .APAEEa. .G..
Rno-y WIEMOW WQPDIVLG LYCHNVL...VSP..... DGCIYWL QTYSTSEI EDggaiewif KMLLDFV..TPAEEa..G..
Rra-vy WIEMOW WQPDIVLG LYCHVL...VSP..... DGCIYWL QTYSTSEI EDggaiewif KMLLDFV..TFAEEa. .G..
Tca=y WIEIQW WLPDVVLE YYANVL...VYN..... DGSMYWL QTYNAHEV EEgeavewih KENYNWQ. . LTEDDE. . D. .
Xla-vy WVEMOW WLPDVGLE LYTNTL...VS5..... DGSMYWL QTYSANEI DEgtiewie............... KRIINHR..LFRDDv..N..
(B)

Predicted PC-subunits

Cel-ce2l WLDYTW WKPDVLLY YQTNMI...VYS..... TGLVHWV WTYDGYKL ERNEKFY. .DCC .. YP
Hvi-o7-1 WLKLEW WEFDVLMY YPTNVV...VRN NGSCLYV WTYDGYQL KRNEIYY..NCC .LYI
Hvi-o7-2 WLSLEW WEPDVLMY YOTNVV...VRS..... GGSCLYV WTYDGNQL KENTITY..ACC! S 4Y
Eno-oll WIRQEW WRPDIVLY ASTHNVV...VEH..... DGAVEWD WTHGGHOL RERVLTY. .GCC: YR
Gga-oall WVRQAW WRPDIVLY METHNVV...LES..... DGHIMWD WTYNGNOI TRNVVTY. . YR
Hsa-all WIRQEW WRPDIVLY ASTNVV...LEH..... DGAVEWD WTHGGHOL RRRVLTY. .GCC: .. YP
Predicted P-subunits

Asu-a mmmm-= WVPDIVLY ISTEAT... WTYSEDLL GEphyeletnefgevdnitivddgIDL IRRTENYp. AL WY
Cel-unc38 WLKQTW WVPDIVLY ISTKAT.. WTFSENLL PSlryeeeidekgiidnvtvaedgIDL KRRAKNYp. A
Dme-a3 WVEQSW WRPDIVLY LATEAT.. WTYDGFQV ELngtnvvevg.............VDL VRNEKFY..TCCI .P..
Dme-od WVEQSW WRPDIVLY LATKAT.. WTYDGFKV EQggsnvvavg. . .. VDL VRNEKFY. P
Dme-als  WVEQEW WHPDIVLY IMTKAI.. WTYDGYMV QTadsdnievg.... ..IDL VRNEKFY.. | -
Dme-sad WLEHEW WLPDIVLY TMTEAL.. WTYDGDQI QEndkdnkveig............ IDL ERHEKYY..PCC. i
Hco-hcal WLEQVW WVEDIVLY ISTEAT... WTNSENLL NNvryeeevneggivdnitiaddgIDL RRRSENYp. AL
Hvi-ol WVEQSW WRPDIVLY LATEAT...LNY..... TGRVEWR WTYDGFQV EArgtnvvelg VENEKFY. .TCC -.P..
Hvi-o2 WLEHEW WLPDIVLY TMTEAV...LHH..... TGEVLWT WSYDGDQI QKkgdmvdvg..... ERHERYY.. P..
Hvi-od WVEQKW WLPDIVLY LMTEAT...LKY..... TGEVNWE WTYNGAQV QSpgsslvhvg.... TRNEEYY. . -.P..
Lmi-ol WVEQEW WLPDIVLT LATEAT...IYH..... QGLVEWKE WTYDGFEV EQagsnvvevg VENEKFY. . TCC| -.P..
Lmi=-o2 WVEQKW WLPDIVLY LMTEAT...LKY..... TGEVEWE WTYNGFQV QEagsnlvsvg TRNEEYY. . -.P.
Lmi=-od WVEQEW WLPDIVLY IMTEAI...LHH..... TGEVVWE WTYDGYLV QSpdsdtidvg.... VENEKFY. . P.
Mpe-al WLEHEW WLPDIVLY TMTEAV...LHH..... SGEVMWT WSYDGNQI QLvgtnkvdvg. ERHEKYY. .5CC, P.
Mpe-a2 WVEQEW WLPDIVLY IMTKAI...LHY..... TGKVVWK WTYDGYMM QApdsdvievg. . . VRHEKFY.. P,
Mpe-a3 WVEQYW WRPDIVLY LATKAM...LHY.....SGRVEWK WTYDGFQV EVsgsrvvdvg.. . IRNEKYY..T P
Mpe-od WLIQKW WLPDIVLF LMTKAV...LKY..... TGEVLWS WTYNGNQV QSggrnrvdvg.....ecesrans VRNEEFY. . .5.
Mpe-aS WVEQAW WRPDIVLY PATKAT...IYH.....VGLVEWK WTYDGFKV EKvgsnivdvg.. , VRNEKIY. .PCC| P
Mse-als  WVEQSW WRPDIVLY LATKAT...LNY..... TGRVEWR WTYDGFQV EVrgtnvvelg.. VRNEKFY. .TCC WP
Sgr-all  WLEHEW WLPDIVLY TMTKAV...LHH . TGEVVWT WTYDGDQI QKyddnkvkvg. ERHEKYY. . PCC LPLLLYP
Rra-od WLEQIW WEPDIVLY DKTEAL...LKY..... TGEVTWI WSYDKAKI YKHEIKY..NCCEE...I...¥YQ
Tco-tarl WLKQVW WVPDIVLY ISTEAT...LHY..... SGEVTWE WTYSENLL RERSKENYp.SCCPQs..A...YI
Predicted C-subunits

Cel-acrZ2 WLTMEW WLPDIVLF FKSNVF...VDH..... HGDVTWV WTYNSEEV QLVHEFD. .

Cel-acr3 WPTMKW WLPDIVLF FYSNVV...VEH..... TGDMLWV WTFREDEL LLIDERS..

Cel-cel3 WLTLOW WLPDIVLF FMCNVV...INH..... KGDMLWV WTYNENEI SLVNERS

Cel-lev WLTMKW WLPDIVLF FMCHNVL...ILS..... TGTVLWV WTYNRDEI VLTSDRS. .

Dme-rel  WLRLVW WKPDIVLF YKSNVL...IYP..... TGEVLWV WTFNGDQV . YLNVYEG. .

Hvi-f1 WLRLVW WKPDIVLF YKSNVL...IYP.....NGEVLWV WTFNGDQV . YLNIYEG. .NHP--...

Lmi-f WLRLVW WKPDIVLF YKSNVL...IYP..... NGEVLWV WTFNGDQV YLNIYEG. .NHP--...T
Predicted S-subunits

Ovo-na WLEQVW WVPDIVLY ISTEAT...LRY..... DGOVTWD WTYTEDLL KRRTENY1tSFSDE...A...FI
Hsa-p3 WLEQEW WLPDIVLF LMTEVI...VES..... HGTVVWAT WTYDGTMV MEGNERRD. . .5...YP
Eno-p3 WLEQEW WLPDIVLF LMTEAI...VES..... SGTVSWT WTYDGTMV MEGNERRE. . .5...YP
Gga-p3 WLEQEW WLPDIVLF LMTEAI...VEY..... HGVVOWM WTYDGSMV MEGNRED. . <.5...YP
Cau-na2 WLWOEW WLPDIVLY LMTEAI...VEY..... HGMITWT WTYDGNMWV VEGSRQD. . SHL .8...TP
Cau-nal WLWOEW WLPDIVLY LMTEAI...VEF..... NGTIMWT WTYDGTMWV QRGSRRD. . 5...YP
Dme-sbd ~ WVKQRW WVPDIVLY LMTKAT...LKY..... TGEVFWE WTYNGAQV , TKNEEYY. .PDT: LP...FS

Fig. 4 (continued)

Fig. 5 Proposed quaternary organization for nAChRs. (a) P subunits can form a functional homooligomer
(a7 subunit). (b) P and C subunits, such as a4 and p2 combine to form a functional 2P3C heterooligomer.
(c) P, C, and S subunits, such as a18yf1, may combine to form the 2P2C1S heterooligomer
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that, prior to the invertebrata—vertebrata transition, two gene
duplications of the ancestor gene for the nAChR family occurred,
with the first duplication event yielding group I, and the second
event producing group II and the ancestor gene for groups I1I-VI
(see Figs. 2 and 3). After separation of vertebrata from inverte-
brata, the ancestor gene for groups III-VI produced groups V
(non-a subunits) and VI (a subunits) in vertebrata, and groups I11
(non-a subunits) and IV (a subunits) in invertebrata, which
occurred before nematoda split from insecta. This independent
generation of « and non-a subunits in vertebrata and invertebrata
suggests a convergence in the evolution of nAChR subunits. We
also found that N4 of loop E may be essential for the complemen-
tary component of acetylcholine binding sites. Based on essential
amino acid residues of acetylcholine binding sites and a more gen-
eral quaternary organization model for PC; P, C, and S subunits
that was proposed herein, we predicted the combinational role for
the other unverified nAChR subunits.

The PILEUP [45], CLUSTAL W [46] and SAM-T99 [47]
programs were utilized to align 123 subunit sequences represent-
ing 23 species in this study. The PILEUP procedure clusters the
sequences using pairwise similarities to produce a dendrogram,
i.e., a tree representation of clustering relationships. It is this den-
drogram that directs the order of the subsequent pairwise align-
ments [45]. The CLUSTAL W program improves the sensitivity of
the PILEUP procedure by weighting sequence, varying amino
acid substitution matrices, encouraging new gaps in potential loop
regions, and varying gap penalty in the process of alignment [46].
On the other hand, SAM-T99 uses a systematic approach to build
a statistical Hidden Markov model (HMM) based on gene family
sequences [47], followed by alignment of the sequences to the
HMM model. Corresponding to each HMM’s states, there are
match, insert and delete positions in each sequence in the resulting
multiple sequence alignments. Based on the criterion that two
adjacent cysteines and four transmembrane domains can be prop-
erly aligned, we compared the alignment results produced by these
three packages, and found that the SAM-T99 program best aligned
these conserved elements among all subunit sequences. Therefore,
it appears that the HMM method fits better to our dataset than
other methods.

Three phylogenetic analysis methods, i.e., NJ, MP, and ML,
were used in this study. In order to get a reliable phylogenetic
tree, it is important to use as many homologous sites as possible
while using as few nonhomologous sites as possible in construct-
ing a phylogeny. Thus, we generated six alignments, with each
consisting of a different set of sites. By employing varied phyloge-
netic analysis methods on the six alignments, we found that the
phylogenetic tree constructed by the ML method on nucleotide
HMM site alignments appeared to explain more concisely the
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evolutionary history of this gene family. Although the exact
reason is unknown, we expect that this may be due to (1) the
existence of detailed models of the way nucleotides evolve, but
there are no such models for the amino acids [57, 58], (2) HMM
sites are conserved enough and further deletion may lead to loss
of information [47], and (3) in addition to the first two positions
of the codon, the third position of the codon may also encode
evolution information [52].

On the basis of the results illustrated in Fig. 3, we expect that
subunits in groups I and II should be present in both vertebrata
and invertebrata because they were generated prior to the verte-
brata—invertebrata transition. However, examination of the sub-
units indicates it is so for group II but is questionable for group 1
for invertebrata. This may result from other unidentified inverte-
brate subunits that may fall in group I. In fact, this expectation has
gained support from the work reported by Szczupak et al. [59]
which showed that there exist receptors in leech that possess a
pharmacological profile similar to that of the nAChR a9 subunit.
Although the biological functions of vertebrate al0, invertebrate
Hvi-a7-1 and Hvi-a7-2 subunits are unknown, we suspect that
they may be capable of forming functional homooligomers. This
prediction is based on reports that other members of groups 1 /11,
such as vertebrate o7-a9 and Cel-ce21 can form functional
homooligomers [19, 20, 60, 61]. Although we predict vertebrate
alO0 to be a homopentamer, experimental result available in litera-
ture did not show formation of any detectable homomeric (rat)
al0 nAChR either in vitro or in rat cochlear and vestibular hair
cells [26]. Rather it was shown that al0 subunit partners with o9
subunit in vitro to form functional receptors, indicating that «a10
subunit may be acting as a “structural subunit” [26]. Further, the
authors of the same paper argue that most likely such a receptor
(a9a10) exist in vivo as is inferred from indirect experimental
results. It is probable that future experimental success may just
show that there exists homopentameric «10-nAChR in vivo but
not an a9al0-nAChR validating our phylogenetic classification
and predictive hypothesis. Duplication events leading to the emer-
gence of groups I, II and the ancestral gene for the other remain-
ing subunits precede the split event between vertebrata and
invertebrata. Subsequent gene duplications occurred indepen-
dently in vertebrata and in invertebrata. In vertebrata, a gene
duplication event has led to the generation of the ancestral forms
of groups VI (a) and V (non-a) subunits. Interestingly, coexpres-
sion of a member of subgroup V-1 and a member of subgroups
VI-1 or -2 is a prerequisite for the formation of an acetylcholine
gated ion channel with a currently accepted stoichiometry of 2a3f
[62, 63]. Similarly, coexpression of subgroups V-2 and VI-1 is
functionally necessary for the vertebrate muscle nAChR [64]. This
suggests that the ancestor of group V or VI alone cannot become
a functional nAChR unless it is combined.
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A similar evolutionary process also took place in invertebrata.
Following splitting between vertebrata and invertebrata, the
ancestors of groups IV (a subunits) and III (non-a subunits) have
emerged via gene duplication, which occurred not long before the
splitting event of nematoda and insecta. On the basis of genetic
distances between these two subgroup members, we anticipate
that this gene duplication might have occurred about 1.2 million
years ago. Further gene duplication seems to have occurred inde-
pendently in nematoda and insecta. Most experimental data from
invertebrata have suggested that the o subunit in group IV needs
the B subunit in group III in order to form a functional receptor
[7, 65-68]. However, several research groups [6, 69-71] have
documented that Sgr-alL1, Mpe-al, Mpe-a2 and Dme-ard from
group IV-2 can form homooligomers (in heterologous expression
system), albeit only at high concentrations of an agonist (in a mM
range). Inward currents generated by these homooligomers were
shown to be very small (in an nAmp range), implying that they
may not be physiologically functional homooligomers [69, 70,
72] only to indicate that they require their partner p subunit from
group III-2 to form a functional receptor. Similarly an Ascaris
sunm o subunit (GenBank # AJ011382) from group IV is now
confirmed by Williamson et al. [38] as a true o subunit by inde-
pendent cloning (GenBank EU053155) and functional expres-
sion studies.

Cel-deg3 (encoding a nAChR subunit which in the region of
transmembrane domain II is most similar to the neuronal alpha 7
subunits from rat and chicken) from C. elegans cannot be grouped
into any of the six major groups in our trees. Treinin and Chalfie
[73] showed that deg-3 and des-2 are two functionally dependent
acetylcholine subunits from C. elegans: they co-assemble to form a
functional receptor. In an analysis by Jones et al. [9], DEG-3
groups with other nAChR subunits (including DES-2) from
C. ¢elegans that strictly do not fall into an o or p category. In fact,
we found that several subunits cannot be classified, as is shown by
Jones et al [9], into any one of those six major groups after pre-
dicted nicotinic receptor subunits from genome sequences of
C. elegans and D. melanogaster. Though some of these subunits
are predicted to be acetylcholine receptor subunits they show
greatest similarity to members of cys-loop LGIC (ligand gated ion
channel) superfamily that also includes y-aminobutyric acid
(GABA), serotonin (5-HT), glycine, glutamate, and histamine
receptors; and chloride-gated channels [74]. Hence, most of these
subunits are not included in our analysis. Therefore we expect that
more groups or subgroups of nAChR subunits will be identified in
the near future as more genomic sequences from human, mouse,
rat and other species become available. The assignment of a or
category to some of these subunits has not been easy because there
is a possibility that some of these subunits co-assemble with other
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proteins (ancillary protein involved in assembly and trafficking of
the receptors) to form functional receptors. This point may be
underscored from the finding by Boulin et al. [75] that showed
that eight genes are required for functional reconstitution of the
C. elegans levamisole-sensitive acetylcholine receptor.

Based on essential amino acid residues for acetylcholine bind-
ing sites and a more general quaternary model of nAChRs pro-
posed herein, a hypothesis is proposed to infer a combinational
role of nAChR subunits according to amino acid sequences.
According to this hypothesis, we predict that vertebrate al0 and
invertebrate Hvi-a7 and Cel-al subunits represent the PC sub-
units, and subunits in group IV and vertebrate a5 represent the P
subunits, with the exceptions of Ovo-na and Dme-sbd subunits.
Subunits in group III are predicted to represent C subunits and
vertebrate f3, Ovo-na and Dme-sbd predicted to represent S sub-
units (see Fig. 4b). Surprisingly, these predictions are consistent
with our inference from phylogenetic analysis that subunits
belonging to group I /11 can form homooligomers and subunits of
group III need those of group IV in order to form heterooligo-
mers. Experiments demonstrated that coexpression of a5 with
other a and P subunits in oocytes reduced the binding affinity of
expressed nAChRs [76-78], while coexpression of B3 did not [28].
These findings support our hypothesis that f3 is an S subunit
whereas a5 is a P subunit. Previously, it was reported that o5 is not
a P subunit because it does not possess the conserved tyrosine in
loop C, as is found in other a subunits [77]. However, this is
inconsistent with our prediction. In addition, if the a5 subunit had
not been a principal subunit, the C9C10 would have been lost, as
were other C and S subunits. Due to the lack of a conserved tyro-
sine residue, we suggest that a5’s binding property may differ from
that of the other a subunits. Since the a5 subunit cannot form a
functional nAChR with any B subunit, it is likely that any nAChR
containing a «5 subunit has two kinds of P subunits (x2a5p2,
a3a5p2, a3abp4, adasp2, etc.) However, it is worth noting that a
report by Fucile et al. [79] shows that human nAChR a5 subunit
forms functional receptor along with human nAChR B2 or 4 sub-
units. Hence, it may not be too long before we know that nAChR
a5 subunit in fact is a P-subunit.

Our results lead to the following hypothesis on the evolution
of the nicotinic acetylcholine receptor family. The common ances-
tor of nAChRs functioned essentially as a homooligomer in the
primitive Bilateria, which had both C9C10 in loop C and N4 in
loop E. Before the splitting between vertebrata and invertebrata,
diversity of the nAChR family was enhanced via generation of dif-
ferent homooligomers. This initial increase in diversity might have
had little evolutionary space to gain a variety of pharmacological
properties because of great structural pressure caused by an “all in
one” configuration of a homooligomer subunit. In a homooligo-
mer, one subunit is responsible for both binding and allosteric
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transition. The evolutionary split between a and non-a subunits,
independently taking place both in vertebrata and invertebrata,
enabled the possibility of having the principal and complementary
binding sites lying on different subunits. Decoupling of the princi-
pal and complementary binding sites might have provided the
much needed evolutionary space, which may be the driving force
for the convergence evolution of a and non-a subunits. According
to our hypothesis on the combinational role, these subunits might
be S subunits since they lack both C9C10 of loop C and N4 of
loop E. The S subunit in a pentameric receptor would give even
more broad evolutionary space to generate more diverse pharma-
cological properties for nAChRs. For example, the sophisticated
stoichiometry of the vertebrate muscle receptor (alpldy) might
evolve under the pressure of fast signal transduction in neuromus-
cular junctions, which might give a better chance for survival. Two
complementary subunits and one structural subunit may give the
muscle receptor appropriate features for adaptation of fast signal
transduction. In the nervous system, a5 and B3 may give more
complexity to stoichiometry of neuronal nAChR, which may be as
sophisticated as muscle nAChRs, to fit the more advanced func-
tional requirements that accompany evolution. In short, the evolu-
tionary history of the nAChR family confirms that living organisms
would tend to use every possible way to generate more complex
derivatives from their original templates to meet the challenges
brought by changes in the environmental factors.

In our phylogenetic tree of subunits there are paraphyletic
cases for some subunits. For instance there are such cases for the
a3, na2, no3 subunits from a goldfish ( C. auratus); a subunit from
rat; € subunit from frog (X. /aevis); etc. Based on phylogenetic
classification and predictive hypothesis generated we were able to
reassign nomenclature for several nAChR subunits. We propose
that Cau-na2, Cau-na3, and Cau-a3 be renamed as Cau-p3-1,
Cau-f3-2, and Cau-a6 respectively. Originally Cau-na2 and
Cau-na3 are proposed as either non-alpha member or structural
subunit of the goldfish nAChR gene family [80, 81]. Lack of avail-
ability of similar sequences in the database in late 1980s and early
1990s might have put the authors [80-82] in a situation not to
name these subunits as specific f subunits. Reassignment of a new
name for Cau-a3 as Cau-a6 is strictly based on sequence similarity
and predictive hypothesis. Our nomenclature about these subunits
could be validated conducting functional experiments in vitro or
in vivo. The true nature of Cau-a3 as against predicted Cau-a6
could be inferred by doing a-Conotoxin MII (a-Ctx MII) inhibi-
tion assays employing Cau-a3 subunit as a principal subunit and
comparing its a-Ctx MII sensitivity to the known a-Ctx MII sensi-
tivity of alpha6*- or alpha3*- nAChRs [83]. We also propose that
Rno-a (M15682) be renamed as Rno-a4 (L.31620) based on their
bootstrapping value (1000,/1000), predictive hypothesis proposed
here in and sequence identity (an alignment of Rno-a amino acid
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sequences with that of Rno-o4 shows that they are almost identical.
Similarly Rno-mls (X15834) and Rno-p4 (J05232) are almost
identical at amino acid level and could be renamed as proposed
here. Again renaming Xla-¢ as Xla-y is strictly based on sequence
similarity and predictive hypothesis proposed here in.

Research reported in the past [39, 41] has made significant
contribution towards understanding the molecular evolution of
nAChR subunits. The results from our study as reported and dis-
cussed here highlight the evolution of nAChR subunits from a
functional perspective explicitly assigning functional signature to
them. The phylogenetic tree generated has similar topology to the
tree generated by Tsunoyama and Gojobori [41] but differs from
Le Novere and Changeux [39]. The tree contains largest number
of subunits reported in any nAChR subunit phylogenetic classifica-
tion. It also indicated that o7, a8, a9 and al0 diverged from a
common ancestor and insects and nematodes nAChR subunits
emerged thereafter.

In conclusion, this study showed that prior to the inverte-
brata—vertebrata transition, two duplications of the ancestor gene
for nAChR subunits occurred, with the first one yielding group 1
subunits and the second one producing group II subunits and the
ancestor gene for groups III-VI. After separation of vertebrata
from invertebrata, the ancestor gene for groups I11-VI produced,
independently, groups V and VI in vertebrata, and groups III and
IV in invertebrata, which occurred before nematoda split from
insecta. Our phylogenetic analyses further demonstrated that
nAChRs evolved from a simple homooligomer to complex het-
erooligomers with the same strategy used in both vertebrata and
invertebrata. In a heterooligomer, different subunits are dedicated
to different functional roles, i.e., principal binding, complemen-
tary binding, and allosteric transition. This would make the vast
pharmacological varieties available, which is considered as a pre-
requisite for complex neuronal activities. Finally, based on multiple
sequence comparisons, we found that the conserved N4 of loop E
may be essential for the complementary binding component. A
hypothesis on the prediction of nAChRs’ combinational role was
proposed based both on the essential amino acid residues of acetyl-
choline binding sites and a more general quaternary organization
model for PC, P, C, and S subunits. According to this hypothesis,
the combinational roles of invertebrate receptors and some verte-
brate receptors were predicted.
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