Mouse Models and the Genetics
of Nicotine Dependence

Scott W. Rogers, Thomas J. Gould, and Timothy B. Baker

Detailed studies of inbred mouse strains have provided remarkable insights info how
genetics shape complex processes, ranging from cancer susceptibility fo immunity.

The mouse models of response to addictive substances such as nicotine are now showing
similar promise for revealing the underlying complex genetics and physiological
mechanisms contributing to dependence. This chapter examines key issues in using
mouse models for nicotine dependence, including

»  The molecular biology of the nicotinic acetylcholine receptors and how these
receptors contribute fo tissue-specific responses within the context of strain-
specific genetic background

»  The interaction of nicotine with physiological systems through oral, intravenous,
and subcutaneous administration and how experimental results from these
routes of administration in mice may relate to the physiology of human smoking

»  The way mouse models recapitulate many basic features of nicotine dependence
in humans, including behavioral reinforcement, self-administration, development
of tolerance, and altered reward-related behavior

On the basis of available evidence, and given ifs receptiveness to genetic manipulation,
the mouse model appears to hold promise as a powerful tool for understanding how
genetics and behavioral measures combine to individualize the response to nicotine.

The analyses described herein were supported by National Institute of Health grants AA015515, AG17517, CA/DA84718,
CA/DA19706, DA01749, and HL72903. The authors acknowledge the Val A. Browning Charitable Foundation of Utah.
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4. Mouse Models and the Genetics of Nicotine Dependence

Introduction

This chapter provides an evidence-based
review of issues in using mouse models for
genetic research in nicotine dependence,
including the biology of neuronal nicotinic
acetylcholine receptors (nAChRs), issues
in the administration and metabolism of
nicotine, experimental design, and strain
selection considerations, and aspects

of behavioral responses to nicotine in
mice. These factors all contribute to a
knowledge base for the design of effective
mouse model research that, in turn, may
contribute to further understanding of

the genetic basis of nicotine dependency
in humans.

Experimentally defining the genetics

that shape the brain—and ultimately

the behaviors it controls, such as those
leading to the complex outcomes of
dependence—is a challenging but
promising endeavor. Humans and mice
share a close genetic and physiological
relationship; comparisons of the human
and mouse genomes indicate 85% identity.
These genomes compare favorably in

their susceptibility to many simple and
complex genetic diseases including those
related to addictive drugs such as nicotine.
Intensive inbreeding has provided many
hundreds of genetically isogenic strains
with phenotypically distinct features that
have been very successfully exploited to
identify and often define the genetics of
well over 100 models of human disease.!
Some mouse strains also display responses
that closely parallel responses and
behaviors seen in humans. These strain-
specific genetic characteristics are stable
over decades of inbreeding,? providing
considerable stability in gene-phenotype
relations. Mice have additional features
conducive to long-term developmental
research—for example, relatively small
size, economical maintenance, and rapid
development.

Factors such as these, together with

the species’ amenability to genetic
manipulation, allow for the study of
complex genetic contributions to behaviors
that occur in a nexus of physical maturation
and environmental exposure. Consistent
with these virtues, mouse strains were
recognized more than four decades ago® as
a resource for examining the distinct and
often highly varied responses to nicotine

on behavior. Subsequent studies have
extended these early observations to provide
considerable insight into how the genetics
of this animal model can be exploited to
examine a broad range of mechanisms
through which nicotine imparts its effects,
including possible physiological substrata
of nicotine dependence.*?

At the same time, caution is needed when
embarking upon experiments using the
mouse model system. Among the most
important is the consideration that
behavioral-genetic relations are fine-tuned
over the natural history of this species.
Thus, mice may—or may not—be physically
able or behaviorally motivated to perform
tasks that would be appropriate for closely
related species such as rats.? Therefore,
each experiment and finding must be
evaluated as to species-specific response

to stressors (e.g., noise, time of day,
handling); appropriateness of experimental
manipulations, equipment, and assessment
strategy (e.g., platform height, visual
lines); and strain and species limitations

in behavioral and adaptive repertoires

(e.g., congenital retinal degeneration in
C3H mice).

Animal models of dependence not only
involve inferences and generalizations across
species (e.g., mouse to human), but they
also involve inferences and generalizations
across behavioral and physiological
phenomena. Investigations are predicated
on the assumption that the behaviors

(e.g., conditioned place preferences) and
physiological responses (e.g., receptor
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upregulation) observed have relevance to
human dependence. Thus, experimental
procedures must be appropriate for

both the organism and for transspecific
inferences regarding dependence processes.
Investigators must not only consider species
and strain differences, and the validity of
their dependence assays, but they must also
consider other issues, such as developmental
processes and how these may affect the
biological and behavioral processes relevant
to dependence, as well as render behavioral
assays that are more or less appropriate.

Of course, dependence phenomena are,

no doubt, affected by multiple gene-
phenotype relations. This means that the
considerations and caveats listed above may
be conditional upon the particular genetic
variants targeted. Different variants will
exert different influences on biological
and behavioral processes, and these will
show different patterns as a function of
development, strain and species, and
dependence assay. Thus, a significant goal
of genetic mapping of nicotine dependence
in the mouse is the strategic selection

of experimental strategies that (1) are
appropriate for the behavioral repertoire
of the organism, (2) target behavioral

and biological processes of relevance to
clinical dependence phenomena, (3) are
developmentally appropriate both in terms
of the animal’s repertoire and in terms

of targeted dependence processes, and,
perhaps most important, (4) cosegregate
with the targeted genetic variants.

Within this context, an overview is provided
of what is known of how gene function,
within the context of mouse-strain-specific
anatomical architecture and physiology,

can shape the varied behavioral responses to
nicotine. This overview is intended to permit
a more meaningful interpretation of past
research and foster improved experimental
strategies to model homologous processes
that contribute to nicotine dependence
between mice and humans.

Nicotinic Receptor
Functional Diversity

The family of neuronal nAChRs are excellent
and obvious “candidate genes” for examining
the genetics contributing to the physiological
process of nicotine dependence because they
are a defined target of this agent’s action.
However, these receptors do not act alone;
their function in the broader genetic context
of multiple genes and biological cascades
must also be considered. This complexity

is reflected in dramatic differences among
mouse strains in response to acute and/or
chronic administration of nicotine. In the
brain, the sustained presence of nicotine
alters neurotransmission at the level of the
synapse because, unlike the endogenous
neurotransmitter acetylcholine, it is neither
rapidly degraded, nor is it actively removed
from the synapse. This sustained presence
can lead to both persistent activation of some
nAChRs as well as induction of a desensitized
or “nonactive” state that reverses slowly,

or possibly in some cases, not at all.-1?
Chronic nicotine exposure may also induce
the curious phenomenon of “upregulation”;
that is, the number of high-affinity
nicotine-binding sites in the brain actually
increases.'>* However, not all nAChRs are

of high affinity, nor do they all upregulate.
Further, other mouse strain differences

that have not traditionally been assumed

to be directly influenced by nicotine, such

as strain differences in pro-inflammatory
status or metabolic rates, may partly account
for strain differences in nicotine sensitivity
and behavioral response.®516 Therefore,

the considerable genetic variability across
mouse strains is likely to summate across

all of these processes. It is important to
consider the complex interplay of regionally
specific nAChR expression, the nature of

the specific behavioral tests employed,

and physiological responses to identify
genetic contributions to the effects of
nicotine, especially those contributing to
the development of dependence.
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Molecular Biology of the nAChR
Gene Family

Acetylcholine receptors, like other ligand-
activated neurotransmitter receptors, consist
of two major subtypes: the metabotropic
muscarinic receptors and fast-ionotropic
nicotinic receptors.*'>” Both share

the property of being activated by the
endogenous neurotransmitter acetylcholine,
and they are both expressed in neuronal

and nonneuronal cells throughout the

body. The metabotropic receptors are
second-messenger, G-coupled, seven-
transmembrane proteins classically defined
as activated by muscarine and inhibited by
atropine. The other subtype of acetylcholine
receptors comprises the microsecond-fast
ionotropic cationic channel acetylcholine
receptors that are distinguished by their
sensitivity to nicotine (figures 4.1 and 4.2).

Although all receptor channels are
permeable to sodium ions, which are

the major agent of depolarization, there

is also variable permeability to calcium.
Because calcium is an important mediator
of second-messenger and posttranslational
processes such as gene expression and
proteolysis, the regulation of local calcium
concentrations imparted by various
nAChRs is an important element in how
these receptors contribute to establishing
physiological microdomains and impact
on overall metabolic tone. All subunits
(figure 4.1) also share a conserved structure
of a large extracellular N-terminal domain
and four transmembrane domains, as well
as a cytoplasmic domain of variable size
and sequence that resides between the
third and fourth domain (also referred to
as the 3+1 configuration). Each subunit
also harbors a cysteine (Cys) loop in the
extracellular domain that is defined by two
cysteines that, in the mammalian subunits,
are separated by 13 intervening amino
acids (figure 4.1). The 3+1 transmembrane
domain arrangement in combination with
the Cys-loop defines an extended family

of ligand-activated ion channels that,
in addition to nAChRs, includes GABA,,
glycine, and 5HT3 (serotonin) receptors.

All mammals examined so far share a
similar nAChR genetic composition of

17 homologous subunits.'”?° These are
classified into alpha and nonalpha subunits
on the basis of the presence of a Cys-Cys
pair in the major extracellular domain near
the entrance of the first transmembrane
crossing (figure 4.1). A Cys-Cys pair is
required (but not necessarily sufficient)

for agonist binding to form the ligand-
binding site for receptor activation, and it
imparts the “alpha” designation. Subunits
without this primary structural feature
receive the nonalpha designation.? This
leads to the subdivision of nAChRs into

the muscle or neuronal nAChR subtypes.
The muscle receptors consist of five
subunits (a1 and nonalpha subunits
named 1, delta, gamma, and epsilon).
The neuronal nAChR subunits consist of
the alpha-like subunits termed 02, 0.3, a4,
ab, a6, a7, a9, 010 (a8 is an avian-specific
subunit) and three nonalpha subunits
termed P2, B3, and B4, respectively.

The term neuronal was applied to these
subunits on the basis of their cloning from
the neuronal-like PC-12 pheochromocytoma
cell line and brain-derived complementary
DNA (cDNA) libraries.?! In general, the
number assigned reflects the order of
discovery. Although the present review
focuses on nicotine and its effects on
functional states of the central nervous
system (CNS), ample evidence indicates that
most “neuronal” nAChR subunits are also
expressed by neuronal and nonneuronal
cell types throughout the body, where

they influence multiple physiological and
metabolic processes.?%*

Assembly and Functional
Diversity of nAChRs

The mature nAChR is a pentamer assembled
from varied combinations of the starting
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Figure 41 Nicotinic Receptor Subunit Structure
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Note. Panel A. A linear presentation is shown of the basic structure shared by all neuronal nicotinic acetylcholine receptors
(nAChRs). This includes an extracellular domain, four transmembrane domains (TMs), and a cytoplasmic domain that is located
between TM3 and TM4 and varies considerably in size and amino acid sequence between subunits. TM2 lines the ion channel.
Short connecting sequences between TM1 and TM2 (cytoplasmic) and TM2 and TM3 (extracellular) are shown in brown and
contribute to channel gating and receptor flexibility. The highly conserved Cys-loop structural motif (extracellular domain)
places nAChRs in the superfamily of ligand-gated ion channels (see text). All alpha subunits by definition contain a Cys-pair
that is important for binding ligand, which is absent in nonalpha subunits. The extracellular domain is initially translated with

a leader sequence that is prototypically removed. The extracellular domain also includes glycosylation sites (blue “Y"), and
amino acids that in addition to the Cys-pair are important to ligand binding (in purple; tyrosines (Y) and a tryptophan (W)). Panel
B. The 3-dimensional folded structure of the nAChR subunit in panel A is depicted, as reported by Unwin.'™ Molecular graphics
images were produced using the Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco'® (NIH P41 RR-01081). The color coding is matched between panels, although glycosylation
is omitted. Also not shown in this depiction, but returned to in figure 4.2, are the tyrosine and tryptophan amino acids that, with
the loop harboring the Cys-pair, form the ligand-binding site (red circle). Sequence differences among nAChR subunits in these
domains contribute to the unique ligand selectivity and functional properties of the assembled receptors (see text).

subunit pool (figure 4.2). In the muscle, intervening subunit that is either a gamma
this is a developmentally regulated process (immature muscle), or epsilon (mature
in which receptors develop such that they muscle) along with two additional subunits
comprise two a1 subunits separated by an including one B1 and delta (figure 4.2).
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Figure 4.2 Three-Dimensional Structure of the Nicotinic Acetylcholine Receptor (nAChR)
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Note. Panel A. A side view is shown of the Torpedo (musclelike) completely assembled nicotinic receptor as resolved by Unwin.*®
Five subunits coassemble to form a tubelike structure through the membrane. The alpha subunits (a1) are paired with either a
delta or gamma subunit. The beta subunit (31) fills the fifth position and does not directly participate in ligand binding, although

it does influence receptor pharmacology and function. In this receptor, the cytoplasmic domains are depicted as single alpha
helices that form a loosely associated structure within the cell. Note how the Cys-loop approaches the extracellular membrane
surface. Panel B. The image in panel A is rotated 90° to look down on the receptor from the extracellular face. In this image,

the organization of subunits around a central pore is apparent. When two agonist molecules (e.g., acetylcholine or nicotine) bind in
the ligand-binding pocket between the a1 subunits and their respective adjacent subunits (red arrows), there is a conformational
change to increase the pore size (gate the channel) and permit ion passage, as shown by an asterisk). Upon removal of the agonist,
the receptor closes. The receptor can, however, close if the agonist remains associated with the ligand-binding site, which is
termed desensitization. Panel C. A closer view of the ligand-binding site (red arrow) between the a1 and adjacent y subunit shows
how the Cys-pair (yellow), tyrosines, and the tryptophan (depicted by purple and shown in figure 4.1, panel A) converge in the
3-dimensional structure to form a “pocket” within the structure of the receptor. Also contributing to this pocket are amino acids
from the adjacent subunit (pink). When a ligand occupies the pocket, as shown in the lower panel for nicotine (red), the receptor
closes around it to induce a conformational change that gates the channel. Through varying subunit assembly, the contributions by
unique amino acid sequences to this pocket and the activation mechanisms for pore opening customize the function of the various

nAChRs to their physiological function.

The rules of neuronal receptor assembly are
less well defined (figure 4.3). Some nAChRs
are homomeric, including those assembled
exclusively from o7 subunits® or possibly
a9 subunits,* respectively. Others are
heteromeric and are, in general, formed
from at least two alpha subunits (including
02, a3, a4, a6, a7, and 09) and structural
subunits including a5, 10, B2, 3, and B4.
In this case, it is notable that the alpha

designation applies to a5 and 010 because of
the presence of the Cys-Cys pair, but neither
can form a ligand-binding site or functional
receptor without coassembly with other
alpha subunits.

Examples of how various subunits

alter receptor function and subcellular
localization are abundant. Receptors
constructed from various combinations
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Figure 4.3 Influence of Subunit Composition on Nicotinic Receptors
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Note. Examples are given of the local expression of nicotinic receptors of different subunit composition where they contribute to
both tissue-specific physiological and disease processes (see text). Major receptor subtypes (viewed from the top) are depicted in
proposed subunit stoichiometries, which, except for the muscle receptor, are not known and may vary (see text). Also absent are
receptors harboring a2 or other possible combinations (e.g., a4f34) whose physiological functions are not well defined. The use
of “peripheral cells” refers to both neuronal and nonneuronal cells located outside of the central nervous system. CNS = central
nervous system; Symp. = sympathetic; Neurotransm. = neurotransmission; Parasymp. = parasympathetic; Intracel = intracellular;
GABA = y-aminobutyric acid; AD = Alzheimer’s disease.

of alpha and structural subunits exhibit imparts novel pharmacological properties
dramatic differences in ligand affinity, involving altered agonist and antagonist

agonist and antagonist efficacy, rates of efficacy®* and altered sensitivity to other
desensitization, and response to modulators compounds including sensitivity to zinc,*

(figure 4.3). Although alpha subunits control mercury,® and cocaine.?"*
much of the determinants of selectivity for

ligand binding, the nonalpha subunits have Another example of how receptor
a significant impact on function. One of the heterogeneity can be generated from
earliest examples*? of this was the finding a limited array of subunits is through
that when nAChRs composed of a3p4 altering either the stoichiometry of a4p2-
subunits were exposed to an agonist, bursts containing receptors (figure 4.4), or whether
of activity followed that were often clustered a subunit such as a5 is included in the
and of relatively long duration. In contrast structural fifth position to close the receptor
the a3p2 receptors exhibit frequent and (figure 4.4). Of note is that receptors with
rapid bursting. considerably different pharmacological,
physical, and ion permeability can be
Customizing these properties is consistent generated from these receptors of varied,
with the need to adjust their function within but similar, subunit composition.***’ In a
the context of local physiological demands similar context, the homomeric a7 nAChR
or neurotransmission specifications provides another example of how local
(figure 4.3). Hence, receptors harboring regulation of the expression of a relatively
the B4 subunit tend to be expressed during few subunits can dramatically influence
development in autonomic ganglia where the diversity of how the overall system
they provide longer and more sustained response will be affected by nAChRs. This
bursts to enhance their functional receptor desensitizes rapidly, but while
impact. Receptors with the p2 subunit the channel is open, it is highly calcium
are more often involved in modulating permeable.'? This receptor also tends to
neurotransmission in which rapid and localize away from the synaptic junction
precise bursting is favored.'>*-3! Subsequent and has been reported to aggregate in lipid
investigations have shown that B4 also rafts,**? indicating that local increases
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Figure 4.4

Nicotinic Receptors of Closely Related Subunit Composition Differing in Function
through Variation in Subunit Stoichiometry

Note. Measuring or predicting the contribution of different subunits to neuronal nicotinic receptors is complicated by the

possibility that receptors of similar (if not identical) subunit composition, but different relative stoichiometries, can be assembled
in different cells or brain regions. This is depicted for a.4p2 receptors where the fifth position of the receptor can be filled by an
additional a4, B2, or a5 subunit. Depending upon which receptor is assembled, there are notable differences in their expression,
affinity for ligand,* and function, including susceptibility to magnitude and the rate at which desensitization occurs, as well as
degree of calcium permeability.®* The possibility that inflammatory cytokines can influence this process* further emphasizes
how genetic strain background can influence nicotinic receptor expression and function and reveals that much remains to be

determined about how receptor assembly influences the effects of nicotine in mouse strains and different pathologies.

in calcium can impart signaling though
calcium-activated second-messenger
systems. This further distinguishes the a7
nAChR from other nAChRs and even other
ligand-activated ion channels. However,
calcium permeability and sensitivity to
agonists and antagonists can be altered

by the coexpression of additional nAChR
subunits. Finally, the structural subunits
such as a5 nAChR also exert an effect on
function and subcellular localization.*?
When this subunit is coassembled with

a7 nAChR in heterologous expression
systems, the receptors have similar but
distinct properties, including altered rates
of desensitization relative to the homomeric
channel. Similarly, if a5 incorporates

into receptors containing a332 nAChR
subunits,*** the resulting receptor exhibits

distinguishing functional characteristics,
but the differences tend to be small.

In contrast, if this subunit incorporates
into receptors with a3p4 nAChRs, as in
the peripheral nervous system,* the burst
duration of the resulting receptor channel
is increased almost threefold.

Another practical concern is how

subunit diversity affects interpretation of
experiments that use ligand binding or
limited pharmacological methods to infer
identity or changes in nAChRs during a
treatment regime. For example, muscarinic
versus nicotinic receptor contribution
may be blurred in some instances because
nAChRs comprising either homomeric

09 or heteromeric a9a10 subunits are
sensitive to blockade by the traditionally
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muscarinic antagonist atropine.*®4
Similarly, the function of a3-containing
receptors® and a4p4 nAChRs® can be
modulated in a dose-dependent manner

by relatively high concentrations of this
“muscarinic” receptor antagonist, although
such concentrations are commonly used

in buffers by electrophysiologists to

ensure that only nAChRs are recorded in
response to acetylcholine administration.
Consequently, investigations may yield
confusing or possibly misleading results
when only a single assay of nAChR function
is used. Certain other nAChRs of diverse
subunit composition may also have
overlapping pharmacology, or they are
simply not detected by available methods.
This could be true of a9 and a9a.10
nAChRs, which might be mistaken for a7
subtype receptors because they also exhibit
exquisite sensitivity to a-bungarotoxin.?
Although overlap of these respective
receptor subtypes appears to be very small
in central systems, there is substantial
09-subtype expression in peripheral
systems,*> and consequently, the identity
of the nAChR subtype being measured must
be carefully assigned.

Finally, traditional ligand-binding
determination methods (e.g., high-affinity
nicotine or a-bungarotoxin binding)

may be inadequate to infer the finer
aspects of nAChR involvement in local
circuitry, especially in regions such as the
hippocampus. It is now well established
that the nAChR systems in this limbic
region affect both inhibitory and excitatory
tone through modulating inhibitory
interneuron activity.®*8 In particular,
differing combinations of a7, 042,

and a3p4 nAChRs, respectively, have been
implicated in collectively establishing theta-
wave synchronization®-%' and mechanisms
of long-term potentiation,!!585962-64
Therefore, mixed combinations of
receptors on restricted numbers of
inhibitory interneurons whose location is
strategically placed within the circuit will

contribute significantly to establishing the
hippocampal activity imparting a behavior.
However, methods to distinguish among
the expression of these various receptors
can be very challenging technically. In some
cases, they are missed entirely when
high-affinity nicotine or a-bungarotoxin
binding methods are used, or if their overall
abundance is too low to be detectable

over the background from the entire
cellular milieu. However, the addition of
new high-affinity ligands (e.g., the frog
toxin epibatidine) or some with varied,

but defined, nAChR subtype selectivity
(e.g., the a-conotoxin MII) are proving

to be of exceptional value for identifying
the coexpression of these receptors.%
Nevertheless, the limitations of such assays
should be borne in mind when designing
new studies or when evaluating extant data.
The lack of sensitivity and specificity of
such assays may be responsible for some

of the inconsistent results yielded by early
studies in this area.

Customizing Local nAChR
Function through Limiting
Subunit Expression

Among the first discoveries following the
discovery of the cDNA family of nAChR
subunits was that their expression in the
brain was restricted to subunit-specific
patterns that overlapped in various

brain regions.!2%-% This manifests in
considerable overlap: a4 and B2 are widely
and coincidently expressed.®%’ Together,
they form the majority of high-affinity
nicotine-binding sites in the CNS and

are the primary receptor to undergo
upregulation in response to nicotine.™
Another receptor, a7, is also expressed
throughout the CNS, but not in all regions.
Its relatively high permeability to calcium
and rapid desensitization to nicotine
make it a particularly important subunit
for regulating second-messenger and
transcriptional mechanisms (see below
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and figure 4.3). However, there is incomplete
understanding of the contribution

of each subunit to proposed regional
specialization of nAChR structure and
function (figures 4.3 and 4.4). This is due,
in part, to measurements that rely solely
upon RNA analysis. Such analyses can vary
in sensitivity, and do not provide spatial
resolution of the final receptor product,
which can be located very distantly from
the site of synthesis because of processes
such as axonal transport. One example of
this is the expression of the f4 subunit

in the adult CNS. The expression of this
subunit was originally reported to be highly
restricted to only a very few brain regions,
most notably the medial habenula,”>™ or
in the peripheral nervous system with
a3.” When other studies were conducted
that used assays of increased sensitivity
and resolution,™ including single-cell
polymerase chain reaction (PCR),” B4 was
found to be more widely expressed in the
CNS.7677 Similarly, immunohistochemical
measurement of 34 reveals that this subunit
may be expressed at sites very distal to the
cell body, as in axon terminal fields of the
barrel cortex whose cell bodies originate
in the ventral thalamus, or in terminal
fields of the lateral lemniscus within the
inferior colliculus.”™ Therefore, the site

of the nAChR contribution to regulating
local circuitry may be distal from its site
of synthesis.

In the many brain regions,
electrophysiological recordings and
immunolocalization reveal a more
complicated story.!647-81 Nicotinic
receptors can be located presynaptically,
postsynaptically, and nonsynaptically
(e.g., aggregates of 07 nAChR) on both
pyramidal and nonpyramidal interneurons.
Differential subcellular localization can,
in turn, lead to at least three different,
and often complementary, outcomes on
cell response.”'>%* First, when located
presynaptically, depolarization through
these nAChRs can add to or sustain

the activation of voltage-gated calcium
channels to enhance neurotransmitter
(either excitatory or inhibitory) release.
Second, when nAChRs are localized to
the postsynaptic face of the synapse, they
can participate directly in promoting fast-
excitatory neurotransmission. Finally, as
when located in lipid rafts, the collective
activation of these receptors can directly
affect the intensity of local intracellular ion
concentrations to influence downstream
pathways, leading to changes in gene
expression, metabolic and physiological
stasis, and even proteolytic mechanisms.

One example of when different nAChRs

are coexpressed to combine to modulate
the overall tone in a local circuit involves
the GABAergic interneurons of the
hippocampus. In fact, no fewer than three
subclasses of these inhibitory interneurons
can be distinguished on the basis of the
unique expression of different nAChR
subtypes®™ such as a7, a4p2, and 034,
respectively, although some interneuron
subtypes also express combinations of these
receptor types and possibly others.”™ These
interneurons collectively play an important
role in the magnitude of GABAergic
inhibition exerted by nAChR activation in
the CA1 region. For example, activation of
interneurons harboring the a7 nAChR in the
stratum lacunosum moleculare is strongly
inhibited to produce a selective disinhibition
of the dendritic segments of pyramidal
neurons innervated by axon terminals of
the perforant path. In contrast, activation
of u4f2 nAChRs inhibit interneurons in the
stratum radiatum and stratum lacunosum
molecular to produce disinhibition of
dendritic areas innervated by both neuron
types. Moreover, nAChR immunoreactivity
has been localized to astrocytes in this
brain region.®*8! Given that these astrocytes
release agents that interact with glutamate
receptors to maintain excitatory “tone,”®?

it is not surprising that the nAChRs have
been implicated in neurological diseases
ranging from schizophrenia to Tourette
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syndrome to neurodegeneration, as seen in
Alzheimer’s disease (figure 4.3). Therefore,
when assessing the impact of nAChRs with
respect to nAChR subunit composition,
the magnitude of expression, the site

of final receptor localization, and the
anatomical context in which nAChRs are
expressed are important considerations

in unraveling the strain-specific effects of
nicotine responses.

Nicotine’s Function as Agonist
and Antagonist

Ligand-activated ion channels, by
necessity, are transmembrane proteins that
when fully assembled create a hydrated
receptor channel permeable to selected
ions that are regulated by conditions

of the extracellular, intracellular, and
transmembrane environment (figure 4.2).
Notably, ion-channel receptors reside in

a constant equilibrium between open and
closed states, and their tendency to open is
carefully regulated through the presence
of neurotransmitters or other agents

that broadly fall under the functionally
defined categories of agonist (activator)

or antagonist (inhibitor). Nicotine is most
often viewed as an agonist of nAChRs.
However, this compound is not rapidly
degraded or transported away from the
receptor (as are normal endogenous
transmitters), and in the absence of
compensating mechanisms, the sustained
presence of an agonist would lead to
increased receptor opening and, in turn,
cell death (figure 4.2). The compensatory
mechanism in this case is the process of
receptor desensitization, which permits the
receptor to close in the presence of sustained
agonist exposure. When acetylcholine is the
neurotransmitter, desensitization is brief,
because this endogenous transmitter is
rapidly degraded by acetylcholine esterases.
In contrast, nicotine may accumulate in
the receptor vicinity; this has the effect

of actually favoring the desensitized

or the nonfunctional state. Notably,

persistent, elevated concentrations of an
agonist can even result in a state of deep
desensitization that can lead to complete
receptor inactivation or degradation.'?

In practical terms, this produces cases in
which nicotine becomes a potent inhibitor
of receptor function that can actually exceed
the antagonism accomplished by many
pharmacological agents designed for this
purpose. Consequently, the effect of nicotine
on a system may, in some cases, be more
accurately ascribed to sustained receptor
inactivation rather than to activation.

Whether activation or desensitization
dominates the effect of nicotine is, in part,
determined by the receptor subtype(s)
expressed. For example, some receptors

are activated by very low concentrations

of nicotine but become desensitized as the
concentration increases (e.g., 0.7 subtypes),
while others (a3B4 subtypes) may be fully
activated only at concentrations at the

high end of physiological relevancy.!?%4

In some cases, both conditions may occur,
as in the nucleus accumbens, where most
nAChRs desensitize (or even inactivate)
rapidly to nicotine,® yet dopamine overflow
related to nAChR activation persists well
after exposure.®86 Other mechanisms
associated with nicotine’s actions may
actually be imparted through indirect or
conditional mechanisms. These include

the production of nicotine metabolites or
mediators of stress responses such as salt
imbalance (especially if nicotine tartrate is
used) or local pH (also note that nicotine

is most stable when acidic).’” Further,

the differential expression of nAChRs by
multiple cell types can collectively influence
the activation of additional signaling
pathways such as those that are downstream
of cyclic adenosine monophosphate—
response element binding (CREB) activation
(see below and Brunzell and colleagues®)

or the enhancement of nitric oxide
release.? So, while the focus of this review
is on the impact of this drug on immediate
nicotinic cholinergic mechanisms and
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responses, a full causal account could be
highly complex because other signaling and
neurotransmission systems are, no doubt,
also involved. While this has produced
some confusion, it emphasizes the need

to view the nAChR system as a modulator
of physiological “tone.” This also includes
the influence of the rate of nicotine
administration, its absolute dose, and its
local persistence. This suggests that the
route of administration is a vital element of
experimental design and is discussed later
in this chapter.

Nicotinic Receptor Upregulation

When a tissue receives sustained exposure
to nAChR ligands such as nicotine, the
curious phenomenon of upregulation
occurs. This was first recognized when
quantitation of high-affinity nicotine-
binding sites from brain tissue taken from
rats'® or DBA/2 mice exposed to chronic
nicotine,'* revealed that such sites were
increased by as much as fourfold over
nonnicotine-treated controls. Further,
this was similar to the increased number
of high-affinity nicotine-binding sites
measured in brain tissues from smokers.*"%
Subsequently, upregulation has been
measured directly using brain imaging
methods such as quantitative dynamic
single-photon-emission computed
tomography of the living baboon brain® and
in human smokers.”* Immunoprecipitation
studies of the high-affinity nicotine-
binding sites in rats first demonstrated
that the a4p2 subtype of nAChR was
essential to both high-affinity binding

and coincident upregulation in response
to nicotine.” This property is intrinsic to
this receptor-subunit composition because
upregulation of this receptor occurs in all
animals so far examined and in receptors
expressed in heterologous expression
systems including transfected human
embryonic kidney cells.”® The importance
of subunit composition is critical to the
relative degree of upregulation, and in

fact, not all nAChRs exhibit this property
(e.g., all receptors harboring 042 appear
to upregulate, while receptors composed of
a4p4 show reduced upregulation, and those
harboring a3 do not upregulate®). Mice
deficient for 2 through subunit knockout
exhibit essentially no high-affinity binding
sites and do not upregulate receptors.??7
Therefore, the identity of the alpha and
beta subunits contributes qualitatively

and quantitatively to upregulation. This
phenomenon, which has been related to the
development of reinforcement (see Picciotto
and colleagues” and below), produces a
situation in which there are more receptors
but the overall function is reduced.'>% Also,
because upregulation influences receptor
subtypes preferentially, the importance of
this process to optimizing the performance
of local circuitry is likely to be equally
specialized (figure 4.3), as indicated by the
dominance of a4p2 in central systems such
as the basal ganglia and hippocampus versus
the autonomic nervous system, where

the majority of receptors are composed of
a3B4 subunits.}" 7%

The cellular mechanisms underlying

this important cellular phenomenon

are not yet resolved, and the published
explanations can differ, often from the
same laboratory.?-12 What these studies
and others seem to suggest is that multiple
mechanisms underlie this effect, including
increased assembly efficiency,'® altered
receptor stoichiometry,*1%? increased
export from the endoplasmic reticulum
and increased surface trafficking,'%1%
altered affinity for ligand,'® and decreased
degradation.!*1% It is likely that
upregulation reflects the summation of
several processes whose regulation and
relative contribution depend upon the

cell type, the subunits expressed by a

cell, and conditions in the surrounding
environment (figure 4.4).

Finally, some reports suggest that some
receptors may downregulate in response
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to nicotine. For example, chronic exposure
to nicotine downregulates the expression
of a6-containing receptors in mice and
rats;'"1% however, those composed of

a6B3 are unregulated by chronic nicotine
in transfected cells.! Therefore, while

the understanding of upregulation, and
possibly downregulation, remains cloudy,
the importance of this process to the
outcome of nicotine’s effects on behavior
are certain and are revisited below. Thus,
the issue of receptor down- or upregulation
is just one more consideration that
investigators must ponder when attempting
to link genetic variants and physiological
substrata with dependence-related
phenotypes.

Routes of Nicotine
Administration:
Interaction of the Drug
with Physiological
Systems

Just as age, gender, and general health
affect nicotine metabolism in people,!>16109
the same is true of mice (figure 4.5).

Also, how nicotine enters the body can
affect nicotine effects in ways that must
be carefully considered when attempting
to draw inferences about nicotine actions
and their genetic bases. Although plasma
levels of nicotine are easily determined,
such levels may not accurately reflect
functional exposure of critical, or targeted,
tissue. In fact, tissue levels of nicotine

can vary dramatically from plasma

levels. Researchers have characterized

the effects of 24 hours of constant
intravenous (IV) infusion of nicotine on
tissue distribution and concentration of
nicotine in rabbits.®15161% In such studies,
the brain, heart, liver, and gastrointestinal
tract contained three- to fourfold more
nicotine than did the plasma, whereas

the increment in muscle and lung was

approximately twofold. The major site of
excretion, the kidneys, can exceed a 21-fold
increment. One curiosity is that adipose
tissue exhibits relatively poor nicotine
retention (approximately one-half the
concentration of plasma). Nicotine also
crosses the placenta'® and is concentrated
in breast milk in which concentrations
can reach threefold that of plasma.?
Nicotine also concentrates in the brain or
lungs following direct infusion and may
achieve concentrations tenfold greater
than those of the plasma. Finally, nicotine
delivered directly to the rat lung becomes
concentrated in that tissue and is slow to
enter into circulation.'’ These data show
highly variable concentrations of nicotine
in different tissues or body compartments
and that specific concentrations reflect
route of administration.

An often overlooked concern is that
some methods of administration may
introduce undesirable contaminants, such
as lipopolysaccharides (LPSs), or induce
local inflammatory events. Using saline
as the control in these experiments is
inadequate in that the contaminants in
the saline are generally nonpyrogenic
(LPS-free), whereas nicotine from the
shelf or other commercial sources is
likely to have been contaminated at some
time with small amounts of bacteria.
Several researchers have discussed this
issue.-113 It is possible that conditions
related to chronic inflammation such as
fatigue and cachexia could complicate,
and even be confused with, the drug
effect. Consequently, the duration of
exposure, route of administration, and the
tissue being examined are important
variables when assessing the effects of
nicotine. Therefore, since no single route
of administration models all aspects of
the behavioral components of nicotine
dependence, it is important to carefully
define the behavior or motivational
phenomenon of interest and to employ

a route of administration that is both
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Figure 45 Genetic Influences on Nicotine Tolerance and Self-Administration

C3H/HeN 3.93

C57BL/6 1.12

that decreases preference ratios to 50 percent are shown.

Nicotine Consumption
Maximum Dose IC50

Note. A comparison showing the often dramatic difference for key responses to nicotine administration by different mouse strains
are shown for C3H/HeN and C57BL/6 mice. These data are taken directly from Table 6 of a study by Crawley and colleagues’ in
which similar values for additional effects of nicotine that include as many as 16 additional strains can be found. As reported
there, the threshold tolerance dose is reported in milligrams per kilogram (mg/kg) of nicotine infused per hour and reflects the
minimal infusion dose that increased the effective dose for nicotine to reliably produce tolerance on activity and temperature
thresholds. The maximal dose (ICg) for nicotine consumption (mg/kg/day) and the nicotine concentration (microgram per milliliter)

theoretically relevant and does not create
artifacts that mask or distort target effects.
A review by Matta and colleagues® provides
an outstanding and comprehensive resource
for questions concerning routes of nicotine
administration for the mouse.

Intravenous Nicotine
Administration

IV administration is a commonly used
delivery system to study the effects of
nicotine. The tendency for a behavior

to become routine or automatic may
contribute to high levels of drug use.!'415
Similarly, cues associated with nicotine
self-administration may also elicit strong
dopaminergic neurotransmission and
instigate increased self-dosing.® If these
elements are not represented in the
phenotype, important genetic bases of
nicotine dependence and vulnerability
may go undetected. One way this has
been dealt with, especially in rats, is
through establishing regimes that allow
for nicotine self-administration through

control of IV injection of nicotine.!6-12°
This introduces a rapid rise in plasma
nicotine during active cycles that
resembles the pulselike use of nicotine
seen in humans. One disadvantage is that
active cycles of infusion may produce
nicotine concentrations that exceed
plasma concentrations achieved by
normal physiological routes by possibly
as much as 10-fold.'?! This exceedingly
high concentration of nicotine can
produce unanticipated and possibly
nonphysiological effects, including rapid
and generalized receptor desensitization
(or even receptor inactivation). Also,

the drug can readily exceed 100 microns
in the vicinity of the injection to produce
undesirable side effects, such as neuronal
death by excitotoxicity.'?>'** Therefore,
the control of nonspecific effects (possibly
via a receptor knockout mouse as described
below) is important if an experimental goal
is to distinguish the behavioral outcome
as being related to a rapid increase in
receptor activation or possibly reduced
receptor function.
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Subcutaneous Nicotine
Administration

The osmotic minipump,'?>'% an efficient
subcutaneous method for administration
of nicotine into the periphery or brain,
has been used with success for many years
(for a review, see Marks and colleagues').
It permits relatively prolonged periods of
exposure (perhaps as long as six weeks)
and affords control over the rate and
timing of infusion. In addition, removal
of the minipumps allows investigators to
match the specific duration of withdrawal
with changes in cellular events. Thus,

for experiments in which withdrawal-
induced changes in cell signaling are
assessed, use of the minipump may be
more advantageous than methods that do
not allow for precise timing of cessation
of nicotine administration, such as oral
self-administration.

As with every method of chronic nicotine
administration, some disadvantages exist,
but they are often specific to experimental
design and focus. For instance, implantation
and removal of the pump requires minor
surgery; although the surgery lasts fewer
than five minutes, the use of anesthesia

or introduction of other confounding
effects such as animal handling may be
problematic for some studies. Also, a
potential problem is that weight gain could
affect dosage;® however, this depends on the
length of the study and may be a greater
concern for studies in rats, which may show
greater weight gain than do mice. Finally,
any discussion of methods of chronic
nicotine administration must consider how
the model relates to features of human
nicotine dependence that may be important
to elucidating its genetic substrata.

For instance, the minipump system does
not involve a self-administration ritual.
Studies have shown that self-administration
ritual and response to environmental cues
may influence behaviors related to nicotine
dependence.!?13 In addition, the minipump

continuously administers nicotine in
comparison to episodic administration.
There is evidence that rate of rise time of
nicotine receipt in critical brain regions
determines certain hedonic reactions to

the drug such as elation and euphoria,
“buzz,” “rush,” and “high.”’3-1** However,
smokers may exhibit different patterns of
smoking, with some smokers seeking boosts
in plasma nicotine levels and other smokers
attempting to maintain steady-state plasma
nicotine levels.513

As a result, it is not clear how best to model
human nicotine consumption, and it is not
clear if different genetics are involved in the
different consumption patterns. The use

of different methods of chronic nicotine
administration in mice would allow for

this genetic question to be investigated.
Finally, no matter what method of delivery
is chosen, it must be remembered that

the half-life of nicotine in the mouse is
approximately 7-10 minutes,'*> compared
to approximately 60 minutes in rats'*® and
approximately 120 minutes in humans.™’
Thus, intermittent administration of
nicotine that will produce similar plasma
steady-state levels of nicotine as seen in
smokers may be difficult to achieve because
of the short half-life in mice.

Oral Administration

Oral administration of nicotine (e.g., via
drinking water) has become increasingly
popular as a method to achieve chronic or
long-term nicotine exposure in primates
and rodents.? This route of administration
also has some physiological and sensory
relevance to humans who self-administer
tobacco or nicotine orally. For instance,
smokeless tobacco and nicotine aerosols
involve oral use, and much of the available
nicotine ultimately is swallowed.'®

The main advantage of using drinking
water as a vehicle is that it is relatively
easy, inexpensive, and reduces considerably
the handling and manipulation of the
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animal. In addition, it yields plasma
nicotine concentrations that are similar

to those observed in smokers, and because
most drinking occurs in the evening
hours, this method reproduces the cyclic
(episodic) increase and decrease of nicotine
administration that occurs in smokers.3
For example, drinking-water administration
yields plasma nicotine levels that range
from 10-20 nanograms per milliliter
(ng/mL);388139.140 these levels are similar to
the lower ranges observed in smokers.

Further, oral nicotine produces a broad
range of effects associated with chronic
nicotine exposure and dependence, effects
that were originally obtained in animals
with IV-injection methods—for example,
receptor upregulation, tolerance,
neuroprotection,”*-1% and mouse-
strain-specific responses reflective of
physical dependence.'*® However, nicotine
in drinking water, like injection, does

not replicate the prolonged exposure of
the oral mucosa to nicotine, which is

an important determinant of nicotine
absorption with some methods of human
self-administration.®

Other problems encountered with this
method of administration include the
bitter taste of nicotine (which can limit
consumption in a strain-specific manner?®)
and the failure of some mice to tolerate
the amount of nicotine consumed, possibly
because of toxicity and occasionally
irritation of the gastrointestinal tract.
The bitter taste is usually overcome by
supplementing the drinking water with
1%-2% saccharin. Animals receiving only
saccharin water are routinely used in
studies to ensure control for nonspecific
effect$.8’88'139’140

For oral administration, it is important

to use nicotine in the free-base form to
avoid the complications related to tartrate
salt. The authors of this chapter found
that C57BL/6, CBA/HeN, and C3H strains

can all be administered oral nicotine for
time periods ranging from several weeks

to years.8113%147 Finally, while taste may
constrain dependence development in some
mouse strains, this may not be a problem
to the extent that taste sensitivity plays a
significant role in affecting dependence
vulnerability in humans.'*®

In terms of how route of administration
affects intake and dose, reports examining
the biological activity of cotinine—the major
metabolite of nicotine—raise interesting
questions about the impact of nicotine
and the suitability of different dosing
paradigms. Administration of cotinine to
rhesus monkeys and rats can recapitulate
many of nicotine’s effects, including
protective effects to differentiated PC-12
cell survival, but it fails to induce receptor
upregulation.'*® However, cotinine is
generally much less efficacious than is
nicotine,'*® although it occurs at greater
concentrations in the plasma. This must
be kept in mind when evaluating nicotine
effects yielded by systems such as direct
nicotine infusion into the brain. This
strategy provides little opportunity for
nicotine metabolism and might obviate
the effects of cotinine in a manner
inconsistent with human nicotine use
and dependence. At the very least, such
pathways must also be considered when
assessing the genetic contribution to

the addictive process, especially when
extrapolating to humans.

Finally, the route of administration may
have additional unintended consequences
on the outcome of experiments and possibly
mask important aspects of nicotine biology.
For example, different routes of nicotine
administration (e.g., injection versus

oral) may enhance or abrogate nicotine’s
anti-inflammatory effects in ways not yet
entirely defined.?*'> Curiously, to the
extent that nicotine administration is
anti-inflammatory, it would allow some
mouse strains to tolerate experimental
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The Metabolic Fate of Nicotine

The extent to which the features of nicotine use and dependence are related to metabolite levels
and actions requires further investigation. What is clear is that catabolism of nicotine promotes
differential responses to nicotine and that both route of administration and strain-specific
genetics contribute to this effect. There is evidence that metabolism is an important influence

on nicotine self-administration and magnitude of drug effect. For example, studies of rats,

mice, and humans?® show significant intraspecific variability in nicotine metabolism, including
differences in plasma levels of several major catabolites such as cotinine.>¢ Among humans,
disparities in nicotine intake have been directly related to differences among individuals in their
respective rates of nicotine catabolism.¢ Further, altered oxidation of nicotine,*f and conversion to
cotinine in some individuals, corresponds with an allelic form of the principal enzyme of nicotine
metabolism, CYP2A6.*¢ In mice, the CYP2A6 homologue is Cyp2a5; this, too, appears to contribute
to differential nicotine consumption behaviors between strains, as witnessed in male F2 mice that
exhibit increased Cyp2a5 expression® and corresponding changes in metabolic rates and increased
nicotine self-administration. Basically, slow metabolism may produce an accumulation of nicotine
and toxicity (e.g., activation of muscle receptors or autonomic neurons), and thereby contribute to
limited intake. Rapid clearance, however, decreases the effective pharmacological dose.

2Swan, G. E., N. L. Benowitz, C. N. Lessov, P. Jacob 3rd, R. F. Tyndale, and K. Wilhelmsen. 2005. Nicotine

metabolism: The impact of CYP2A6 on estimates of additive genetic influence. Pharmacogenetics and

Genomics 15 (2): 115-25.

bSvensson, C. K. 1987. Clinical pharmacokinetics of nicotine. Clinical Pharmacokinetics 12 (1): 30—-40.
‘Messina, E. S., R. F. Tyndale, and E. M. Sellers. 1997. A major role for CYP2A6 in nicotine C-oxidation by
human liver microsomes. Journal of Pharmacology and Experimental Therapeutics 282 (3): 1609-14.

dTerry Jr., A. V., C. M. Hernandez, E. J. Hohnadel, K. P. Bouchard, and J. J. Buccafusco. 2005. Cotinine, a
neuroactive metabolite of nicotine: Potential for treating disorders of impaired cognition. CNS Drug Reviews

11 (3): 229-52.

Perez-Stable, E. J., B. Herrera, P. Jacob 3rd, and N. L. Benowitz. 1998. Nicotine metabolism and intake in
black and white smokers. JAMA: The Journal of the American Medical Association 280 (2): 152-56.

fSiu, E. C., and R. F. Tyndale. 2007. Non-nicotine therapies for smoking cessation. Annual Review of

Pharmacology and Toxicology 47:541-64.

#Nakajima, Y., A. M. DelliPizzi, C. Mallouh, and N. R. Ferreri. 1996. TNF-mediated cytotoxicity and resistance
in human prostate cancer cell lines. Prostate 29 (5): 296-302.

conditions that would otherwise be
intolerable because of inflammatory
complications. In effect, alternative routes
of nicotine administration can affect pro-
inflammatory systems differently; this

may compromise both reproducibility and
possibly the translatability of results to
other systems. Of course, this remains to

be clearly demonstrated experimentally,
but the possibility that the route and rate of
administration can influence experiments
and even modulate strain-specific responses
to this drug remains an important open
question.

The Mouse
Model of Nicotine
Dependence

Basics of Experimental Design

Researchers using animal models have often
observed that “mice are not little rats.”
Similarly, a mouse is not just a mouse;
different strains can vary dramatically

in characteristics®>*” that may directly

or indirectly affect phenotypic measures
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(figure 4.5). Although the laboratory rat has
been used extensively for examining the
behavioral effects of nicotine, the mouse as

a model system is relatively new. The basic
premise that the mouse model can be
successfully exploited to reveal human-related
traits is supported by more than three decades
of successful translational research conducted
by immunologists and cancer biologists.
Although the application of the mouse to
complex behavioral traits is relatively new,
the popularity of books such as What'’s Wrong
with My Mouse?™ and similarly oriented
introductory “how-to” Web sites is indicative
of the growing interest in this model system.

Numerous mouse-rat differences make it
hazardous to extrapolate across these species.
For instance, the mouse is, in general,

much less sensitive to nicotine than is the
rat.® Nevertheless, the mouse has several
advantages. First, the mouse model has a long
and detailed record for being used successfully
to measure the effects of nicotine on behavior,
physiology, biochemistry, and a variety of
diseases. Second, the mouse is particularly
amenable to well-defined genetic and
pharmacological experimental manipulation,
and this model has been used successfully to
reveal key nAChRs important in mediating
the effects of nicotine. Third, heterogeneity

in the response of different mouse strains

to nicotine provides a valuable opportunity

to identify strain-linked genetic differences
that affect the magnitude and persistence of
nicotine’s effects. Fourth, genes can be readily
manipulated through methods of homologous
recombination. Finally, mice are much
cheaper to acquire and maintain in large
numbers. Although the many mouse varieties
provide a remarkable array of experimental
opportunities, the selection of the strain
appropriate to the experimental paradigm is
crucial, and this topic is discussed below.

Selecting a Mouse Strain

Ultimately, the goal for using mice in the
study of nAChR biology is to understand

how nicotine use leads to dependence.
Chronic nicotine use and the phenotypes
of dependence are closely associated,

in both humans and other animals, with
concurrent physiological changes in nAChR
function and expression. The measurement
of acute and chronic effects of nicotine
administration in at least 19 mouse strains
has yielded a remarkable database. This
database quantitatively describes multiple
genetically influenced physiological and
behavioral differences in the effects of
nicotine exposure.”

Studies using genetic manipulation of
mouse NAChR subunits in combination with
pharmacological and functional measures
are beginning to add experimental details
that contribute to the understanding of
strain-related results and to the design

of future genetic analyses of nicotine
dependence. Excellent resource information
is available regarding these selections in an
extensive and growing database including
hundreds of strain- and gender-specific
behavioral and physiological traits of mice
that can be accessed on the Web from the
Mouse Genome Informatics database.!>1%

Upon selecting the best strain, it is
important to ensure it has the desired
phenotype and genotype. For example,
certain inbred colonies can undergo
subtle genetic drift relative to a colony at
another institution, making it important
that the strain of mouse selected actually
exhibits the reported traits. One example
of the influence of strain-related genetic
drift is that very young DBA/2 mice
exhibit sensitivity to auditory seizure

if purchased from Jackson Laboratory
but not if obtained from Charles River
Laboratories.'>* The problem of unknown
genotype can be particularly serious in
studies that routinely mix multiple strain
backgrounds during the production of
knockout or knockin mice. This can lead to
unexpected phenotypes. Problems caused
by strain mixture may arise when a newly
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made transgenic mouse is crossed with a
parent from a different strain. For instance,
transgenic mice may be crossed to CBA
mice to increase hybrid vigor and enhance
the possibility of obtaining offspring.
However, CBA mice experience hereditary
retinal degeneration that, despite their
dark black eyes, renders them severely
visually impaired, if not blind. When these
animals are used in experiments that require
the use of visual cues for the behavioral
endpoint, they can produce spurious results
of limited value (e.g., see discussion by
Crawley and colleagues”).

Similar problems of unexpected phenotypes
can occur in homologous recombination
experiments that are most easily
accomplished in stem cells from two mouse
strain backgrounds (129 and FVB/N) and then
commonly backcrossed into the C57BL/6
mouse. Notable, and often substantial,
differences in the basic neuroanatomy
between the 129 and B6 strains are of
sufficient relevance to warrant one mouse
brain atlas to show these differences side

by side (e.g., corpus callosum agenesis in
strain 129%). As a consequence, it is not
surprising that 129/Sv mice are impaired on
many learning tasks.” Crossing them with
other mouse strains produces a complex
background in which the respective parental
gene interactions and related but ill-defined
environmental interactions' can impart a
significant range of interactive effects not
necessarily controlled for by litter mates.

When using backcrossed mice, an
important issue is how many backcrosses
ensure genetic background homogeneity.
One common approach is to use mice
following 6 to 10 backcrosses into the desired
parental strain. However, this method is
highly subjective. Detailed analyses suggest
that even after 10 backcrosses, which can
take three years to complete, there is little
guarantee that strain purity will exceed

the optimal target of approximately 99%.
The purity of the parental background can

vary considerably among offspring; by some
estimates, as much as ~5% of the genetic
variation may remain even after as many as
50 random backcrosses.' Ideally, marker-
assisted, accelerated, backcrossing strategies,
also referred to as speed congenics, should
be used to optimize backcrossing efficiency,
minimize the time required to accomplish
the optimal genetic background, and ensure
optimal genetic uniformity among the
animals being compared. In this method,
strain-specific PCR-based procedures that are
commercially available (e.g., Charles River
Laboratories, Harlan Sprague, Dawley, Inc.,
or Jackson Laboratory) permit assessment
of strain-specific DNA marker density of at
least 15 centimeters on all chromosomes for
no fewer than 15 commonly used strains.
This quantifies background contamination
and permits selection of strains with more
than 95% of the desired parental strain
background, often with fewer than five
backcrosses.

Nicotine
and Behavioral
Changes

Addictive substances share common
features, including an ability to produce
behavioral reinforcement, promote self-
administration, and alter reward-related
behavior. The mouse model recapitulates
each of these basic features of dependence
and has facilitated the identification of
genetic, neural, and behavioral substrata
promoting these changes. This section will
review mouse models of reinforcement,
self-administration, reward, and tolerance,
with emphasis on the genetic and neural
systems that are implicated by these models.

Reinforcement

The reinforcing properties of nicotine are
often assessed by studies that measure
the ability of nicotine to maintain
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self-administration. In mice, both IV and
oral nicotine self-administration models
have demonstrated nicotine reinforcement.
Both will be discussed below. As a note,

the reporting of nicotine doses varies across
studies. Some studies report nicotine doses
as base weight, and some studies using
nicotine tartrate salt report nicotine doses as
salt weight. To facilitate comparisons across
studies, doses are standardized to reflect base
weight. In addition, one of the difficulties

in comparing genetic influences across
studies is that methodologies often vary.
Factors that can vary across studies include
strains used, doses used and effective doses,
routes of administration, and treatment of
the mice. This chapter attempts to provide
information on doses tested, strains used,
and methodological variables for the self-
administration studies and the studies
examining reward and tolerance. Factors
that influence reinforcement include nAChR
properties, genetics, developmental changes,
and nonnicotinic neural mechanisms.

The following sections provide an overview
of these factors.

Intravenous Nicotine Self-
Administration

Inferences Regarding Critical nAChRs

Self-administration has helped both to
reveal the behavioral properties of nicotine
reinforcement and to elucidate the neural
substrates of reinforcement from the level
of neural area, to receptor subtypes, to
underlying cell-signaling cascades. Multiple
early studies suggest that high-affinity
nAChRs are involved in the reinforcing effects
of nicotine. First, IV self-administration

of nicotine and other high-affinity nAChR
agonists was examined in NMRI mice.'
Each self-administration session began with
administration of a priming infusion of the
test compound for that session. A range of
nicotine doses was tested (0.01, 0.03, 0.04,
and 0.06 milligrams per kilogram [mg/kg]/

infusion); the 0.01 and 0.03 mg/kg/infusion
doses of nicotine were both associated with
increased nose pokes (the drug-contingent
response), but the rate of nose pokes for
higher doses (0.04 and 0.06 mg/kg/infusion)
was no different from the rate in yoked
controls. Self-administration was also seen
for the high-affinity nAChR agonists cytisine
(at doses of 0.025, 0.05, and 0.075 mg/kg/
infusion) and lobeline (at doses of 0.25, 0.5,
and 0.75 mg/kg/infusion); however, self-
administration of the high-affinity nAChR
agonists ABT-418 and epibatidine was not
seen at the doses tested.

Studies in nAChR subunit knockout

and knockin mice have produced direct
evidence in support of the high-affinity
nAChRs, especially 2-containing nAChRs,
in promoting the reinforcing effects of
nicotine. Mice deficient in B2 nAChRs
failed to self-administer nicotine and did
not develop behaviors consistent with
reinforcement.? %1% In these studies,

B2 knockout mice were trained first to
execute nose pokes for cocaine (0.8 mg/kg/
infusion) by responding to an active versus
inactive port in an operant chamber. After
achieving an asymptotic level of response,
wild-type mice were switched to saline or
0.03 mg/kg/infusion of nicotine and p2;
knockout mice were switched to 0.03 mg/
kg/infusion of nicotine. The rates of nose
pokes significantly decreased for wild-type
mice receiving saline and 2 knockout mice
receiving nicotine, but not for wild-type
mice receiving nicotine.

Direct drug infusion has been a powerful
approach for identifying nAChRs subtypes
involved in the reinforcing effects

and also for identifying the associated
neural substrata. Direct infusion of
pharmacological agents into the ventral
tegmental area (VTA), an area shown to
be involved in drug-seeking behavior,
has established VTA nAChR involvement
in self-administration.'® In rats, direct
infusion of the u4p2 nAChR-favoring
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antagonist dihydro-f-erythroidine (DHBE)
into the VTA disrupted IV nicotine self-
administration, suggesting that the
reinforcement effect of nicotine emanated
from high-affinity nAChRs in the VTA, such
as the a4p2 nAChR.16!

Studies in mice have similarly demonstrated
the involvement of VTA high-affinity nAChRs
in the reinforcing effects of nicotine. Besson
and colleagues'®? examined if wild-type and
B2 knockout mice would self-administer
either the vehicle, 100 ng of nicotine,

or 200 ng of nicotine directly into the VTA.
This study used a hybrid self-administration
paradigm that required the mice to navigate
a Y-maze. One arm of the Y-maze was
associated with direct infusion of nicotine
into the VTA. Wild-type mice showed a

high level of self-administration for both
doses of nicotine, and self-administration
decreased when nicotine was replaced with
the vehicle. In contrast, p2 knockout mice
had equal Ievels of the vehicle and nicotine
self-administration. However, when nicotine
was switched to morphine, the level of drug
self-administration in 2 knockout mice
increased. This suggests that f2-containing
nAChRs in the VTA are not involved in
generalized reinforcing effects of drugs of
abuse but are specifically involved in the
reinforcing effects of nicotine. This was
further substantiated'®® by showing that viral-
mediated reexpression of the f2 subunit in
the VTA of B2 mice would restore IV nicotine
self-administration. This study also used the
hybrid Y-maze self-administration paradigm
with one arm associated with direct infusion
of 36 ng of nicotine into the VTA. Infusion
of nicotine into the VTA of wild-type mice,
but not B2 knockout mice, was reinforcing.
However, the reexpression of the 2 subunit
in the B2 knockout mice was associated
with increased intra-VTA nicotine self-
administration.

Because P2 is widely expressed in the
nervous system and is a promiscuous
subunit, subsequent studies explored

the roles that different alpha subunits

play in processes that may mediate self-
administration. Such studies have revealed
that a6 is particularly important to neurons
of the VTA and basal ganglia,'?"1%4-167 where
it forms receptors composed of a4a6p2p3
subunits.®® In fact, receptors harboring a6
may be disproportionately upregulated,'®?
or possibly downregulated,'*”1% in response
to chronic nicotine. In either case,

this reinforces the hypothesis that this
subunit plays a special role in the effects

of nicotine related to self-administration
and reinforcement.

In summary, studies demonstrate an
important role of f2-containing nAChRs in
the reinforcing effects of nicotine. Factors
that influence B2-containing nAChR
function, such as the inclusion of other
subunits (e.g., a6) or other less defined
genetic considerations, should alter nicotine
self-administration. However, genetic
influences on f2-containing nAChR function
may not be the only factors that contribute
variation in nicotine self-administration.

Behavioral Genetics of Self-
Administration

Behavioral genetics studies that have
compared oral nicotine self-administration
across inbred strains of mice have helped

to advance understanding of the genetics

of nicotine dependence. For instance, in a
study that compared oral self-administration
of nicotine, ethanol, amphetamine, and
aspartame between C57BL/6 inbred mice
and DBA/2 inbred mice, clear differences
were observed.!®® Because the focus of this
monograph is on nicotine, only the treatment
procedure for nicotine will be presented.

After eight days of habituation to the two-
bottle-choice cages, one bottle was replaced
with a 0.38-microgram per milliliter
(ug/mL) nicotine bottle. After two days,

the nicotine concentration was increased
to 0.61 ug/mL for two days, followed by
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0.96 pg/mL for two days. The 0.96-pug/mL
concentration was followed by four days

at 1.54 pg/mlL, six days at 2.42 ug/mlL, and
then eight days at each of the following
concentrations: 3.84, 6.14, 9.60, 15.36,
24.19, and 38.39 ug/mL of nicotine. C57BL/6
mice displayed a greater preference for
nicotine than did the DBA/2 mice. This was
also true for ethanol and amphetamine,

but not for aspartame, which DBA/2 mice
preferred. Because C57BL/6 and DBA/2 mice
are inbred strains, variance in behavior
between the strains reflects the influence of
genetics on the behavior. Thus, the results
from this study demonstrate the existence
of genetic influences on nicotine, ethanol,
amphetamine, and aspartame oral self-
administration. The study also suggests that
the genetic influences on aspartame self-
administration differ from those affecting
nicotine, ethanol, and amphetamine self-
administration.

A similar procedure was used in an expanded
inbred mouse-strain survey of oral nicotine
self-administration. C57BL/6, C3H, DBA/2,
BUB, A, and ST/b mice were presented with
a two-bottle choice: nicotine versus vehicle.
The vehicle was either water or 2% saccharin.
The concentration of nicotine changed

from 10 to 20 to 35 to 50 to 65 to 80 to

100 to 125 to 160 to 200 ug/mL every four
days. Increased nicotine concentration was
inversely related to nicotine consumption,
and this relationship was influenced by
genetics. The concentration of nicotine that
produced a 50% decrease in consumption
relative to the 10 pg/mL concentration was
compared across strains. This concentration
was highest in C57BL/6 mice, followed by
DBA mice, then BUB, A, C3H, and ST/b mice,
respectively. Saccharin influenced nicotine
intake only in C57BL/6 mice at low nicotine
concentrations and in ST/b mice across all
nicotine concentrations.

Comparable results were found in
another strain survey of oral nicotine
self-administration.'® A two-bottle-choice

paradigm was used to compare oral self-
administration of water and escalating
doses of nicotine (1.75, 3.51, 8.77, 17.54,
26.31, and 35.08 ug/mL; five days of
administration per level) across C57BL/6,
C3H/J, DBA/2, ST/b inbred mice, NMRI
outbred mice, and an A/JxNMRI cross.

As reported before, strain differences existed
in amount of nicotine consumed. C57BL/6
consumed the most nicotine, followed by
C3H/J mice, the A/JxNMRI cross, DBA/2
mice, NMRI mice, and ST/b mice. Clearly,
genetics contributes to differences in oral
nicotine self-administration; however, in

all three studies nicotine consumption

was lower than vehicle consumption.
Therefore, in these studies, it is unclear

if genetics is influencing preference for
nicotine or sensitivity to aversive effects

of nicotine. One strategy for addressing

this question would be to compare oral
nicotine self-administration and IV nicotine
self-administration across strains of inbred
mice to determine if genetics of oral and

IV nicotine self-administration are similar.
This type of study remains to be done; most
mouse behavioral genetic studies of nicotine
self-administration have used oral nicotine
self-administration.

One study directly tested if preference for
oral self-administration of nicotine over
water could be established.!” Outbred
CD-1 mice were maintained on a water-
restriction schedule with water access
limited to two hours. Mice were then
presented with a two-bottle choice of water
versus 10 mg/L nicotine for a two-hour
period. In a follow-up experiment, the
concentration of nicotine was reduced to
the following levels every two days: 7, 5,
3.5, and 2.5 mg/liter (L). Mice preferred
nicotine-containing solutions to water, and
as the concentration of nicotine decreased,
the fluid intake for nicotine, but not for
water, increased. Individual differences in
nicotine preference were then assessed. Mice
were given another choice of a vehicle or
10 mg/L of nicotine; however, the vehicle
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used a 10% sucrose solution to mask the
bitter taste of the drug. After six days of
training, the vehicle was switched to water
and preference for nicotine was measured.
A significant preference for nicotine was
seen on day seven. This preference decreased
over subsequent days. However, when mice
were segregated by preference for nicotine
on day seven, two subpopulations emerged:
one showed preference for nicotine over

all days of testing (days 7-10), and the
other showed no preference for nicotine.
This study suggests that in outbred mice,
naturally occurring genetic variance could
contribute to preference for oral nicotine;
however, follow-up studies are needed to
determine if polymorphisms exist between
the two subpopulations.

A study that strongly suggests that genetic
variance influences oral nicotine self-
administration examined if expression

of Cyp2a5—the homologue of the

human gene CYP2A6, which codes for an
enzyme involved in the metabolism of
nicotine—is correlated with levels of oral
nicotine self-administration.!™ Because
C57BL/6 mice show high levels of nicotine
consumption and ST/b mice show low levels,
F2 mice from a C57BL/6xST/b cross were
segregated into high and low oral nicotine
consumers to test if levels of Cyp2a5 protein
similarly segregated. In male F2 mice,

high nicotine consumption was associated
with higher levels of Cyp2a5 protein and,
not surprisingly, faster metabolism of
nicotine, suggesting that the genes involved
in nicotine metabolism can influence oral
nicotine self-administration. The same
effect was not seen in female mice; thus,

the expression of this phenotype may be
linked to gender. The findings from this
study, combined with the other behavioral
genetics studies reviewed here, demonstrate
how polymorphisms can alter nicotine self-
administration and potentially influence
nicotine dependence. Although genetic
factors influence nicotine self-administration,
environmental and developmental factors

most likely interact with genetics to alter
nicotine self-administration.

Modeling Developmental Factors
in Nicotine Reinforcement

A relationship exists between childhood
exposure to tobacco industry promotional
activities and risk for initiation of tobacco use
(for a review, see DiFranza and colleagues'?).
Thus, identifying variables that contribute

to adolescent nicotine consumption may
prove critical for the successful treatment
and prevention of nicotine dependence.

A limited number of studies in mice have
examined factors that influence oral nicotine
consumption in adolescent mice. One study
compared oral nicotine consumption in
outbred CD-1 mice across early (24-35 days),
middle (37-48 days), and late (50-61 days)
adolescence.'™ Water-restricted mice were
given two-hour access to two bottles—water
versus a 10 mg/L solution of nicotine—for six
days, after which the nicotine concentration
was reduced to 7 mg/L for the next three
days, and then to 5 mg/L for the last three
days. The youngest group demonstrated

a preference for nicotine; nicotine and

water consumption was equal in the mid-
adolescence group, and the late adolescence
group showed a trend for avoidance of the
nicotine solution. These results suggest that
early adolescence may be a critical period for
increased risk of nicotine consumption.

Two factors that may contribute to
adolescent nicotine intake are gender

and novelty-seeking behavior. Gender
differences in oral nicotine consumption
by adolescent C57BL/6 mice (35 days of
age) were examined using a two-bottle-
choice paradigm.'”™ Mice had access to

the vehicle (2% saccharin) and one of

six doses of nicotine (10, 25, 50, 75, 100,

or 200 ug/mL) for seven days. When
adjusted for body weight, female adolescent
mice consumed more nicotine than did
males. Adolescent smoking in humans can
be associated with increased novelty-seeking
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behavior or attempts to mitigate teenage
angst and anxiety. A study in C57BL/6
mice directly examined if individual
differences in novelty-seeking behavior

or anxiety correlated with oral nicotine
self-administration.'™ At postnatal day 30,
novelty-seeking behavior and anxiety were
assessed using the hole-board activity box.
After testing, nicotine consumption was
measured for 10 days using a two-bottle-
choice paradigm: water versus 10 ug/L
nicotine. No correlations existed between
novelty seeking and anxiety. However,
adolescent mice classified as high novelty
seeking consumed more nicotine than did
adolescent mice classified as low novelty
seeking; no relation was found between
anxiety levels and nicotine consumption.
These results agree with results from human
research that show that novelty seeking, or a
personality trait of disinhibition, is a risk
factor for smoking (chapters 3 and 5).

Involvement of Extra-Nicotinic
Mechanisms

An interaction among nAChRs and other
neurotransmitter systems, most notably
changes in dopamine signaling, appears

to be critical to the reinforcing effects of
nicotine in the VTA. One study examined
involvement of dopamine D1 receptors in
the reinforcing effects of nicotine infused
into the VTA.'® Four groups of C57BL/6
mice were trained in the Y-maze intra-VTA
nicotine self-administration paradigm.
Mice received either the vehicle infused
into the VTA, 10 ng of nicotine infused
into the VTA, 100 ng of nicotine infused
into the VTA, or 100 ng of nicotine infused
2.3 millimeters dorsal of the VTA. The 10-ng
and 100-ng doses of nicotine infused into
the VTA were more reinforcing compared
to vehicle and nicotine infusions dorsal

to the VTA. The D1 dopamine receptor
antagonist SCH 23390 and the high-affinity
a4p2 nAChR antagonist DHBE blocked the
reinforcing effects of intra-VTA nicotine
self-administration. These results suggest

that nicotine activation of high-affinity
nAChRs (e.g., a4p2 nAChRs) in the VTA
may modulate D1 dopamine receptor
activity and reinforcement.

Studies suggest that both metabotropic and
N-methyl-p-aspartic acid (NMDA) glutamate
receptors are also involved in the reinforcing
effects of nicotine. Sorger and colleagues
investigated the role of the metabotropic
glutamate receptor 5 (mGluR5) in nicotine
self-administration in DBA/2 mice.'” DBA/2
mice were trained to execute nose pokes for
either saline or one of four doses of nicotine
(0.016, 0.048, 0.16, 0.48 pg/infusion, IV self-
administration). Only the 0.048-ug dose of
nicotine was associated with increased nose
pokes compared to the yoked control. This
increase was blocked by administration of
2-methyl-6-(phenylethynyl)-pyridine, an
mGIuR5 antagonist. The involvement of
the glutamate system in IV nicotine self-
administration was further investigated

by examining the effects of the NMDA
receptor channel blocker memantine on
self-administration.!™ A yoked experimental
design was used, and Swiss mice in the
active chamber executed nose pokes for
either 0, 0.03, 0.06, or 0.11 ug of nicotine.
The 0.06-pg dose of nicotine was associated
with the greatest increase in nose pokes.
This effect was blocked by memantine.
Subsequently, however, the pharmacological
specificity of this agent has been extended
to include a7 nAChRs,'”” which could

cloud the interpretation of this effect as
being mediated solely through NMDA
receptors. However, as reviewed earlier,

the reinforcing effects of nicotine appear

to be largely dependent on high-affinity
nAChRs and relatively independent of a7
nAChRs.11,158,162,178

Clearly, the nicotinic and the glutamate
systems interact to support self-
administration of nicotine; however,

the mechanism underlying this interaction
remains unclear and possibly multifaceted.
Certainly, glutamate receptor (GluR)
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function is modified by nicotine acting
through nAChRs, as reported by multiple
electrophysiological examinations.564179-181
However, additional cell-mediated
mechanisms, including alteration of

GluR transport by the neurons' and the
modification of susceptibility to proteolysis,'s
must be included in considerations of how
nicotine affects this major excitatory system.

Finally, in addition to dopamine and
glutamate involvement in the reinforcing
effects of nicotine, GABA may also

be involved. The effects of the GABA,
receptor agonist baclofen on IV nicotine
self-administration was assessed in mice;
unfortunately, the study did not specify the
strain of mice.'® Mice in the chamber with
the active nicotine (0.03 mg/kg/infusion)-
associated port executed significantly more
nose pokes than did yoked controls. Baclofen
decreased responding at the nicotine-
associated port, suggesting that activation of
GABA; receptors decreases the reinforcing
effects of nicotine. A thorough explanation
for the reinforcing effects of nicotine acting
through other neurotransmitter systems,
including dopaminergic, glutamate, and
GABA, requires more detailed investigation.
It remains clear, however, that modulation
of these systems through both nAChRs and
related polymorphisms is likely to form the
basis of the complex genetic components
that combine to define the reinforcing
effects of nicotine for individuals.

The cellular and molecular changes
triggered by activation of nAChRs and
other neuropharmacological systems that
underlie the reinforcing effect of nicotine
(e.g., dopamine, glutamate, and GABA
systems) may involve altered calcium-
mediated cell signaling. Swiss albino mice
were trained to execute a nose poke for 0,
0.01, 0.02, 0.03, or 0.04 mg/kg/infusion
of nicotine.”® The dose-response curve
was an inverted function; the 0.02- and
0.03-mg/kg/infusion doses of nicotine
produced significant increases in nose

pokes, with the 0.03-mg/kg/infusion

dose producing the largest change.

A 2.4-mg/kg dose of the nAChR antagonist
mecamylamine blocked the reinforcing
effects of 0.03 mg/kg/infusion of nicotine
but had no effect on responding in the saline
control group. In addition, the L-channel
calcium antagonist isradipine dose
dependently inhibited the reinforcing
properties of 0.03 mg/kg/infusion of nicotine
without altering baseline levels of nose
pokes. Additional work is needed to further
elucidate the molecular substrata of the
reinforcing effects of nicotine because
genetic influences on these substrata could
contribute to variability in the reinforcing
effects of nicotine.

In summary, self-administration studies

in mice that examined the reinforcing
effects of nicotine have demonstrated that
mice will self-administer nicotine and have
identified the neural and genetic substrata
involved. For example, these studies have
demonstrated that high-affinity nAChRs

in the VTA are involved in nicotine self-
administration and that calcium-mediated
cell signaling is also involved. In addition,
these studies have shown that genetic
variation contributes to variation in nicotine
self-administration, and they have identified
the Cyp2a5 gene, which is involved in
nicotine metabolism, as a gene potentially
linked to nicotine self-administration.
Finally, these studies have identified
potential risk factors that may, in general,
contribute to adolescent nicotine use:

age, gender, and risk-taking behavior.

Nicotine and Reward

Conditioned place preference (CPP) is used
as a model to investigate the rewarding
effects of nicotine.'® Nicotine administration
is repeatedly paired with one chamber,

and saline administration is repeatedly
paired with a second. The mouse or rat

is then given access to both chambers,
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and greater time spent in the chamber
previously paired with nicotine is taken

as a measure of preference for nicotine.

In addition to measuring the rewarding
properties of nicotine, CPP also measures
the ability to form associations between

the effects of nicotine and a contextual
environment. Thus, for any manipulation
that disrupts CPP, it must be determined

if the manipulation is altering learning or
reward processes. Experiments using CPP to
investigate the rewarding effects of nicotine
in mice have identified procedural variables
that affect the development of nicotine CPP
and have identified underlying neural and
genetic substrata involved in CPP.

Research using CPP provides a
complementary perspective to research

on self-administration. Although self-
administration should, in theory, reflect the
hedonic or rewarding impact of nicotine

on the mouse, it may also reflect other
factors as well. One such factor is nicotine
metabolism, which might affect tolerance
to the repeated doses of nicotine used in
self-administration studies, but be somewhat
less relevant to the effects of acute doses
delivered in CPP studies. Other differences
between the self-administration and CPP
paradigms could “select out” different
genetic associates; for example, different
sorts of learning are involved (Pavlovian
versus instrumental), and only the self-
administration paradigm permits the
organism control over drug administration.
Thus, it is quite likely that the two
approaches will show different data patterns
across strains and involvement of different
neurotransmitter systems. However, the fact
that all addictive drugs support both drug
self-administration and CPP acquisition
suggests that both are sensitive to drug
reinforcement.

External variables that can influence CPP
include the dose of nicotine and prehandling.
The effects of four different doses of

nicotine (0.25, 0.5, 1.0, or 2.0 mg/kg) on

CPP were tested in Swiss-Webster mice.'¥
Mice showed a preference for the chamber
previously paired with 0.5 mg/kg of nicotine
but avoided the chamber previously paired
with 2.0 mg/kg of nicotine. No significant
preference or avoidance was seen for the
0.25-mg/kg or 1.0-mg/kg doses. This study
demonstrates that the effects of nicotine can
shift from rewarding to aversive, depending
on the dose of nicotine used in mice.
Another study examined both the effects

of prehandling on CPP in ICR mice and

the effects of different doses of nicotine on
CPP.'®8 CPPs for multiple doses of nicotine
(0.1, 0.25, 0.35, 0.5, 0.7, or 1.0 mg/kg) were
measured; only the 0.5-mg/kg dose was
associated with CPP, but only for prehandled
mice. Both studies suggest that a 0.5-mg/kg
dose of nicotine is rewarding, as measured
by CPP. In addition, prehandling can affect
the development of CPP, but it is unclear if
this is a strain-specific effect and specifically
related to CPP or anxiety levels of the mice.

Strain Differences

As discussed, external variables such as
prehandling can affect CPP, but internal
factors such as genetics also influence
nicotine CPP. Studies comparing inbred
strains of mice and studies using selective
breeding have shown that differences in
nicotine CPP are associated with genotype.

In a study using selective breeding, three
lines of mice derived from heterogeneous
stock mice were tested in CPP: a line in
which 0.75 mg/kg of nicotine depressed
locomotor activity, a line in which the same
dose increased locomotor activity, and a
randomly bred line.’® A 0.75-mg/kg dose of
nicotine produced CPP in the line generated
by random breeding and the line bred for the
stimulatory effects of nicotine on locomotor
activity. In contrast, the same dose produced
conditioned place aversion in the line bred
for sensitivity to the locomotor depressant
effects of nicotine. These results suggest that
genes involved in the psychostimulant effects
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of nicotine may also be involved in the
rewarding effects of nicotine. Another study
compared CPP across inbred strains of mice
to test if natural genetic variance contributed
to differences in the rewarding effects of
nicotine. Multiple doses of nicotine were
tested for CPP in C57BL/6 mice (0.05, 0.1,
0.3, 0.5, or 0.7 mg/kg) and in DBA/2J mice
(0.3, 0.7, or 1 mg/kg'®). The C57BL/6 mice
showed significant CPP for the 0.3-mg/kg
dose of nicotine, but the DBA/2J mice did
not show even a trend toward CPP. Both of
these studies demonstrate that genotype
contributes to phenotype for nicotine CPP.

A direct comparison between the genetic
influences on CPP versus nicotine self-
administration can be made by comparing
results from studies that contrasted these
measures in DBA/2 and C57BL/6 mice.
Studies previously discussed in this chapter
found that C57BL/6 mice consumed more
nicotine than did DBA/2 mice.5'%%16% Similar
differences were found for CPP. These
results suggest that C57BL/6 mice are more
sensitive to the effects of nicotine that may
support dependence. Furthermore, these
results could suggest that common genes
are involved in CPP and oral nicotine self-
administration; however, caution must be
exercised because an extensive comparison
across multiple inbred strains, using
multiple nicotine doses and behavioral
assays, is necessary to strengthen this
argument.

Involvement of Receptor
and Neurotransmitter Systems

In addition to identifying genetic influences
on nicotine CPP, mouse studies have also
examined receptor subtype involvement

in CPP. The effects of the broad-spectrum
nAChR antagonist mecamylamine, the high-
affinity nAChR antagonist DHBE, and the
o7 nAChR antagonist methyllycaconitine
citrate (MLA) on nicotine CPP were assessed
in ICR mice.'® Both mecamylamine and
DHpE significantly decreased nicotine CPP

for a 0.5-mg/kg dose of nicotine, whereas

a nonsignificant trend toward attenuated
CPP was seen with MLA. This study suggests
that high-affinity nAChRs, such as the a42
nAChR, are involved in the rewarding effects
of nicotine.

Another study examined the nAChR subtypes
involved in nicotine CPP by using both
pharmacological and genetic inhibition

of nAChR subunits.’ Multiple nicotine
doses were tested for CPP in (1) C57BL/6
mice, (2) B2 nAChR subunit knockout mice
and corresponding wild-type mice, and

(3) 07 nAChR subunit knockout mice and
corresponding wild-type mice. C57BL/6
mice showed significant CPP for 0.3 and

0.5 mg/kg of nicotine but not for 0.1, 0.7,

or 1.0 mg/kg nicotine. In 2 knockout mice,
neither 0.5, 1.0, nor 2.0 mg/kg of nicotine
produced CPP, but in wild-type mice, both
0.5 and 1.0 mg/kg produced CPP. The a7
knockout mice and wild-type mice both
showed nicotine CPP. Further demonstrating
a critical role of B2-containing but not
a7-containing nAChRs in CPP, the a4[2
antagonist DHBE blocked nicotine

(0.5 mg/kg) CPP in C57BL/6 mice, but the
a7 nAChR antagonist MLA had no effect on
nicotine CPP. Thus, f2-containing nAChRs
appear to be involved in nicotine CPP.

In addition to the nicotinic acetylcholinergic
system, other neurotransmitter systems
may also be involved in CPP. In mice,
studies have suggested that the adenosine,
endogenous cannabinoid, and neuropeptide
systems may all be involved in the effects

of nicotine on reward. Adenosine 2, (A,,)
knockout mice and wild-type mice were
tested for the development of CPP to a 0.18-
and a 0.35-mg/kg dose of nicotine.'! Wild-
type mice developed CPP for 0.18 mg/kg of
nicotine but not for 0.35 mg/kg of nicotine.
The A,, knockout mice did not develop CPP
for either dose. Also, both wild-type mice
and A,, knockout mice showed conditioned
taste aversion to saccharin that was paired
with a 1.75-mg/kg intraperitoneal (IP)
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dose of nicotine. The A,, receptor appears

to be involved in the rewarding effects of
nicotine but not its aversive effects. This also
suggests that A,, is involved in mediating
the appetitive effects of nicotine and not in
nicotine-based associative processes.

Another study from the same laboratory
examined the role of the endogenous
cannabinoid CB1 receptor in CPP for
nicotine.®* CPP was tested for 0.04, 0.09,
or (.18 mg/kg of nicotine in CB1 knockout
mice and wild-type mice. The 0.18-mg/kg
dose of nicotine produced CPP in wild-type
mice, but no dose of nicotine produced
CPP in the CB1 knockout mice. The
antinociceptive effects of nicotine, however,
were not disrupted in CB1 knockout mice.
Thus, CB1 receptors may modulate the
rewarding effects of nicotine, and drugs
altering the cannabinoid system, such as
the CB1 antagonist rimonabant, may have
therapeutic potential for assisting in
smoking cessation (for a review see Siu
and Tyndale'™).

Multiple studies suggest that the rewarding
effects of nicotine can be modulated by
neuropeptides, perhaps through effects at
the mu opioid receptor. CPP for 0.09, 0.18,
or (.35 mg/kg of nicotine was compared
between preproenkephalin knockout mice
and wild-type mice.'*? Wild-type mice
developed CPP for the 0.18-mg/kg dose,
whereas the preproenkephalin knockout
mice did not show CPP for any dose tested.
The 0.18-mg/kg dose of nicotine increased
dopamine levels in the nucleus accumbens
of wild-type, but not knockout, mice. Thus,
the endogenous enkephalin system may be
involved in the rewarding effects of nicotine
through altering dopamine signaling.
Preproenkephalin stimulates mu opioid
receptors, and consequently, mu opioid
receptors may be involved in the effects of
nicotine on CPP. Pharmacological studies
and studies in mu opioid receptor knockout
mice have directly tested if the mu opioid
receptor is involved in the rewarding effects

of nicotine. In NMR1 mice, nicotine CPP
was successfully demonstrated for 1 mg/kg
and 2 mg/kg of nicotine but not for 0.5 or
0.75 mg/kg of nicotine.!”® The mu opioid
receptor antagonist naloxone blocked CPP
for 1 mg/kg of nicotine, providing evidence
for the involvement of mu opioid receptors
in nicotine CPP. Genetic inhibition of mu
opioid receptor function also disrupts
nicotine CPP. No CPP for nicotine was
seen in mu opioid knockout mice for all
doses of nicotine tested (0.09, 0.18, and
0.35 mg/kg), which contrasts with findings
with the wild-type mice that showed CPP
for the 0.18-mg/kg dose but not for the
0.09- or 0.35-mg/kg doses of nicotine.!%
The mu opioid receptor does not appear to
be involved in all of the effects of nicotine
because deletion of the mu opioid gene did
not alter the locomotor depressive effects
of nicotine. The processes activated by mu
opioid receptors, however, that are involved
in nicotine CPP are not well understood but
may involve changes in gene expression.

The transcription factor CREB is

involved in learning and memory,'?

and in dependence;™® mu opioid receptors
may mediate the rewarding effects of
nicotine through activation of CREB.!*°

In wild-type mice, 0.35 mg/kg of nicotine
produced CPP, but 0.70 mg/kg of nicotine
produced conditioned place aversion.

The 0.35-mg/kg dose of nicotine was
associated with increased levels of
phosphorylated CREB in the nucleus
accumbens and VTA. Both CPP and the
increased levels of phosphorylated CREB
were reduced by pretreatment with
naloxone. In addition, mu opioid knockout
mice did not show increased levels of
phosphorylated CREB after treatment with
the same dose of nicotine. These results
suggest that mu opioid receptor activation
of CREB may be critically involved in

CPP. In support, the same study found the
CREB* knockout mice did not show CPP
for 0.35 mg/kg of nicotine but did show
conditioned place aversion for 0.7 mg/kg of
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nicotine. Thus, cell-signaling cascades that
activate CREB may be critically involved

in the rewarding effects of nicotine, and
activation of the mu opioid receptor may
be one pathway that leads to reward-related
increased activation of CREB. Not all effects
of nicotine, however, involve activation

of CREB, as demonstrated by intact,
conditioned place aversion for nicotine in
CREB® knockout mice.

Another transcription factor that may be
involved in CPP is Fosb.!*” Both wild-type
and Fosb knockout mice were tested for the
development of CPP. At 0.2 mg/kg, wild-type
mice showed CPP, which shifted to aversion
at doses of 0.8 and 2.0 mg/kg. In contrast,
Fosb knockout mice did not develop CPP for
any dose tested (0.025-2.0 mg/kg) but did
show aversion for doses of 0.6 mg/kg and
higher. These results show that while Fosb
knockout mice can learn (i.e., they show
conditioned place aversion), they do not
seem sensitive to the rewarding effects of
nicotine. Furthermore, the knockout mice
also showed reduced oral intake of 50-pg/mL
nicotine in a two-bottle-choice paradigm,
suggesting that Fosb is involved in processes
common to CPP and choice of nicotine
consumption.

Two studies examined the role of the cell-
signaling molecule nitric oxide in nicotine
CPP in Swiss-Webster mice. Nitric oxide is
critically involved in some forms of synaptic
plasticity'®®1% and may contribute to the
addictive effects of drugs of abuse such as
nicotine.?” In one study, mice successfully
developed CPP for (0.5 mg/kg of nicotine,?*
unless given the nitric oxide synthase
inhibitor 7-nitroindazole (25 mg/kg).
However, 7-nitroindazole had no effect on
lithium-chloride conditioned place aversion,
suggesting that the effects of 7-nitroindazole
on CPP were not due to a generalized
learning deficit. Another study investigated
if the nitric oxide precursor L-arginine would
enhance nicotine CPP.2”> Multiple nicotine
doses (0.25, 0.5, 0.75, 1.0, and 2.0 mg/kg)

were tested in CPP, and both the 1.0- and
2.0-mg/kg dose produced nicotine CPP.
Interesting, L-arginine alone also produced
CPP at doses of 200 and 500 mg/kg, but not
at doses of 50, 100, or 150 mg/kg. When
ineffective doses of nicotine and L-arginine
were paired together, CPP resulted. Both
the nAChR antagonist mecamylamine and
the nitric oxide synthase inhibitor L-nitro-
amino-methyl-ester blocked the acquisition,
but not the expression of, CPP for the
1.0-mg/kg dose of nicotine. Together,

the results from these studies suggest that
nitric oxide mediates important functions
associated with acquisition of nicotine CPP.

In summary, mouse research shows that
nicotine reward is highly dose dependent.
Specifically, as dose is increased from
inert levels, mice first show robust CPPs,
but ultimately, place aversions develop

as doses are progressively increased.

In addition, even within a strain, doses
effective for establishing CPP can vary across
studies. This suggests that CPP is sensitive
to methodological and environmental
factors, such as the construction of the
apparatus and handling. Studies comparing
inbred mice suggest that C57BL/6 mice
may be particularly sensitive to the
rewarding effects of nicotine. Further
genetic studies are needed to elucidate
strain differences in the rewarding effects
of nicotine and to determine if common
genetic substrata mediate the rewarding,
aversive, and activating effects of nicotine.
For instance, the stimulatory effects

of nicotine and the rewarding effects

of nicotine may be genetically linked.

In addition, mouse studies have aided in
identifying the neural substrates of the
rewarding effects of nicotine. High-affinity
nAChRs, such as the a4p2 nAChR, appear
to be critically involved in the rewarding
effects of nicotine. The effects of nicotine
at nAChRs may result in the activation

of cell-signaling molecules such as nitric
oxide and CREB that have been shown to
be involved in drug dependence.
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Tolerance

The rewarding and reinforcing effects of
nicotine are not the only effects of nicotine
that contribute to nicotine dependence;
physiological adaptations that occur with
chronic nicotine administration may lead
to nicotine dependence and tolerance.
Tolerance is a shift in the dose-response
curve to the right following exposure to the
drug in question. That is, with increased
drug exposure, and resulting tolerance,

an increasing amount of drug is required
to produce a given magnitude of effect.

Tolerance has been demonstrated after both
acute and chronic nicotine administration
for the effects of nicotine on multiple
behaviors and physiological responses.
Studies in mice have elucidated the neural
and genetic substrata associated with the
development of tolerance and have helped
identify neural adaptations that occur

with chronic nicotine administration
(figure 4.5). Much of the research discussed
below addresses the topic of behavioral
tolerance—that is, tolerance to behavioral
or physiological effects of a drug that

is not accounted for by enhanced drug
clearance. Animals also acquire dispositional
tolerance, which means enhanced clearance
or metabolism of a drug as a function of
prior exposure. The latter phenomenon has
been discussed in the context of Cyp2a5
expression.'” The following sections

review both acute and chronic tolerance.
Significantly more is known about chronic
tolerance, permitting a review of behavioral,
genetic, and neural factors (from the level
of the receptor to downstream cell-signaling
cascades) involved in tolerance.

Acute Tolerance

Single injections of nicotine can produce
tolerance to some of the direct effects of
nicotine. The development and duration
of such acute tolerance for the effects

of nicotine on antinociception, body
temperature, and motor activity were
investigated in ICR mice.?®® Mice were
treated with 4 mg/kg of nicotine and then
challenged with a 2-mg/kg subcutaneous
(SC) dose. The time to maximum tolerance
and the duration of acute tolerance varied
across tasks; maximum acute tolerance for
the antinociceptive effects of nicotine was
seen at between 30 and 60 minutes, and
recovery from acute tolerance occurred
after 6 hours; maximum acute tolerance
for nicotine-induced motor impairments
occurred between 3 and 6 hours and
dissipated by 24 hours, and maximum
acute tolerance for nicotine-induced
hypothermia occurred between 2 and

4 hours and lasted 6 hours. The effect of
intrathecal administration (i.e., injection
into cerebral spinal fluid at the spinal cord)
on the development of acute tolerance for
the antinociceptive effects of nicotine was
also tested. Maximal acute tolerance was
seen at 5-10 minutes, and effective doses
for the initial induction of tolerance ranged
between 0.5 to 1 ug. Acute tolerance was
disrupted by the calcium channel blocker
nimodipine administered either via SC

or intrathecal injections, suggesting that
changes in calcium levels contribute to
the development of acute tolerance.

Genetics may contribute to variability in
acute tolerance. Miner and Collins®* found
that pretreating DBA mice with doses of a
nicotine subthreshold for inducing seizures
(1 or 2 mg/kg) either 15 or 30 minutes
before testing for nicotine-induced seizures
produced acute tolerance; by 60 minutes,
acute tolerance was lost. In C3H mice, only
pretreatment with the 2-mg/kg dose of
nicotine resulted in acute tolerance and only
when pretreatment was 7.5 minutes before
testing for nicotine-induced seizures. These
results suggest that genetic differences
between DBA and C3H mice account for
the increased sensitivity for acute tolerance
in the DBA mice. The authors propose

that nicotine inactivation of nAChRs may
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account for the observed acute tolerance
and that strain differences in desensitization
or inactivation of nAChRs may underlie the
strain differences in acute tolerance.

Less is known about the genetic factors that
influence the likelihood or magnitude of
such acute tolerance compared with chronic
tolerance. In addition, there is little evidence
from the human literature that indicates a
role for tolerance in dependence.

Chronic Tolerance

Tolerance that develops after chronic
treatment of nicotine has also been
demonstrated on numerous measures.

In theory, chronic tolerance might be related
to dependence because higher levels of
tolerance may permit higher rates of self-
administration, which, in turn, result in
greater effects on dependence processes.
Although not a great deal of evidence links
degree of chronic tolerance with tendency
to self-administer nicotine, there are

data showing that prolonged exposure to
nicotine inures mice to the aversive effects
of nicotine that they experience secondary
to self-administration. The effects of chronic
nicotine exposure on subsequent nicotine IV
self-administration and the development of
tolerance to the aversive effects of nicotine
were assessed in DBA/2 mice.?”> Nose pokes
delivered either saline, or one of four doses of
nicotine (0.016, 0.048, 0.16, 0.48 ug/infusion),
to the mouse executing the nose poke and
to a yoked control. The 0.048 pg/infusion
dose of nicotine was associated with a
higher rate of nose pokes by mice in the
chamber with the active port compared to
the yoked mice. After self-administration,
one-half of the mice were implanted with SC
minipumps that delivered 6.3 mg/kg/day of
nicotine or saline for 14 days. After removal
of the pumps, the highest dose of nicotine
(0.48 ug/infusion) self-administered was
aversive in mice chronically treated with
saline but not in mice chronically treated
with nicotine. These data suggest that

chronic nicotine exposure renders the
organism less sensitive to the aversive effects
of nicotine that is self-administered.

Behavioral Analysis of Tolerance

In many tolerance studies, the experimenter
controls nicotine administration; however,
oral self-administration can also induce
tolerance. Tolerance for the acute effects
of nicotine (1 mg/kg) on the depression of
locomotor activity and on the induction
of hypothermia was measured in mice
that had access for 30 days to either 2%
saccharin, 50 pg/mL of nicotine in 2%
saccharin, 100 pg/mL of nicotine in 2%
saccharin, or 200 pg/mL of nicotine in 2%
saccharin.’*’ The 200-pg/mL, but not the
100-pg/mL, oral nicotine group showed
tolerance for the effects of acute nicotine
on both locomotor activity and body
temperature. In another study that
assessed the development of tolerance
with oral nicotine self-administration,

ICR mice had access for 42 days to either
2% saccharin, 50 ug/mL of nicotine in

2% saccharin, 100 ug/mL of nicotine in
2% saccharin, or 200 ug/mL of nicotine

in 2% saccharin.® On day 43, tolerance
for the effects of 2.5 mg/kg of nicotine on
nociception and body temperature was
measured. Tolerance was seen for all doses
of oral nicotine with the 200-ug/mL dose
of nicotine producing the most tolerance.
This dose produced a plasma nicotine level
of 15.85 + 10.54 ng/mL. Both of these
studies demonstrate that self-administration
of nicotine can produce tolerance for the
effects of nicotine on multiple behaviors.

The majority of the studies examining

the development of tolerance in mice
have focused on tolerance for the

effects of nicotine on physiological

and locomotor responses, but nicotine
can also alter cognition. A series of
experiments has examined how the effects
of nicotine on learning change as nicotine
administration is shifted from acute
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to chronic administration. In C57BL/6
mice, acute nicotine enhanced contextual
conditioning?*%?""—that is, learning to
associate a specific context with a stimulus
such as a foot shock (for a review see
Gould?®). If, however, C57BL/6 mice are
treated for 14 days with a chronic dose of
nicotine (6.3 mg/kg/day, SC) producing the
same plasma nicotine level as seen with

the acute dose of nicotine (0.09 mg/kg)

that enhanced contextual conditioning,

no enhancement of contextual conditioning
is seen. Thus, even though plasma nicotine
levels were similar, the behavioral effects

of the acute and chronic nicotine were

not the same; acute nicotine treatment
enhanced contextual conditioning, whereas
chronic nicotine treatment failed to enhance
contextual conditioning, suggesting the
development of tolerance.?” It should be
noted that plasma nicotine levels in mice
treated acutely and chronically with nicotine
(13 ng/mL) were within the range of plasma
nicotine levels (10-50 ng/mL) demonstrated
by smokers.?1%211

The above results demonstrate the
development of tolerance for the effects of
nicotine on cognition. The neural adaptations
responsible for this behavioral change are
unknown, but studies examining tolerance
for the effects of nicotine on locomotor
activity and physiological responses have
identified accompanying changes in receptor
density and function. This research is
consistent with other research showing that
behavioral tolerance cannot be explained by
degree of dispositional tolerance. It must
involve separate CNS neural adaptations
that permit one animal to compensate

for the disruptive effects of a drug, while
another animal with the same level of the
drug in its body shows greater drug effects.
This phenomenon has, of course, many
precedents with other drugs of abuse, with
studies showing that most adaptation to
drug-induced behavioral disruption is
caused by learning mechanisms, rather
than dispositional tolerance.?221

Behavioral Genetics of Tolerance
and Putative Substrata

Experiments conducted three decades ago
provided early evidence of strain differences
in tolerance. In one study,?* DBA/2 and
C57BL/6 mice were compared on the
development of tolerance to nicotine. Mice
received three daily IP injections of 1 mg/kg
of nicotine for two, four, or seven days.
Genotype and gender both contributed to
variance in developing tolerance to the effects
of nicotine on Y-maze activity. C57BL/6

male mice developed tolerance most rapidly,
and DBA/2 male mice had the latest onset

of tolerance; female mice of both genotypes
developed tolerance at the same rate,

but C57BL/6 female mice showed greater
tolerance. A subsequent study examined

the effects of chronic IV administration of

2, 4, or 6 mg/kg of nicotine for 10 days on
nicotine and a-bungarotoxin binding as well
as the effects of acute nicotine on Y-maze
activity and rears, acoustic startle, heart rate,
respiration rate, and body temperature in
both DBA/2 and C3H/2 inbred mice.?’> DBA/2
and C3H/2 mice differed in the development
of tolerance, but not in *H-nicotine binding
or a-bungarotoxin binding, the two means
available at that time for quantitation of
nAChR expression.

The effects of chronic nicotine treatment
were also extended to compare effects of
chronic nicotine on tolerance and nAChR
binding in C57BL/6, DBA/2, C3H/2, and
BALB/cBy mice.> Mice were treated with

3 mg/kg/hour of nicotine intravenously for
10 days. Assays included tolerance to the
acute effects of nicotine on Y-maze activity,
startle response, heart rate, respiratory
rate, and body temperature. This research
revealed substantial interspecific variability
in response to chronic nicotine exposure.
Only C3H mice developed tolerance for

the effects of nicotine on acoustic startle.
However, C57BL/6, DBA/2, and BALB/cBy
mice, but not C3H mice, all showed tolerance
to the effects of nicotine on Y-maze
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activity and body temperature. In addition,
BALB/cBy mice showed tolerance for the
effects of nicotine on heart rate. No strains
showed tolerance for the effects of nicotine
on respiratory rate, a measure of nAChR
function in the autonomic nervous system.
All four strains showed similar increases in
nicotine binding in the cortex, hippocampus,
midbrain, striatum, hypothalamus,

and hindbrain after chronic nicotine
treatment. Another marker of nicotine
receptor expression, a-bungarotoxin binding,
varied across strains in those areas of the
brain after chronic nicotine treatment.
DBA/2 mice showed increased binding in the
cortex, hippocampus, and hypothalamus;
C57BL/6 mice showed increased binding in
the hindbrain and hippocampus; BALB/cBy
mice showed increased binding in the
hindbrain and hypothalamus, and C3H

mice showed increased binding only in the
hypothalamus. In sum, this early research
showed considerable variability in tolerance
development across inbred mouse strains
and across physiological systems in response
to nicotine exposure.

Genetic analysis was also used to examine
the dose-dependent effects of chronic
nicotine treatment on tolerance and
changes in binding in A, C57BL/6, DBA/2,
C3H/2, and BUB/Bn mice.’ Mice were
chronically infused with 0, 0.5, 1.0, 2.0, 4.0,
or 6.0 mg/kg/hour of nicotine intravenously
for 10 days and then tested for tolerance

to the acute effects of nicotine on Y-maze
activity and rears, acoustic startle, heart
rate, respiration rate, and body temperature.
C57BL/6 mice were more sensitive to the
effects of chronic nicotine than C3H/2 and
BUB/Bn mice in that the latter showed
tolerance for only the highest doses tested;
A and DBA/2 mice were intermediate.
Changes in nAChR binding were measured
in the cortex, cerebellum, colliculi,
hindbrain, hippocampus, hypothalamus,
midbrain, and striatum. All strains showed
increased nicotine binding after chronic
nicotine treatment, but variability across

strains was seen for sensitivity to doses and
for brain regions affected. For instance,

A mice showed less change in binding across
brain regions, and changes in binding were
seen at higher doses, whereas C57BL/6
mice showed changes in binding in all brain
regions and the lowest dose of nicotine-
increased binding in six of the eight regions
tested. Changes in a-bungarotoxin binding
associated with chronic nicotine treatment
were also seen but to a lesser extent than
with nicotine binding.

Interestingly, changes in receptor binding
may not exclusively explain tolerance.

The time course for the development of
tolerance for the effects of nicotine on
locomotor activity, as measured by Y-maze
activity and rears, body temperature, and
heart rate, were compared with the time
course for the effects of chronic treatment
on nAChR binding in DBA mice.** DBA

mice were infused with 4 mg/kg/hour of
nicotine, and tolerance was assessed after
1,2, 4, 8, or 12 days of treatment. Maximal
tolerance to the effects of an acute dose of
0.75 mg/kg of nicotine was seen after four
days of treatment, and the development of
tolerance corresponded to increased binding
of nicotine in the cortex, midbrain, hindbrain,
hippocampus, and hypothalamus. Chronic
nicotine treatment was also associated with
increased a-bungarotoxin binding in the
cortex and hippocampus, but the increase in
low-affinity nAChR binding occurred before
the development of tolerance. Tolerance for
the effects of nicotine on Y-maze locomotor
activity and rears was lost after 8 days,
tolerance to the acute effects of nicotine on
body temperature was lost after 12-16 days,
and tolerance to the acute effects of nicotine
on heart rate was lost after 20 days. Nicotine
binding, however, returned to control levels
after 8 days, and a-bungarotoxin binding
returned to control levels after only 4 days.
These results suggest that changes in nAChR
density may, in part, contribute to tolerance,
but may not be the only mechanism involved
because receptor binding returned to control

165



4. Mouse Models and the Genetics of Nicotine Dependence

levels before all of the physiological measures
of tolerance returned to control levels. This
result is consistent with a great deal of other
evidence that behavioral tolerance involves
complex learning processes.?!2%13

Although the above studies collectively
established a genetic basis for the response
to nicotine and changes in receptor
properties, they also preceded molecular
studies revealing that beyond simply

those systems detected by nicotine and
a-bungarotoxin binding, there is a diverse
genetic richness in the genes that constitute
the nAChR family and that collectively
contribute to the functional and regionally
specific effects of nicotine on the organism.

Involvement of nAChR and Other
Neurotransmitter Systems

It is important to establish which nAChRs
are implicated in chronic tolerance
phenomena. As reviewed earlier, 04p2
nAChRs are involved in CPP and nicotine
self-administration; thus, a logical question
is whether the same receptors are involved
in tolerance. Although early studies,

based almost entirely upon ligand-binding
measurements, indicated that a variety of
receptors appear to underlie the development
of tolerance, subsequent directed genetic
studies have helped elucidate the nAChR
subtypes that play a central role in the
development and/or expression of tolerance.
B2 nAChR subunit knockout mice treated
chronically with 0, 1, 2, or 4 mg/kg/hour

of IV nicotine for 10 days did not develop
tolerance for the effects of nicotine on Y-maze
activity and body temperature, but instead,
showed increased sensitivity to the acute
effects of nicotine after chronic treatment,
suggesting that f2-containing nAChRs are
involved in the development of tolerance for
these measures.”” Furthermore, mice with

a single point mutation (Leu9'—Ala9’) that
was associated with increased sensitivity

of a4-containing nAChRs exhibited
heightened development of tolerance.!™

Mice were treated daily with a single 15-ug/kg
nicotine IP injection for nine days, and

body temperature was measured. The Leu9’
mutant mice developed tolerance to the
effects of nicotine on body temperature by
day nine, but the wild-type mice did not
develop tolerance. In contrast to the B2 and
04 nAChR subunits, which appear to be
involved in tolerance, the a7 nAChR subunit
may not be involved in tolerance because
a7-null mice exhibit normal development

of tolerance to the effects of nicotine on
schedule reinforcement.?'® Although the o7
subunit does not appear to be as important as
once thought in this process, caution must
be exercised; these studies used different
measures of tolerance, and it is possible

that the nAChRs involved in tolerance are
measurement specific.

In sum, the results of the behavioral
genetic analysis of tolerance provide several
important insights into the effects of
nicotine. First, these studies demonstrate
that genetic variation contributes to the
development of tolerance for the effects of
nicotine. Second, these studies illustrate
the potential for the use of the nAChR
subunit null mouse in that they accurately
complement most pharmacological and
functional studies and demonstrate how
mutations to genes coding for nAChR
subunits can alter sensitivity to nicotine.

As in self-administration, other nonnicotinic
systems may interact during tolerance
development. For instance, there is
evidence in DBA/2 mice of an interaction
between the nicotinic and muscarinic
acetylcholinergic systems. DBA/2 mice were
treated chronically with IV administration
of 8 mg/kg/hour of nicotine, 1 mg/kg/hour
of oxotremorine (muscarinic agonist),

or a vehicle for 10 days.?'” After chronic
treatment, the acute effects of 2 mg/kg

of nicotine or 0.2 mg/kg of oxotremorine
on rotorod performance, Y-maze activity,
heart rate, respiratory rate, and body
temperature were measured, along with
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nicotine and a-bungarotoxin binding.

For all tests, tolerance was seen for both
drugs. In addition, mice chronically

treated with oxotremorine showed cross-
tolerance with nicotine for nicotine-induced
heart rate and body temperature change.
Interestingly, mice chronically treated with
oxotremorine showed decreased binding

at muscarinic receptors, but no change

in nicotine and a-bungarotoxin binding.

In contrast, mice chronically treated with
nicotine showed increased nicotine and
a-bungarotoxin binding, but no change in
muscarinic receptor binding. In addition

to demonstrating cross-tolerance between
muscarinic and nicotinic agonists, this study
once again demonstrates that tolerance

to the effects of nicotine can develop
independent of changes in nAChR binding;
mice treated chronically with oxotremorine
showed tolerance for the effects of nicotine
on heart rate and body temperature but did
not show changes in binding at nAChRs.

The mu opioid receptor may also be involved
in the development of tolerance to at least
one effect of nicotine. C57BL/6 mice were
treated chronically with nicotine (three daily
SC injections of 1.75 mg/kg) for 12 days.
Locomotor responses and nociception

were measured on even-numbered days

for 5 minutes (locomotor activity) and for
15 minutes (nociception) after nicotine
injection.?!® After the last test, mu opioid
binding was assessed. Tolerance was seen
for nicotine-induced antinociception but
not for the disruptive effects of nicotine

on locomotor activity. Chronically treated
mice had decreased mu opioid binding in
the caudate-putamen and in the nucleus
accumbens. Tolerance was also tested in mu
opioid receptor knockout mice. These mice
developed tolerance to the antinociceptive
effects of nicotine faster than did wild-type
mice. These results suggest that nicotine-
mediated changes in mu opioid receptor
function may contribute to the development
of tolerance for the antinociceptive effects
of nicotine.

Cell Signaling

Studies in mice have demonstrated that
chronic nicotine treatment is often
associated with an increase in nAChR
density but a decrease in the function of
those nAChRs.!*%* However, such changes
in the nAChRs do not always correlate with
the onset and duration of tolerance. This
suggests that effects downstream of nAChR
activation may be involved in tolerance.
Changes in calcium-related cell signaling
may be involved in the development

of tolerance. The relationship between
calcium signaling and the development

of tolerance for the effects of nicotine on
locomotor activity and nociception was
measured in ICR mice.?!* Mice were treated
chronically for 10 days with 2 mg/kg of

SC nicotine twice daily. Tolerance was

seen for the locomotor-impairing effects

of nicotine and for the antinociceptive
effects of nicotine. Mice that developed
tolerance also showed cross-tolerance for
the effects of BAY K 8644, a calcium channel
agonist, and thapsigargin, which increases
intracellular calcium concentrations, on
locomotor activity and nociception. These
results suggest that calcium signaling
(possibly an a3 nAChR subtype) may be
involved in the development of tolerance
for some effects of nicotine. In further
support of the involvement of calcium
signaling in the development of tolerance
to the effects of nicotine, drugs that alter
calcium signaling altered tolerance.??* Mice
treated chronically with 24 mg/kg/day

(SC, minipump) of nicotine for 14 days
were concurrently treated with a calcium
channel antagonist, a calcium channel
agonist, or a vehicle, and tolerance for

the antinociceptive effects of nicotine was
then measured. Twice daily injections of
the L-type calcium channel antagonists
nimodipine and verapamil blocked the
development of tolerance; whereas twice-
daily injections of BAY K 8644 enhanced
the development of tolerance. In addition,
the study found that tolerant mice had

167



4. Mouse Models and the Genetics of Nicotine Dependence

higher levels of calcium calmodulin protein
kinase II in the spinal cord, and infusion

of the calcium calmodulin protein kinase

IT antagonist KN-62 into the spinal cord
decreased tolerance for the antinociceptive
effects of nicotine. These results strongly
suggest that calcium-mediated cell signaling
is involved in the development of tolerance
for the effects of nicotine on nociception.

The involvement of calcium in nicotine
tolerance has also been demonstrated

for tolerance to the anxiogenic effects of
nicotine.??! Swiss mice treated with daily
injections of 0.04 mg/kg of nicotine for seven
days showed tolerance for the anxiogenic
affects of nicotine. However, in mice that
received nicotine injections paired with
injections of L-type, voltage-dependent,
calcium channel antagonists (nimodipine,
flunarizine, diltiazem, or verapamil),
tolerance was blocked. Thus, while chronic
nicotine treatment is associated with
receptor level changes and the development
of tolerance, changes in intracellular
calcium cell signaling may also be critically
involved in such tolerance development.

In summary, studies of the neural and
cellular substrates of tolerance in mice have
identified receptor subtypes and cell-signaling
molecules involved in tolerance. The 04-
containing and B2-containing nAChRs
appear to be critically involved in tolerance
to the effects of nicotine, although the role
of 07 nAChRs may be less direct. In addition
to nAChRs, muscarinic acetylcholinergic
receptors and mu opioid receptors may also
be involved in tolerance to the effects of
nicotine. The cellular mechanisms involved
in tolerance appear to involve calcium-
mediated cell signaling because calcium
channel antagonists decreased tolerance,
and agonists increased tolerance.

It is important to bear in mind, however,
that the functional role of tolerance to
human nicotine dependence remains
unclear. It is unclear that dispositional

tolerance to nicotine?? or behavioral
tolerance???** are causally determinant of
nicotine reinforcement and dependence.
Future research should address the extent
to which the different types of tolerance
are related to core features of dependence,
such as a pervasive pattern of drug use.
Further understanding of the neural and
genetic substrata of tolerance, and how
these compare with other causal influences
on dependence, may elucidate the role of
tolerance in dependence development.

Additional Directions
for Research

on the Nicotine-
Dependence
Phenotype in Mice

Given the tremendous potential created by
the availability of well-characterized mouse
strains and both knockout and knockin
preparations, there is a great need to use
such tools to explore genetic influences on
phenotypes that provide additional insight
into the processes involved in nicotine
dependence. Additional assays, both
physiological and behavioral, should be used
to expand understanding of the genetic
contributors to the critical motivational
processes of dependence.

Extended Central and Peripheral
Effects of Nicotine Observed
in Mice

Alteration in nAChR function may also
provide insights into nicotine effects on
central and peripheral components of
complex behaviors. For example, the roles
of a7 and a4P2 receptors are implicated in
nicotine-induced enhancement of cognition,
including working memory, learning, and
attention.?? This relation is particularly
strong in rodents; the loci of this effect
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appear to be the hippocampus and the
amygdala.?’626-229 In C57BL/6 mice, acute
nicotine enhanced hippocampus-dependent,
but not hippocampus-independent, fear
conditioning.?"?* This enhancement of
hippocampus-dependent forms of fear
conditioning by nicotine is mediated by
a4pB2 nAChRs. DHBE, the high-affinity
nAChR antagonist, blocked the nicotine
enhancement;*’ 32 knockout mice did not
show the enhancement of hippocampus-
dependent fear conditioning, but o7
knockout mice did.?**?*! The mechanisms
that modulate fear-based learning may be
relevant to nicotine dependence, given the
substantial evidence that affect control is a
powerful motive for smoking in humans.?

Glutamate receptor systems are directly
involved in learning and synaptic
plasticity.?*2% Accordingly, one mechanism
through which nicotine can enhance
learning and memory, in addition to
modulating inhibitory tone and circuitry in
regions such as the hippocampus (above),

is via interaction with the glutamate
system.?* For example, chronic nicotine
increases the phosphorylation state of

the NR2B subunit, which correlates with

a long-lasting component of long-term
potentiation.??” Similarly, chronic nicotine
self-administration in rats corresponds

with region-specific increases in NR2A
mRNA expression (e.g., the auditory

cortex), whereas thalamic NR2B

messenger RNA (mRNA) levels decline.?®

In addition, protein levels that these
subunits share also increased particularly

in mesocorticolimbic regions.?* Nicotine
can also act on dopamine cell bodies to
regulate glutamatergic inputs to these distal
neurons that do not experience direct nAChR
activation.30142183.240.241 Rinally, nicotine
modulation of activity-dependent limited
proteolysis of the GluR1 C-terminus has been
described.'® Because the C-terminus of this
AMPA-GIuR subunit is critical to association
with proteins of the synaptic spine, it is
possible that nicotine increases GluR1

expression through altering trafficking of
the receptor. The common feature of these
studies is, however, that nicotine’s effects via
glutamate receptor expression (even acting
via the same receptor) may be very different,
or even opposite, within the same learning
or memory paradigm, depending upon the
anatomical location of nicotine’s actions.

Nicotine influences on gene-transcription
cascades could be very important and highly
strain specific. Genes and their protein
products do not work alone; they are part

of complex metabolic cascades that impart

a change in “state” to the cell, eventually
resulting in a change in function or behavior
in the organism. Researchers in the field

are aware of examples that extend from

the regulation of the classic pathways of
intermediary metabolism to later discoveries
of complex cascades that regulate cell
functions, including the induction of gene
transcription and proteolytic cascades that
determine cell survival or death through
apoptosis.?* This also means that changing
the function of just one element, possibly
because of a dysfunction of a pathway external
to the one being examined, can change

how these cascades proceed and how they
eventually influence ultimate end points or
states. In mice, the administration of nicotine
can lead to persistent c-Fos activation?*324
as well as to changes in fibroblast growth
factor-2 mRNA,?*2% nerve growth factor
and tyrosine kinase B in the hippocampus,?*
and activation of CREB.% In tissue culture,
reports indicate that nicotine increases

the corticotropin-releasing factor and,

as noted above, inhibits lipopolysaccharide
induction of certain inflammatory cytokines
(e.g., interleukin (IL)-1 and IL-8;1502%8) or
signaling through the receptor. This latter
study suggests that nicotine inhibits the
nuclear factor-kappa B transcriptional
system,’* although in other cell types,
antagonism between a7 activity and

tumor necrosis factor-o. (TNF-o0)-initiated,
ceramide-related metabolic cascades has
been reported.’
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Distinguishing strain-specific systems that
differ in ways relevant to nicotine dependence
from those that vary because of unrelated
genetic differences (e.g., the original reasons
many of these strains were selected, such as
H2 functions) is not straightforward. Factors
that also influence nicotine dependence,
such as drug metabolism or absorption,
increase the complexity of the problem

of genetic dissection. This is particularly
true in mouse strains that are particularly
“sensitive” (or possibly very "insensitive”)

to nicotine for which toxicity or seizure
sensitivity due to particularly robust
catabolism or clearance, versus compound
accumulation, may mask correlations in
seeking signaling cascades relevant to
receptor function. The advent of microchip
analysis of whole-genome quantitative
transcript screening (e.g., Affymetrix)

seems a likely future direction to begin the
experimental dissection of the magnitude
and specificity of the strain response to
defined drug administration.

Aging

One measure of normal age-related decline
in the CNS is the diminishment and eventual
dysfunction of the limbic cholinergic system
that, in its most severe form, manifests

in pathologies of dementia, including
Alzheimer’s disease (AD; figure 4.1).
Although studies that examine the state of
the cholinergic neurotransmitter receptors
in aging and dementia often focus upon
muscarinic receptor expression, the loss

of neuronal nAChRs precedes muscarinic
receptor loss and is often much more
extensive in human brains afflicted with AD
relative to age matched controls.1%25-253

Mouse strains, like humans, exhibit a
striking range in life span, ranging from
two to three years in non-cancer-prone
strains,®* and they exhibit an onset of age-
related decline in nAChR expression that is
strain specific.!®147%5 One example of this
is seen in the hippocampus of aged CBA

and C57BL/6 mice. In both strains, the
expression of the o4 nAChR is diminished
with age, but this loss is much more severe
in CBA than in C57BL/6 when compared
with adults of the same strain.#” Also
observed in the hippocampal CAl region is
a significant loss of a7 nAChR expression
by aged CBA/J but not by C57BL/6 mice.
In contrast, the 4 nAChR is preferentially
diminished in C57BL/6 mice. Coincident
with the loss of the a4 nAChR in the CBA/J
strain is a significant age-related increase
in nAChR staining of astrocytes,®8147
which has also been reported in cases with
AD .2%6-258 These results suggest that mouse
strains of different genetic backgrounds
undergo dissimilar age-related changes in
the expression of nAChRs.

The strain-related differences noted above
have implications for how age will affect an
animal’s response to various toxic assaults.
For example, either nicotine or acutely
administered TNF-o can be neuroprotective
when applied individually, but when applied
together, neuroprotection is abolished.'*?
In contrast, a4-receptor subtypes provide
neuroprotection to assault produced by

the toxic amyloid beta-peptide 25-35

(Abeta 25-35).! Therefore, loss of receptors
containing a4 would significantly increase
susceptibility to age-associated assault by
Abeta 25-35. At the same time, loss of .7
activation would enhance susceptibility

to excitotoxic challenges (e.g., NMDA)

such as those associated with ischemic
damage or with the presence of TNF-q,
including reduced apoptosis. Combining
these findings suggests that in the aged
brain, a CBA mouse is likely to be relatively
more susceptible to Abeta toxicity,

while the C57BL/6 is more susceptible

to excitotoxicity. More to the point,

these studies indicate that early genetic
predispositions may have important impacts
upon the lifelong dynamics of nAChR
function, and hence, dependence processes.
Research shows age-related changes in
quitting success;?%%? it is possible that
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age-related sensitivities to toxins could
affect trajectories of dependence across the
life span. Finally, therapeutic interventions
in patients, including the use of memantine,
which has been proposed to inhibit
glutamate receptors and which interacts
with a7,'7 could have widely differing
impacts on the recipient that are consistent
with the individual’s genetic background.

Novel Behavioral Phenotypes

Although research with mouse models has
already yielded very valuable information
about the nature of nicotine dependence
and its genetic substrata, progress might
be enhanced by use of new phenotypic
measures that could be used along with
manipulations of strain differences,
knockout/knockin status, agonist and
antagonist administration, and other
strategies designed to implicate particular
physiological and genetic mechanisms.
Several behavioral paradigms may assess
relatively more specific, dependence-linked
motivational processes than are assessed

by traditional CPP or self-administration
paradigms. In a sense, these would represent
phenotypes similar to the intermediate

and mature subphenotypes discussed

in chapter 3. One such novel phenotype
would be to examine the ability of nicotine
to enhance either the incentive value or
reinforcing value of nonpharmacological
stimuli. For instance, in regard to the
latter effect, Caggiula and colleagues?6-262
have shown that nicotine enhances the
execution of behavior maintained by salient
nonnicotine reinforcers. Thus, nicotine
appears to modulate the reinforcing value
of other stimuli. This may be one reason
that nicotine produces such an intransigent
dependence, despite its being a relatively
weak primary reinforcer.?! Similarly,
activity in mesotelecephalic dopamine
structures could be monitored to assess how
nicotine modulates the incentive value of
nonpharmacological stimuli (as opposed to
their reinforcing effects).%

Another potentially useful phenotype might
be the increase in reward threshold for
electrical brain stimulation produced by
nicotine withdrawal. Research by Epping-
Jordan and colleagues has shown that
nicotine withdrawal elevates the magnitude
of stimulation required to sustain reliable
self-stimulation.?®* Subsequent research
suggests that cues associated with
withdrawal may similarly decrease activity
in brain reward systems via associative
mechanisms.? A well-defined association
between cues and withdrawal may provide
a sensitive index of the motivational

impact of withdrawal, which appears to

be an important determinant of ability

to quit smoking.?*? Notably, some studies
also demonstrated little impact of the
B2-knockout mouse on behaviors related to
somatic signs of withdrawal,'%2?% indicating
that these behaviors are separable from
those of reinforcement and subject to
dissection through additional genetic
approaches. Future development and use
of phenotypic assessment should reflect a
triangulation of theories of human drug
motivation, data on implicated genetic
variants and their functions, and evidence
regarding the behavioral and biological
processes that are implicated in the various
behavioral paradigms.

Summary

Given the tremendous potential created
by the availability of well-characterized
mouse strains and knockout and knockin
preparations, it is vital that such tools

be used to explore genetic influences on
phenotypes that provide additional insight
into the processes involved in nicotine
dependence. The reviewed evidence shows
that nAChR expression and function is
customized through interplay with genetic
background to ensure optimal modulation
of neurotransmitter receptor functions
important to survival and the specialized
needs of the organism. Therefore, there is
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a need to recognize that behavioral tests
must be customized to the mouse, and care
must be taken when findings with mice are
extrapolated to other rodents or humans.
Such translational validation also requires
that both similarities and differences

in nAChR expression and function be
considered in experimental design. Finally,
although the potential value of mouse
models has not yet been realized, the
available data show that such models can
display principal behavioral and biological
features of nicotine dependence. In addition,
such models have already implicated
particular genetic variants and biological
systems in the development and expression
of nicotine dependence.

Conclusions

1. Substantial differences exist between
mouse strains in their response to the
acute or chronic administration of
nicotine. These differences implicate
specific neuronal nicotinic acetylcholine
receptors within a broader genetic
context, which suggests a central role
for these genetic variants in nicotine
dependence in humans.

2. The three most common routes
of administration (intravenous,
subcutaneous, and oral) for nicotine in
rodents vary in the degree to which they
model key features of human nicotine
dependence, such as the behavioral
features of self-administration and the
acute and chronic physiological effects
of nicotine. Each administration route
offers advantages and disadvantages.
Intravenous self-administration
permits self-administration but may
entail receptor-level response artifacts
due to high dosages. Subcutaneous
administration allows experimenter
control of dosage and withdrawal over
long time periods at a cost of precluding
self-administration. Oral administration

via drinking water permits chronic
nicotine exposure and produces evidence
of dependence, but is subject to specific
possible side effects, making this issue
an important variable in research design.

. While mice generally are less sensitive

to nicotine than are rats, mouse models
now have a strong research base for
nicotine effects. Mice are amenable

to genetic and pharmacological
experimental manipulation. They
exhibit heterogeneity in strain-specific
responses to nicotine, and methods

of homologous recombination permit
manipulation of specific genes. Data now
link specific mouse strains to genetically
influenced differences in the effects of
nicotine exposure that can facilitate
further study of nicotinic acetylcholine
receptor biology in mice.

. Mouse models link nicotine self-

administration to high-affinity nicotinic
acetylcholine receptors, genetic
differences, developmental factors,

and other potential mechanisms

of dependence. These models have,

in addition, linked nicotine reward in
the form of conditioned place preference
with genetic strain differences and
specific receptor subtypes and have
linked acute and chronic nicotine
tolerance with other genetic and receptor
differences. The models have also linked
the a7 and 042 receptors with nicotine
enhancement of working memory,
learning, and attention and have shown
strain-specific aging effects on nicotinic
acetylcholine receptor expression.

. Although substantial differences exist

in the biology of nicotinic acetylcholine
receptor expression and function
between mice, other rodents, and
humans, nascent research in mouse
models for nicotine dependence shows
considerable promise in furthering
understanding of the biology and
genetics of nicotine dependence.

172



Monograph 20. Phenotypes and Endophenotypes

References

1.

10.

Bedell, M. A., D. A. Largaespada,

N. A. Jenkins, and N. G. Copeland. 1997.
Mouse models of human disease. Part II:
Recent progress and future directions.
Genes & Development 11 (1): 11-43.

Wahlsten, D., A. Bachmanov, D. A. Finn, and
J. C. Crabbe. 2006. Stability of inbred mouse
strain differences in behavior and brain size
between laboratories and across decades.
Proceedings of the National Academy of
Sciences of the United States of America
103 (44): 16364-69.

Bovet, D., F. Bovet-Nitti, and A. Oliverio.
1966. Effects of nicotine on avoidance
conditioning of inbred strains of mice.
Psychopharmacologia 10 (1): 1-5.

Marks, M. J., J. A. Stitzel, and A. C. Collins.
1989. Genetic influences on nicotine
responses. Pharmacology, Biochemistry,
and Behavior 33 (3): 667-78.

Marks, M. J., S. M. Campbell, E. Romm, and
A. C. Collins. 1991. Genotype influences
the development of tolerance to nicotine

in the mouse. Journal of Pharmacology
and Experimental Therapeutics 259 (1):
392-402.

Robinson, S. F.,, M. J. Marks, and

A. C. Collins. 1996. Inbred mouse strains
vary in oral self-selection of nicotine.
Psychopharmacology (Berl) 124 (4): 332-39.

Crawley, J. N., J. K. Belknap, A. Collins,

J. C. Crabbe, W. Frankel, N. Henderson,

R. J. Hitzemann, et al. 1997. Behavioral
phenotypes of inbred mouse strains:
Implications and recommendations for
molecular studies. Psychopharmacology
(Berl) 132 (2): 107-24.

Matta, S. G., D. J. Balfour, N. L. Benowitz,
R. T. Boyd, J. J. Buccafusco, A. R. Caggiula,
C. R. Craig, et al. 2007. Guidelines on
nicotine dose selection for in vivo research.
Psychopharmacology (Berl) 190 (3):
269-319.

Albuquerque, E. X., E. F. Pereira,

N. G. Castro, M. Alkondon, S. Reinhardt,

H. Schroder, and A. Maelicke. 1995. Nicotinic
receptor function in the mammalian central
nervous system. Annals of the New York
Academy of Sciences 757:48-72.

Fenster, C. P, J. H. Hicks, M. L. Beckman,
P. J. Covernton, M. W. Quick, and R. A. Lester.
1999. Desensitization of nicotinic receptors

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

in the central nervous system. Annals of the
New York Academy of Sciences 868:620-23.

Dani, J. A., D. Ji, and F. M. Zhou. 2001.
Synaptic plasticity and nicotine addiction.
Neuron 31 (3): 349-52.

Hogg, R. C., M. Raggenbass, and D. Bertrand.
2003. Nicotinic acetylcholine receptors:
From structure to brain function.

Reviews of Physiology, Biochemistry and
Pharmacology 147:1-46.

Schwartz, R. D., and K. J. Kellar. 1985. In vivo
regulation of [3H]acetylcholine recognition
sites in brain by nicotinic cholinergic drugs.
Journal of Neurochemistry 45 (2): 427-33.

Marks, M. J., J. A. Stitzel, and A. C. Collins.
1985. Time course study of the effects

of chronic nicotine infusion on drug
response and brain receptors. Journal

of Pharmacology and Experimental
Therapeutics 235 (3): 619-28.

Benowitz, N. L. 1986. Clinical pharmacology
of nicotine. Annual Review of Medicine
37:21-32.

Svensson, C. K. 1987. Clinical
pharmacokinetics of nicotine. Clinical
Pharmacokinetics 12 (1): 30-40.

Gotti, C., and F. Clementi. 2004. Neuronal
nicotinic receptors: From structure to
pathology. Progress in Neurobiology 74 (6):
363-96.

Unwin, N. 1998. The nicotinic acetylcholine
receptor of the Torpedo electric ray. Journal
of Structural Biology 121 (2): 181-90.

Pettersen, E. F., T. D. Goddard,

C. C. Huang, G. S. Couch, D. M. Greenblatt,
E. C. Meng, and T. E. Ferrin. 2004. UCSF
Chimera—A visualization system for
exploratory research and analysis. Journal of
Computer Chemistry 25 (13): 1605-12.

Lukas, R. J., J. P. Changeux, N. Le Novere,
E. X. Albuquerque, D. J. Balfour, D. K. Berg,
D. Bertrand, et al. 1999. International
Union of Pharmacology. XX. Current

status of the nomenclature for nicotinic
acetylcholine receptors and their subunits.
Pharmacological Reviews 51 (2): 397-401.

Boulter, J., K. Evans, D. Goldman, G. Martin,
D. Treco, S. Heinemann, and J. Patrick.
1986. Isolation of a cDNA clone coding for

a possible neural nicotinic acetylcholine
receptor alpha-subunit. Nafure 319 (6052):
368-74.

Conti-Fine, B. M., D. Navaneetham, S. Lei,
and A. D. Maus. 2000. Neuronal nicotinic
receptors in non-neuronal cells: New

173



4. Mouse Models and the Genetics of Nicotine Dependence
mediators of tobacco toxicity? European in agonist binding affinity. Molecular
Journal of Pharmacology 393 (1-3): 279-94. Pharmacology 54 (6): 1132-39.

23. Sharma, G., and S. Vijayaraghavan. 2002. 34. Parker, M.]., S. C. Harvey, and C. W. Luetje.
Nicotinic receptor signaling in nonexcitable 2001. Determinants of agonist binding
cells. Journal of Neurobiology 53 (4): affinity on neuronal nicotinic receptor
524-34. beta subunits. Journal of Pharmacology

24. Gahring, L. C., and S. W. Rogers. 2005. Eofgg gﬁpe”mem‘“’ Therapeutics 299 (1):
Neuronal nicotinic acetylcholine receptor 25 T L and C o 2001
expression and function on nonneuronal . Hsiao, B., D. Dweck, and C. W. Luetje. .
cells. AAPS Journal 7 (4): E885-E894. Subunit-dependent modulation of neuronal

25. Drisdel, R. C., and W. N. Green. 2000. nicotinic receptors by zinc. Journal of
Neuronal alpha-bungarotoxin receptors Ne.uro.sczen ce 21 (6): 1848_5_6'
are alpha7 subunit homomers. Journal of 36. ﬁlrjolla’?’ A, ?nd C.W. ILU_eUf; 2002-
Neuroscience 20 (1): 133-39. odulation of neuronal nicotinic

acetylcholine receptors by mercury. Journal

26. Elgoyhen, A B., D. E..Vetter, E. Katz, of Pharmacology and Experimental
C. V. Rothlin, S. F. Heinemann, and Therapeutics 302 (2): 560-7
J. Boulter. 2001. Alphal0: A determinant p ’ '
of nicotinic cholinergic receptor function 317. Frzn}glsél% M.’ll(}. ;N()'O\(/)azsqugtz’ R. L. Papke,
in mammalian vestibular and cochlear and k. k. Uswald. -oubtype-
mechanosensory hair cells. Proceedings of selective 1ph1b1t10n of neuronal.mc.otmlc
the National Academy of Sciences of the Zcitylch()hdng riﬁef’tlorﬁ b4y Codc?)mte 115
United States of America 98 (6): 3501-506. etermined by the alpha4 and beta

97. Papke, R. L., J. Boulter, J. Patrick, and subunits. Molecular Pharmacology 58 (1):
S. Heinemann. 1989. Single-channel 109-19.
currents of rat neuronal nicotinic 38. Zachariou, V., B. J. Caldarone, A. Weathers-
acetylcholine receptors expressed in %{Oﬁml’?’rﬂ? JG%OE%’ J g D. Elsw((j)rth,

X tes. Ne 3 (5): 589-96. - 1. Roth, J. I'. Lhangeux, an
enopus oocytes euron. ) M. R. Picciotto. 2001. Nicotine receptor

28. Papke, R. L., and S. F. Heinemann. 1991. The inactivation decreases sensitivity to cocaine.

lr{(_)le f.f the betetl.4-sufburtnt n detelrmmltr}g.the Neuropsychopharmacology 24 (5): 576-89.
inetic properties of rat neuronal nicotinic .
acetylcholine alpha 3-receptors. Journal of 39. f hé)(‘;(’);(e‘} l\gng JN]‘ili;%r:tﬁ)'rEuzr(}))ggovl,{ﬁ.rri l'r1101,
Ph.yszology 440:95-112. ) alpha4be’£a2 acetylcholine receptors

29. Winzer-Serhan, U. H., and F. M. Leslie. 1997. formed from linked subunits. Journal of
Codls;frlbutll)on ptf r}lc}?témc (ailcbetflzholér&eA Neuroscience 23 (27): 9004-15.
receptor subunit alpha3 and beta4 mRNAs . .
during rat brain development. Journal of 40. Tapia, L., A. Kuryatoy, .and J. Lindstrom.
Comparative Neurology 386 (4): 540-54 2007. Ca2+ permeability of the

’ ’ (alpha4)3(beta2)2 stoichiometry greatly

30. Conroy, W. G., and D. K. Berg. 1998. ) exceeds that of (alpha4)2(beta2)3 human
Nicotinic receptor subtypes in the developing acetylcholine receptors. Molecular
Cthk.bltalnt Appearance of a species Pharmacology 71:769-76.
contamlrcllg t?e Ep?al;, lbet}a)i, and alplhaS 41. Bruses, J. L., N. Chauvet, and U. Rutishauser.
%gr}eg)p r3?92u_c4(s).1 otecular harmacology 2001. Membrane lipid rafts are necessary for

) : the maintenance of the (alpha)7 nicotinic

31. Morley, B. J., and H. K. Happe. acetylcholine receptor in somatic spines of
2000. Cholinergic receptors: Dual ciliary neurons. Journal of Neuroscience
roles 'in transduction and plasticity. 21 (2): 504-12.

Hearing Research 147 (1-2): 104-12. 42. Oshikawa, J., Y. Toya, T. Fujita, M. Egawa,

32. Harvey, S. C., F. N. Maddox, and C. W. Luetje. J. Kawabe, S. Umemura, and Y. Ishikawa.
1996. Multiple determinants of dihydro- 2003. Nicotinic acetylcholine receptor
beta-erythroidine sensitivity on rat neuronal alpha 7 regulates cAMP signal within lipid
nicotinic receptor alpha subunits. Journal of rafts. American Journal of Physiology: Cell
Neurochemistry 67 (5): 1953-59. Physiology 285 (3): C567-C574.

33. Parker, M. J., A. Beck, and C. W. Luetje. 43. Girod, R., G. Crabtree, G. Ernstrom,

1998. Neuronal nicotinic receptor beta2
and beta4 subunits confer large differences

J. Ramirez-Latorre, D. McGehee, J. Turner,
and L. Role. 1999. Heteromeric complexes

174



Monograph 20.

Phenotypes and Endophenotypes

44.

45.

46.

47.

48.

49.

50.

51.

52.

of alpha 5 and/or alpha 7 subunits. Effects
of calcium and potential role in nicotine-
induced presynaptic facilitation. Annals of
the New York Academy of Sciences 868:
578-90.

Wang, F., V. Gerzanich, G. B. Wells, R. Anand,
X. Peng, K. Keyser, and J. Lindstrom. 1996.
Assembly of human neuronal nicotinic
receptor alpha5 subunits with alpha3, beta2,
and beta4 subunits. Journal of Biological
Chemistry 271 (30): 17656-65.

Wang, N., A. Orr-Urtreger, J. Chapman,

Y. Ergun, R. Rabinowitz, and A. D. Korczyn.
2005. Hidden function of neuronal nicotinic
acetylcholine receptor beta2 subunits in
ganglionic transmission: Comparison to
alpha5 and beta4 subunits. Journal of the
Neurological Sciences 228 (2): 167-77.

Nelson, M. E., A. Kuryatov, C. H. Choi,

Y. Zhou, and J. Lindstrom. 2003. Alternate
stoichiometries of alpha4beta2 nicotinic
acetylcholine receptors. Molecular
Pharmacology 63 (2): 332-41.

Gahring, L. C., E. L. Days, T. Kaasch,

M. Gonzalez de Mendoza, L. Owen,

K. Persiyanov, and S. W. Rogers. 2005. Pro-
inflammatory cytokines modify neuronal
nicotinic acetylcholine receptor assembly.
Journal of Neuroimmunology 166 (1-2):
88-101.

Verbitsky, M., C. V. Rothlin, E. Katz,
and A. B. Elgoyhen. 2000. Mixed
nicotinic-muscarinic properties of the
alpha9 nicotinic cholinergic receptor.
Neuropharmacology 39 (13): 2515-24.

Baker, E. R., R. Zwart, E. Sher, and

N. S. Millar. 2004. Pharmacological
properties of alpha 9 alpha 10 nicotinic
acetylcholine receptors revealed by
heterologous expression of subunit chimeras.
Molecular Pharmacology 65 (2): 453-60.

Patterson, F., N. Benowitz, P. Shields,

V. Kaufmann, C. Jepson, P. Wileyto,

S. Kucharski, and C. Lerman. 2003.
Individual differences in nicotine intake per
cigarette. Cancer Epidemiology, Biomarkers
& Prevention 12 (5): 468-71.

Zwart, R., R. G. Van Kleef, and

H. P. Vijverberg. 1999. Physostigmine and
atropine potentiate and inhibit neuronal
alpha 4 beta 4 nicotinic receptors. Annals
of the New York Academy of Sciences 868:
636-39.

Kurzen, H., H. Berger, C. Jager,
W. Hartschuh, H. Naher, A. Gratcheyv,
S. Goerdt, and M. Deichmann. 2004.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Phenotypical and molecular profiling of the
extraneuronal cholinergic system of the
skin. Journal of Investigative Dermatology
123 (5): 937-49.

Peng, H., R. L. Ferris, T. Matthews, H. Hiel,
A. Lopez-Albaitero, and L. R. Lustig. 2004.
Characterization of the human nicotinic
acetylcholine receptor subunit alpha
(alpha) 9 (CHRNA9) and alpha (alpha) 10
(CHRNA10) in lymphocytes. Life Sciences
76 (3): 263-80.

Dvorakova, M., K. S. Lips, D. Bruggmann,
J. Slavikova, J. Kuncova, and W. Kummer.
2005. Developmental changes in the
expression of nicotinic acetylcholine
receptor alpha-subunits in the rat heart.
Cell and Tissue Research 319 (2): 201-9.

Galvis, G., K. S. Lips, and W. Kummer.

2006. Expression of nicotinic acetylcholine
receptors on murine alveolar macrophages.
Journal of Molecular Neuroscience 30 (1-2):
107-108.

Albuquerque, E. X,, E. F. Pereira,

R. Bonfante-Cabarcas, M. Marchioro,

H. Matsubayashi, M. Alkondon, and

A. Maelicke. 1996. Nicotinic acetylcholine
receptors on hippocampal neurons: Cell
compartment-specific expression and
modulatory control of channel activity.
Progress in Brain Research 109:111-24.

Ji, D., and J. A. Dani. 2000. Inhibition

and disinhibition of pyramidal neurons
by activation of nicotinic receptors on
hippocampal interneurons. Journal of
Neurophysiology 83 (5): 2682-90.
McGehee, D. S. 2002. Nicotinic receptors
and hippocampal synaptic plasticity ... it’s
all in the timing. Trends in Neurosciences
25 (4): 171-72.

Hasselmo, M. E., J. Hay, M. Ilyn, and

A. Gorchetchnikov. 2002. Neuromodulation,
theta rhythm and rat spatial navigation.
Neural Networks 15 (4-6): 689-707.

Lester, H. A., C. Fonck, A. R. Tapper,

S. McKinney, M. I. Damaj, S. Balogh,

J. Owens, J. M. Wehner, A. C. Collins, and

C. Labarca. 2003. Hypersensitive knockin
mouse strains identify receptors and pathways
for nicotine action. Current Opinion in Drug
Discovery & Development 6 (5): 633-39.

Siok, C.J., J. A. Rogers, B. Kocsis, and
M. Hajos. 2006. Activation of alpha7
acetylcholine receptors augments
stimulation-induced hippocampal
theta oscillation. European Journal of
Neuroscience 23 (2): 570-74.

175



4. Mouse Models and the Genetics of Nicotine Dependence
62. Radcliffe, K. A., and J. A. Dani. 1998. 72. Boulter, J., A. O’Shea-Greenfield,
Nicotinic stimulation produces multiple R. M. Duvoisin, J. G. Connolly, E. Wada,
forms of increased glutamatergic synaptic A. Jensen, P. D. Gardner , et al. 1990. Alpha
transmission. Journal of Neuroscience 3, alpha 5, and beta 4: Three members of
18 (18): 7075-83. the rat neuronal nicotinic acetylcholine
63. Levin, E. D., and A. H. Rezvani. 2002. receptor-related gene family form a gene
Nicotinic treatment for cognitive cluster. Journal of Biological Chemistry
dysfunction. Current Drug Targets: CNS and 265 (8): 4472-82.
Neurological Disorders 1 (4): 423-31. 73. Wang, N., A. Orr-Urtreger, and A. D. Korczyn.
64. Alkondon, M., and E. X. Albuquerque. 2002. The role of neuronal nicotinic
2004. The nicotinic acetylcholine receptor acetylpholine receptor subunits in fautonomic
subtypes and their function in the ganglia: L.essons from knockout mice.
hippocampus and cerebral cortex. Progress Progress in Neurobiology 68 (5): 341-60.
in Brain Research 145:109-20. 74. Dineley-Miller, K., and J. Patrick. 1992. Gene
65. Marks, M. J., P. Whiteaker, and A. C. Collins. transcripts for the nicotinic acetylcholine
2006. Deletion of the alpha7, beta2, or beta4 receptor subunit, betad, are distributed in
nicotinic receptor subunit genes identifies multiple areas of the rat central nervous
highly expressed subtypes with relatively system. Brain Research: Molecular Brain
low affinity for [3H]epibatidine. Molecular Research 16 (3-4): 339-44.
Pharmacology 70 (3): 947-59. 75. Sudweeks, S. N., and J. L. Yakel. 2000.
66. Deneris, E. S., J. Boulter, J. Connolly, E. Wada, Functional and molecular characterization
K. Wada, D. Goldman, L. W. Swanson, of neuronal nicotinic ACh receptors in
J. Patrick, and S. Heinemann. 1989. Genes rat CA1 hippocampal neurons. Journal of
encoding neuronal nicotinic acetylcholine Physiology 527 Pt. 3: 515-28.
receptors. Clinical Chemistry 35 (5): 731-37. 76. Azam, L., U. H. Winzer-Serhan, Y. Chen, and
67. Wada, E., K. Wada, J. Boulter, E. Deneris, F. M. Leslie. 2002. Expression of neuronal
S. Heinemann, J. Patrick, and L. W. Swanson. nicotinic acetylcholine receptor subunit
1989. Distribution of alpha 2, alpha 3, alpha mRNAs within mldbr.am dopamine neurons.
4, and beta 2 neuronal nicotinic receptor Journal of Comparative Neurology 444 (3):
subunit mRNAs in the central nervous 260-74.
system: A hybridization histochemical 77. Quik, M., and J. M. Kulak. 2002. Nicotine
study in the rat. Journal of Comparative and nicotinic receptors; relevance to
Neurology 284 (2): 314-35. Parkinson’s disease. Neurotoxicology
68. Gotti, C., M. Zoli, and F. Clementi. 2006. 23 (4-5): 581-94.
Brain nicotinic acetylcholine receptors: 78. Gahring, L. C., K. Persiyanov, and
Native subtypes and their relevance. Trends S. W. Rogers. 2004. Neuronal and astrocyte
in Pharmacological Sciences 27 (9): 482-91. expression of nicotinic receptor subunit
69. Gahring, L. C., K. Persiyanov, D. Dunn, beta4 in the adult mouse brain. Journal of
R. Weiss, E. L. Meyer, and S. W. Rogers. Comparative Neurology 468 (3): 322-33.
2004. Mouse strain-specific nicotinic 79. Alkondon, M., and E. X. Albuquerque.
acetylcholine receptor expression by 2002. A non-alpha7 nicotinic acetylcholine
inhibitory interneurons and astrocytes receptor modulates excitatory input to
in the dorsal hippocampus. Journal of hippocampal CA1 interneurons. Journal of
Comparative Neurology 468 (3): 334-46. Neurophysiology 87 (3): 1651-54.
70. Flores, C. M., S. W. Rogers, L. A. Pabreza, 80. Mansvelder, H. D., and D. S. McGehee.
B. B. Wolfe, and K. J. Kellar. 1992. A subtype 2002. Cellular and synaptic mechanisms of
of nicotinic cholinergic receptor in rat brain nicotine addiction. Journal of Neurobiology
is composed of alpha 4 and beta 2 subunits 53 (4): 606-17.
and is up-regulated by chronic nicotine 81. Gahring, L. C., K. Persiyanov, E. L. Days,
treatment. Molecular Pharmacology 41 (1): and S. W. Rogers. 2005. Age-related loss
31-37. of neuronal nicotinic receptor expression
71. Duvoisin, R. M., E. S. Deneris, J. Patrick, in the aging mouse hippocampus

and S. Heinemann. 1989. The functional
diversity of the neuronal nicotinic
acetylcholine receptors is increased by a
novel subunit: Beta 4. Neuron 3 (4): 487-96.

corresponds with cyclooxygenase-2 and
PPAR gamma expression and is altered by
long-term NS398 administration. Journal of
Neurobiology 62 (4): 453-68.

176



Monograph 20.

Phenotypes and Endophenotypes

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Guidetti, P, G. E. Hoffman, M. Melendez-
Ferro, E. X. Albuquerque, and R. Schwarcz.
2007. Astrocytic localization of kynurenine
aminotransferase II in the rat brain
visualized by immunocytochemistry. Glia 55
(1): 78-92.

Balfour, D. J. 2002. Neuroplasticity within
the mesoaccumbens dopamine system and
its role in tobacco dependence. Current
Drug Targets: CNS and Neurological
Disorders 1 (4): 413-21.

Benwell, M. E., and D. J. Balfour. 1992.

The effects of acute and repeated nicotine
treatment on nucleus accumbens dopamine
and locomotor activity. British Journal of
Pharmacology 105 (4): 849-56.

Iyaniwura, T. T, A. E. Wright, and

D. J. Balfour. 2001. Evidence that
mesoaccumbens dopamine and locomotor
responses to nicotine in the rat are
influenced by pretreatment dose and strain.
Psychopharmacology (Berl) 158 (1): 73-79.

Nisell, M., G. G. Nomikos, and T. H. Svensson.
1994. Systemic nicotine-induced dopamine
release in the rat nucleus accumbens is
regulated by nicotinic receptors in the ventral
tegmental area. Synapse 16 (1): 36-44.

Abdrakhmanova, G., L. Cleemann,

J. Lindstrom, and M. Morad. 2004.
Differential modulation of beta2 and beta4
subunits of human neuronal nicotinic
acetylcholine receptors by acidification.
Molecular Pharmacology 66 (2): 347-55.

Brunzell, D. H., D. S. Russell, and

M. R. Picciotto. 2003. In vivo nicotine
treatment regulates mesocorticolimbic
CREB and ERK signaling in C57BI/6J mice.
Journal of Neurochemistry 84 (6): 1431-41.

Shimohama, S., A. Akaike, and J. Kimura.
1996. Nicotine-induced protection against
glutamate cytotoxicity. Nicotinic cholinergic
receptor-mediated inhibition of nitric oxide
formation. Annals of the New York Academy
of Sciences 777:356-61.

Toborek, M., R. Garrido, A. Malecki,

S. Kaiser, M. P. Mattson, B. Hennig, and

B. Young. 2000. Nicotine attenuates
arachidonic acid-induced overexpression of
nitric oxide synthase in cultured spinal cord
neurons. Experimental Neurology 161 (2):
609-20.

Benwell, M. E., D. J. Balfour, and

J. M. Anderson. 1988. Evidence that tobacco
smoking increases the density of (-)-[3H]
nicotine binding sites in human brain.
Journal of Neurochemistry 50 (4): 1243-47.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Perry, D. C., M. I. Davila-Garcia,

C. A. Stockmeier, and K. J. Kellar. 1999.
Increased nicotinic receptors in brains
from smokers: Membrane binding

and autoradiography studies. Journal
of Pharmacology and Experimental
Therapeutics 289 (3): 1545-52.

Kassiou, M., S. Eber], S. R. Meikle, A. Birrell,
C. Constable, M. J. Fulham, D. F. Wong, and
J. L. Musachio. 2001. In vivo imaging of
nicotinic receptor upregulation following
chronic (-)-nicotine treatment in baboon
using SPECT. Nuclear Medicine and Biology
28 (2): 165-75.

Staley, J. K., S. Krishnan-Sarin,

K. P. Cosgrove, E. Krantzler, E. Frohlich,
E. Perry, J. A. Dubin, et al. 2006. Human
tobacco smokers in early abstinence

have higher levels of beta2* nicotinic
acetylcholine receptors than nonsmokers.
Journal of Neuroscience 26 (34): 8707-14.

Xiao, Y., and K. J. Kellar. 2004. The
comparative pharmacology and up-
regulation of rat neuronal nicotinic receptor
subtype binding sites stably expressed in
transfected mammalian cells. Journal

of Pharmacology and Experimental
Therapeutics 310 (1): 98-107.

Picciotto, M. R., M. Zoli, and J. P. Changeux.
1999. Use of knock-out mice to determine
the molecular basis for the actions of
nicotine. Nicotine & Tobacco Research 1
Suppl. 2: S121-S125; discussion S139-S140.

McCallum, S. E., A. C. Collins, R. Paylor,
and M. J. Marks. 2006. Deletion of the beta
2 nicotinic acetylcholine receptor subunit
alters development of tolerance to nicotine
and eliminates receptor upregulation.
Psychopharmacology (Berl) 184 (3-4):
314-27.

Picciotto, M. R., B. J. Caldarone,

D. H. Brunzell, V. Zachariou, T. R. Stevens,
and S. L. King. 2001. Neuronal nicotinic
acetylcholine receptor subunit knockout
mice: Physiological and behavioral
phenotypes and possible clinical implications.
Pharmacology & Therapeutics 92 (2-3):
89-108.

Mao, D., R. P. Yasuda, H. Fan, B. B. Wolfe,
and K. J. Kellar. 2006. Heterogeneity of
nicotinic cholinergic receptors in rat
superior cervical and nodose Ganglia.
Molecular Pharmacology 70 (5): 1693-99.

Peng, X., V. Gerzanich, R. Anand,
P. J. Whiting, and J. Lindstrom. 1994.
Nicotine-induced increase in neuronal

177



4. Mouse Models and the Genetics of Nicotine Dependence
nicotinic receptors results from a decrease of smoking: Nicotine addiction. A report of
in the rate of receptor turnover. Molecular the Surgeon General (DHHS publication
Pharmacology 46 (3): 523-30. no. [CDC] 88-8406). Atlanta: U.S.

101. Kuryatov, A., J. Luo, J. Cooper, and Department of Health and Human Services,
J. Lindstrom. 2005. Nicotine acts as a Public Health Service, Centers for Disease
pharmacological chaperone to up-regulate Control, National Center for Chronic
human alpha4beta2 acetylcholine receptors. Disease Prevention and Health Promotion,
Molecular Pharmacology 68 (6): 1839-51. Office on Smoking and Health. http://

102. Parker, S. L., Y. Fu, K. McAllen, J. Luo, profiles.nim.nih.gov/NN/B/B/Z/D.

J. M. McIntosh, J. M. Lindstrom, and 110. Brewer, B. G., A. M. Roberts, and P. P. Rowell.
B. M. Sharp. 2004. Up-regulation of brain 2004. Short-term distribution of nicotine in
nicotinic acetylcholine receptors in the rat the rat lung. Drug and Alcohol Dependence
during long-term self-administration of 75 (2): 193-98.

nicotine: Disproportionate increase of the 111. Aicher, A., C. Heeschen, M. Mohaupt,

alpha6 subunit. Molecular Pharmacology J. P. Cooke, A. M. Zeiher, and S. Dimmeler.
65 (3): 611-22. 2003. Nicotine strongly activates dendritic

103. Corringer, P. J., J. Sallette, and cell-mediated adaptive immunity: Potential

J. P. Changeux. 2006. Nicotine enhances role for progression of atherosclerotic
intracellular nicotinic receptor maturation: lesions. Circulation 107 (4): 604-11.
A novel mechanism of neural plasticity? 112. Kubota, Y., S. Takahashi, and H. Sato.
Journal de Physiologie (Paris) 99 (2-3): 2004. Significant contamination of
162-71. superoxide dismutases and catalases

104. Ren, X. Q., S. B. Cheng, M. W. Treuil, with lipopolysaccharide-like substances.
J. Mukherjee, J. Rao, K. H. Braunewell, Toxicology In Vitro 18 (5): 711-18.

J. M. Lindstrom, and R. Anand. 2005. 113. Nerurkar, S. S., P. J. McDevitt, G. F. Scott,
Structural determinants of alpha4beta2 K. O. Johanson, R. N. Willette, and
nicotinic acetylcholine receptor trafficking. T. L. Yue. 2005. Lipopolysaccharide (LPS)
Journal of Neuroscience 25 (28): 6676-86. contamination plays the real role in

105. Vallejo, Y. F,, B. Buisson, D. Bertrand, C-reactive protein-induced IL-6 secretion
and W. N. Green. 2005. Chronic nicotine from human endothelial cells in vitro.
exposure upregulates nicotinic receptors Ar.z‘erz’osclerosz's, Thrombosis, and Vascular
by a novel mechanism. Journal of Biology 25 (9): e136.

Neuroscience 25 (23): 5563-72. 114. Curtin, J. J., N. P. Barnett, S. M. Colby,

106. Tumkosit, P, A. Kuryatov, J. Luo, and D. J. Rohsenow, and P. M. Monti. 2005. Cue
J. Lindstrom. 2006. Beta3 subunits reactivity in adolescents: measurement of
promote expression and nicotine-induced separate approagh and avoidance reactions.
up-regulation of human nicotinic alpha6* Journal of Studies on Alcohol 66 (3): 332-43.
nicotinic acetylcholine receptors expressed 115. Tiffany, S. T. 1990. A cognitive model of
in transfected cell lines. Molecular drug urges and drug-use behavior: Role of
Pharmacology 70 (4): 1358-68. automatic and nonautomatic processes.

107. Lai, A., N. Parameswaran, M. Khwaja, Psychological Review 97 (2): 147-68.

P. Whiteaker, J. M. Lindstrom, H. Fan, 116. Corrigall, W. A., and K. M. Coen. 1989.

J. M. McIntosh, S. R. Grady, and M. Quik. Nicotine maintains robust self-administration
2005. Long-term nicotine treatment decreases in rats on a limited-access schedule.

striatal alpha 6* nicotinic acetylcholine Psychopharmacology (Berl) 99 (4): 473-78.
receptor sites and function in mice. Molecular 117, Ostrowski, J., J. E. Sims, C. H. Sibley,
Pharmacology 67 (5): 1639-47. M. A. Valentine, S. K. Dower, K. E. Meier, and

108. Mugnaini, M., M. Garzotti, I. Sartori, K. Bomsztyk. 1991. A serine/threonine kinase
M. Pilla, P. Repeto, C. A. Heidbreder, and activity is closely associated with a 65-kDa
M. Tessari. 2006. Selective down-regulation phosphoprotein specifically recognized by
of [(125)I]Y0-alpha-conotoxin MII binding the kappa B enhancer element. Journal of
in rat mesostriatal dopamine pathway Biological Chemistry 266 (19): 12722-33.
following continuous infusion of nicotine. 118. Donny, E. C., A. R. Caggiula, S. Knopf, and
Neuroscience 137 (2): 565-72. C. Brown. 1995. Nicotine self-administration

109. U.S. Department of Health and Human in rats. Psychopharmacology (Berl) 122 (4):

Services. 1988. The health consequences

390-94.

178



Monograph 20. Phenotypes and Endophenotypes

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Walensky, L. D., S. Blackshaw, D. Liao,

C. C. Watkins, H. U. Weier, M. Parra,

R. L. Huganir, J. G. Conboy, N. Mohandas,
and S. H. Snyder. 1999. A novel neuron-
enriched homolog of the erythrocyte
membrane cytoskeletal protein 4.1. Journal
of Neuroscience 19 (15): 6457-67.

DeNoble, V. J., and P. C. Mele. 2006.
Intravenous nicotine self-administration
in rats: Effects of mecamylamine,
hexamethonium and naloxone.
Psychopharmacology (Berl) 184 (3-4):
266-72.

Harvey, D. M., S. Yasar, S. J. Heishman,
L. V. Panlilio, J. E. Henningfield, and

S. R. Goldberg. 2004. Nicotine serves

as an effective reinforcer of intravenous
drug-taking behavior in human cigarette
smokers. Psychopharmacology (Berl)
175 (2): 134-42.

Carlson, J., B. Armstrong, R. C. Switzer 3rd,
and G. Ellison. 2000. Selective neurotoxic
effects of nicotine on axons in fasciculus
retroflexus further support evidence that
this a weak link in brain across multiple

drugs of abuse. Neuropharmacology 39 (13):

2792-98.

Carlson, J., K. Noguchi, and G. Ellison.
2001. Nicotine produces selective
degeneration in the medial habenula and
fasciculus retroflexus. Brain Research
906 (1-2): 127-34.

Ciani, E., S. Severi, R. Bartesaghi, and

A. Contestabile. 2005. Neurochemical
correlates of nicotine neurotoxicity on
rat habenulo-interpeduncular cholinergic
neurons. Neurotoxicology 26 (3): 467-74.

Fung, Y. K, and Y. S. Lau. 1991. Differential
effects of chronic nicotine administration
on dopaminergic receptor binding sites in
rat nigrostriatal and mesolimbic regions.
General Pharmacology 22 (1): 117-19.
Fung, Y. K, and Y. S. Lau. 1992. Chronic
effects of nicotine on mesolimbic

dopaminergic system in rats. Pharmacology,
Biochemistry, and Behavior 41 (1): 57-63.

Benwell, M. E., D. J. Balfour, and C. E. Birrell.

1995. Desensitization of the nicotine-induced
mesolimbic dopamine responses during
constant infusion with nicotine. British
Journal of Pharmacology 114 (2): 454-60.

Perkins, K. A,, L. H. Epstein, and

J. R. Jennings. 1991. Smoking as a cue for
subjective and behavioral responses to a
stressor. Journal of Substance Abuse 3 (1):
29-38.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Perkins, K. A., L. H. Epstein, J. Grobe,
and C. Fonte. 1994. Tobacco abstinence,
smoking cues, and the reinforcing value
of smoking. Pharmacology, Biochemistry,
and Behavior 47 (1): 107-12.

Donny, E. C., A. R. Caggiula, C. Rose,

K. S. Jacobs, M. M. Mielke, and A. F. Sved.
2000. Differential effects of response-
contingent and response-independent
nicotine in rats. European Journal of
Pharmacology 402 (3): 231-40.

Perkins, K. A., E. Donny, and A. R. Caggiula.
1999. Sex differences in nicotine effects

and self-administration: Review of human
and animal evidence. Nicotine & Tobacco
Research 1 (4): 301-15.

Robinson, J. D., P. M. Cinciripini,

S. T. Tiffany, B. L. Carter, C. Y. Lam, and
D. W. Wetter. 2007. Gender differences

in affective response to acute nicotine
administration and deprivation. Addictive
Behaviors 32 (3): 543-61.

Shiffman, S., S. G. Ferguson, and

C. J. Gwaltney. 2006. Immediate hedonic
response to smoking lapses: Relationship

to smoking relapse, and effects of nicotine
replacement therapy. Psychopharmacology
(Berl) 184 (3-4): 608-18.

Russell, M. A,, and C. Feyerabend. 1978.
Cigarette smoking: A dependence on high-
nicotine boli. Drug Metabolism Reviews

8 (1): 29-57.

Petersen, D. R, K. J. Norris, and

J. A. Thompson. 1984. A comparative study of
the disposition of nicotine and its metabolites
in three inbred strains of mice. Drug
Metabolism and Disposition 12 (6): 725-31.

Miller, R. P, K. S. Rotenberg, and J. Adir.
1977. Effect of dose on the pharmacokinetics
of intravenous nicotine in the rat. Drug
Metabolism and Disposition 5 (5): 436-43.

Benowitz, N. L., P. Jacob 3rd, R. T. Jones, and
J. Rosenberg. 1982. Interindividual variability
in the metabolism and cardiovascular effects
of nicotine in man. Journal of Pharmacology
and Experimental Therapeutics 221 (2):
368-72.

Bergstrom, J. 2004. Tobacco smoking and
chronic destructive periodontal disease.
Odontology 92 (1): 1-8.

Rogers, S. W,, L. C. Gahring, A. C. Collins,
and M. Marks. 1998. Age-related changes in
neuronal nicotinic acetylcholine receptor
subunit alpha4 expression are modified by
long-term nicotine administration. Journal
of Neuroscience 18 (13): 4825-32.

179



4. Mouse Models and the Genetics of Nicotine Dependence

140. Sparks, J. A., and J. R. Pauly. 1999. Effects 150. Pavlov, V. A, H. Wang, C. J. Czura,
of continuous oral nicotine administration S. G. Friedman, and K. J. Tracey. 2003. The
on brain nicotinic receptors and cholinergic anti-inflammatory pathway:
responsiveness to nicotine in C57B1/6 mice. A missing link in neuroimmunomodulation.
Psychopharmacology (Berl) 141 (2): 145-53. Molecular Medicine 9 (5-8): 125-34.

141. Akaike, A., Y. Tamura, T. Yokota, 151. Crawley, J. N. 2000. What'’s wrong with
S. Shimohama, and J. Kimura. 1994. my mouse?: Behavioral phenotyping of
Nicotine-induced protection of cultured transgenic and knockout mice. New York:
cortical neurons against N-methyl-p- John Wiley & Sons.
aspartate receptor-mediated glutamate 152. Jackson Laboratory. Mouse genome
cytotoxicity. Brain Research 644 (2): 181-87. informatics. http://www.informatics.jax.org

142. Carlson, N. G., A. Bacchi, S. W. Rogers, and (accessed August 8, 2007).

L. C. Gahring. 1998. Nicotine blocks TNF- 153. Eppig, J. T, C. J. Bult, J. A. Kadin,
alpha-mediated neuroprotection to NMDA J. E. Richardson, J. A. Blake,

by an alpha-bungarotoxin-sensitive pathway. A. Anagnostopoulos, R. M. Baldarelli,
Journal of Neurobiology 35 (1): 29-36. et al. 2005. The Mouse Genome Database

143. Buccafusco, J. J., and A. V. Terry Jr. 2003. (MGD): From genes to mice—a community
The potential role of cotinine in the resource for mouse biology. Nucleic Acids
cognitive and neuroprotective actions of Research 33:D471-D475.
nicotine. Life Sciences 72 (26): 2931-42. 154. Gahring, L. C., H. S. White, S. L. Skradski,

144. Gahring, L. C., E. L. Meyer, and S. W. Rogers. N. G. Carlson, and S. W. Rogers. 1997.
2003. Nicotine-induced neuroprotection Interleukin-lalpha in the brain is induced
against N-methyl-p-aspartic acid or by audiogenic seizure. Neurobiology of
beta-amyloid peptide occur through Disease 3 (4): 263-69.
independent mechanisms distinguished 155. Hof, P. R., W. G. Young, F. E. Bloom,
by pro-inflammatory cytokines. Journal of P. V. Belichenko, and M. R. Celio. 2000.
Neurochemistry 87 (5): 1125-36. Comparative cytoarchitectonic atlas of

145. Pauly, J. R., C. M. Charriez, M. V. Guseva, the C57BL/6 and 129/Sv mouse brains.
and S. W. Scheff. 2004. Nicotinic receptor New York: Elsevier.
modulation for neuroprotection and 156. Wahlsten, D. 1982. Genes with incomplete
enhancement of functional recovery penetrance and the analysis of brain
following brain injury or disease. Annals development. In Genetics of the Brain, ed.
of the New York Academy of Sciences 1035: L. Lieblich, 267-391. New York: Elsevier
316-34. Biomedical Press.

146. Grabus, S. D., B. R. Martin, A. M. Batman, 157. Rasmussen, T., and M. D. Swedberg. 1998.
R. F. Tyndale, E. Sellers, and M. I. Damaj. Reinforcing effects of nicotinic compounds:
2005. Nicotine physical dependence and Intravenous self-administration in drug-
tolerance in the mouse following chronic naive mice. Pharmacology, Biochemistry,
oral administration. Psychopharmacology and Behavior 60 (2): 567-73.

(Berl) 178 (2-3): 183-92. 158. Picciotto, M. R., M. Zoli, V. Zachariou,

147. Gahring, L. C., K. Persiyanov, and and J. P. Changeux. 1997. Contribution of
S. W. Rogers. 2005. Mouse strain-specific nicotinic acetylcholine receptors containing
changes in nicotinic receptor expression with the beta 2-subunit to the behavioural
age. Neurobiology of Aging 26 (6): 973-80. effects of nicotine. Biochemical Society

148. Cannon, D. S., T. B. Baker, M. E. Piper, Transactions 25 (3): 824-29.
M. B. Scholand, D. L. Lawrence, D. T. Drayna, 159. Epping-Jordan, M. P, M. R. Picciotto,
W. M. McMahon, et al. 2005. Associations J. P. Changeux, and E. M. Pich. 1999.
between phenylthiocarbamide gene Assessment of nicotinic acetylcholine
polymorphisms and cigarette smoking. receptor subunit contributions to nicotine
Nicotine & Tobacco Research 7 (6): 853-58. self-administration in mutant mice.

149. Terry Jr., A. V., C. M. Hernandez, Psychopharmacology (Berl) 147 (1): 25-26.

E. J. Hohnadel, K. P. Bouchard, and

J. J. Buccafusco. 2005. Cotinine, a
neuroactive metabolite of nicotine: Potential
for treating disorders of impaired cognition.
CNS Drug Reviews 11 (3): 229-52.

160.

Self, D. W. 2004. Regulation of drug-
taking and -seeking behaviors by
neuroadaptations in the mesolimbic
dopamine system. Neuropharmacology
47 Suppl. 1: 242-55.

180



Monograph 20.

Phenotypes and Endophenotypes

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Corrigall, W. A., K. M. Coen, and

K. L. Adamson. 1994. Self-administered
nicotine activates the mesolimbic dopamine
system through the ventral tegmental area.
Brain Research 653 (1-2): 278-84.

Besson, M., V. David, S. Suarez, A. Cormier,
P. Cazala, J. P. Changeux, and S. Granon.
2006. Genetic dissociation of two behaviors
associated with nicotine addiction: Beta-2
containing nicotinic receptors are involved
in nicotine reinforcement but not in
withdrawal syndrome. Psychopharmacology
(Berl) 187 (2): 189-99.

Maskos, U., B. E. Molles, S. Pons, M. Besson,
B. P. Guiard, J. P. Guilloux, A. Evrard, et al.
2005. Nicotine reinforcement and cognition
restored by targeted expression of nicotinic
receptors. Nature 436 (7047): 103-7.

Charpantier, E., P. Barneoud, P. Moser,

F. Besnard, and F. Sgard. 1998. Nicotinic
acetylcholine subunit mRNA expression

in dopaminergic neurons of the rat
substantia nigra and ventral tegmental area.
Neuroreport 9 (13): 3097-3101.

Champtiaux, N., Z. Y. Han, A. Bessis,

F. M. Rossi, M. Zoli, L.. Marubio,

J. M. McIntosh, and J. P. Changeux. 2002.
Distribution and pharmacology of alpha
6-containing nicotinic acetylcholine
receptors analyzed with mutant mice.
Journal of Neuroscience 22 (4): 1208-17.

Zoli, M., M. Moretti, A. Zanardi,

J. M. McIntosh, F. Clementi, and C. Gotti.
2002. Identification of the nicotinic receptor
subtypes expressed on dopaminergic
terminals in the rat striatum. Journal of
Neuroscience 22 (20): 8785-89.

Quik, M., and J. M. McIntosh. 2006. Striatal
alpha6* nicotinic acetylcholine receptors:
Potential targets for Parkinson’s disease
therapy. Journal of Pharmacology and
Experimental Therapeutics 316 (2): 481-89.

Meliska, C. J., A. Bartke, G. McGlacken,
and R. A. Jensen. 1995. Ethanol, nicotine,
amphetamine, and aspartame consumption
and preferences in C57BL/6 and DBA/2
mice. Pharmacology, Biochemistry, and
Behavior 50 (4): 619-26.

Aschhoff, S., K.-C. Schroff, D. B. Wildenauer,
and E. Richter. 2000. Nicotine consumption
of several mouse strains using a two bottle
choice paradigm. Journal of Experimental
Animal Science 40 (4): 171-77.

Adriani, W., S. Macri, R. Pacifici, and
G. Laviola. 2002. Peculiar vulnerability
to nicotine oral self-administration

171.

172.

173.

174.

175.

176.

177.

178.

179.

in mice during early adolescence.
Neuropsychopharmacology 27 (2): 212-14.

Siu, E. C., and R. F. Tyndale. 2007. Non-
nicotinic therapies for smoking cessation.
Annual Review of Pharmacology and
Toxicology 47:541-64.

DiFranza, J. R., R. J. Wellman, J. D. Sargent,
M. Weitzman, B. J. Hipple, and J. P. Winickoff.
2006. Tobacco promotion and the initiation
of tobacco use: Assessing the evidence for
causality. Pediatrics 117 (6): e1237—-e1248.

Klein, L. C., M. M. Stine, D. J. Vandenbergh,
C. A. Whetzel, and H. M. Kamens. 2004.
Sex differences in voluntary oral nicotine
consumption by adolescent mice: A dose-
response experiment. Pharmacology,
Biochemistry, and Behavior 78 (1): 13-25.

Abreu-Villaca, Y., F. E. Queiroz-Gomes,

A. P. Dal Monte, C. C. Filgueiras, and

A. C. Manhaes. 2006. Individual differences
in novelty-seeking behavior but not in
anxiety response to a new environment can
predict nicotine consumption in adolescent
C57BL/6 mice. Behavioural Brain Research
167 (1): 175-82.

Sorger, S. B., Y. Paterson, P. J. Fink,

and S. M. Hedrick. 1990. T cell receptor
junctional regions and the MHC molecule
affect the recognition of antigenic peptides
by T cell clones. Journal of Immunology
144 (3): 1127-35.

Blokhina, E. A., V. A. Kashkin, E. E. Zvartau,
W. Danysz, and A. Y. Bespalov. 2005. Effects
of nicotinic and NMDA receptor channel
blockers on intravenous cocaine and nicotine
self-administration in mice. Furopean
Neuropsychopharmacology 15 (2): 219-25.

Aracava, Y., E. F. Pereira, A. Maelicke, and

E. X. Albuquerque. 2005. Memantine blocks
alpha7* nicotinic acetylcholine receptors
more potently than n-methyl-p-aspartate
receptors in rat hippocampal neurons.
Journal of Pharmacology and Experimental
Therapeutics 312 (3): 1195-1205.

Tapper, A. R., S. L. McKinney, R. Nashmi,

J. Schwarz, P. Deshpande, C. Labarca,

P. Whiteaker, M. J. Marks, A. C. Collins, and
H. A. Lester. 2004. Nicotine activation of
alphad* receptors: Sufficient for reward,
tolerance, and sensitization. Science

306 (5698): 1029-32.

McGehee, D. S., M. J. Heath, S. Gelber,
P. Devay, and L. W. Role. 1995. Nicotine
enhancement of fast excitatory synaptic
transmission in CNS by presynaptic
receptors. Science 269 (5231): 1692-96.

181



4. Mouse Models and the Genetics of Nicotine Dependence

180. Broide, R. S., and F. M. Leslie. 1999. The nicotine-conditioned place preference in
alpha? nicotinic acetylcholine receptor in mice. Psychopharmacology (Berl) 184 (3-4):
neuronal plasticity. Molecular Neurobiology 339-44.

20 (1): 1-16. 191. Castane, A., G. Soria, C. Ledent,

181. Girod, R., N. Barazangi, D. McGehee, R. Maldonado, and O. Valverde. 2006.
and L. W. Role. 2000. Facilitation of Attenuation of nicotine-induced
glutamatergic neurotransmission by rewarding effects in A,, knockout mice.
presynaptic nicotinic acetylcholine Neuropharmacology 51 (3): 631-40.
receptors. Neuropharmacology 39 (13): 192. Berrendero, F,, V. Mendizabal, P. Robledo,
2715-25. L. Galeote, A. Bilkei-Gorzo, A. Zimmer,

182. Snyder, E. M., Y. Nong, C. G. Almeida, and R. Maldonado. 2005. Nicotine-induced
S. Paul, T. Moran, E. Y. Choi, A. C. Nairn, antinociception, rewarding effects, and
et al. 2005. Regulation of NMDA receptor physical dependence are decreased in mice
trafficking by amyloid-beta. Nature lacking the preproenkephalin gene. Journal
Neuroscience 8 (8): 1051-58. of Neuroscience 25 (5): 1103-12.

183. Meyer, E. L., L. C. Gahring, and S. W. Rogers. 193. Zarrindast, M. R., N. Faraji, P. Rostami,
2002. Nicotine preconditioning antagonizes H. Sahraei, and H. Ghoshouni. 2003. Cross-
activity-dependent caspase proteolysis of a tolerance between morphine- and nicotine-
glutamate receptor. Journal of Biological induced conditioned place preference in
Chemistry 277 (13): 10869-75. mice. Pharmacology, Biochemistry, and

184. Fattore, L., G. Cossu, M. C. Martellotta, Behavior T4 (2): 363-69.
and W. Fratta. 2002. Baclofen antagonizes 194. Berrendero, F., B. L. Kieffer, and
intravenous self-administration of nicotine R. Maldonado. 2002. Attenuation of nicotine-
in mice and rats. Alcohol and Alcoholism induced antinociception, rewarding effects,
37 (5): 495-98. and dependence in mu-opioid receptor

185. Martellotta, M. C., A. Kuzmin, E. Zvartau, knock-out mice. Journal of Neuroscience
G. Cossu, G. L. Gessa, and W. Fratta. 1995. 22 (24): 10935-40.

Isradipine inhibits nicotine intravenous 195. Silva, A. J., J. H. Kogan, P. W. Frankland,
self-administration in drug-naive mice. and S. Kida. 1998. CREB and memory.
Pharmacology, Biochemistry, and Behavior Annual Review of Neuroscience 21:127-48.
52 (2): 271-T4. 196. Nestler, E. J. 2004. Molecular mechanisms

186. Fudala, P. J., and E. T. Iwamoto. 1986. of drug addiction. Neuropharmacology
Further studies on nicotine-induced 47 Suppl. 1: 24-32.
conditioned place preference in the rat. 197. Zhu, H., M. Lee, S. Agatsuma, and N. Hiroi.
Pharmacology, Biochemistry, and Behavior 2007. Pleiotropic impact of constitutive
25 (5): 1041-49. fosB inactivation on nicotine-induced

187. Risinger, F. O., and R. A. Oakes. 1995. behavioral alterations and stress-related
Nicotine-induced conditioned place traits in mice. Human Molecular Genetics
preference and conditioned place aversion 16 (7): 820-36.
in mice. Pharmacology, Biochemistry, and 198. Hawkins, R. D., H. Son, and O. Arancio.
Behavior 51 (2-3): 457-61. 1998. Nitric oxide as a retrograde

188. Grabus, S. D., B. R. Martin, S. E. Brown, and messenger during long-term potentiation in
M. I. Damaj. 2006. Nicotine place preference hippocampus. Progress in Brain Research
in the mouse: Influences of prior handling, 118:155-72.
dose and strain and attenuation by nicotinic 199. Medina, L., K. D. Anderson, E. J. Karle, and
receptor antagonists. Psychopharmacology A. Reiner. 1995. An ultrastructural double-
(Berl) 184 (3-4): 456-63. label immunohistochemical study of the

189. Schechter, M. D., S. M. Meehan, and enkephalinergic input to dopaminergic
J. B. Schechter. 1995. Genetic selection for neurons of the substantia nigra in pigeons.
nicotine activity in mice correlates with Journal of Comparative Neurology 357 (3):
conditioned place preference. European 408-32.

Journal of Pharmacology 279 (1): 59-64. 200. Vleeming, W., B. Rambali, and
190. Walters, C. L., S. Brown, J. P. Changeux, A. Opperhuizen. 2002. The role of nitric

B. Martin, and M. I. Damaj. 2006. The beta2
but not alpha7 subunit of the nicotinic
acetylcholine receptor is required for

oxide in cigarette smoking and nicotine
addiction. Nicotine & Tobacco Research
4 (3): 341-48.

182



Monograph 20.

Phenotypes and Endophenotypes

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Martin, J. L., and Y. Itzhak. 2000.
7-Nitroindazole blocks nicotine-induced
conditioned place preference but not
LiCl-induced conditioned place aversion.
Neuroreport 11 (5): 947-49.

Sahraei, H., M. Falahi, M. R. Zarrindast,
M. Sabetkasaei, H. Ghoshooni, and

M. Khalili. 2004. The effects of nitric
oxide on the acquisition and expression
of nicotine-induced conditioned place
preference in mice. European Journal of
Pharmacology 503 (1-3): 81-87.

Damaj, M. I, S. P. Welch, and B. R. Martin.
1996. Characterization and modulation

of acute tolerance to nicotine in mice.
Journal of Pharmacology and Experimental
Therapeutics 277 (1): 454-61.

Miner, L. L., and A. C. Collins. 1988.

Effect of nicotine pretreatment on
nicotine-induced seizures. Pharmacology,
Biochemistry, and Behavior 29 (2): 375-80.

Semenova, S., A. Bespalov, and A. Markou.
2003. Decreased prepulse inhibition during
nicotine withdrawal in DBA/2J mice is
reversed by nicotine self-administration.
European Journal of Pharmacology

472 (1-2): 99-110.

Gould, T. J., and J. M. Wehner. 1999.
Nicotine enhancement of contextual fear
conditioning. Behavioural Brain Research
102 (1-2): 31-3.

Gould, T. J., and J. Stephen Higgins.
2003. Nicotine enhances contextual fear
conditioning in C57BL/6J mice at 1 and
7 days post-training. Neurobiology of
Learning and Memory 80 (2): 147-57.

Gould, T. J. 2006. Nicotine and hippocampus-
dependent learning: Implications for
addiction. Molecular Neurobiology 34 (2):
93-107.

Davis, J. A., J. R. James, S. J. Siegel,

and T. J. Gould. 2005. Withdrawal from
chronic nicotine administration impairs
contextual fear conditioning in C57BL/6
mice. Journal of Neuroscience 25 (38):
8708-713.

Benowitz, N. L., H. Porchet, and

P. Jacob 3rd. 1989. Nicotine dependence
and tolerance in man: Pharmacokinetic and
pharmacodynamic investigations. Progress
in Brain Research 79:279-87.

Henningfield, J. E., and R. M. Keenan.
1993. Nicotine delivery kinetics and abuse
liability. Journal of Consulting and Clinical
Psychology 61 (5): 743-50.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Baker, T. B, and S. T. Tiffany. 1985. Morphine
tolerance as habituation. Psychological
Review 92 (1): 78-108.

Cepeda-Benito, A., K. W. Davis, J. T. Reynoso,
and J. H. Harraid. 2005. Associative and
behavioral tolerance to the analgesic effects
of nicotine in rats: Tail-flick and paw-lick
assays. Psychopharmacology (Berl) 180 (2):
224-33.

Hatchell, P. C., and A. C. Collins. 1977.
Influences of genotype and sex on

behavioral tolerance to nicotine in mice.
Pharmacology, Biochemistry, and Behavior
6 (1): 25-30.

Marks, M. J., J. A. Stitzel, and A. C. Collins.
1986. Dose-response analysis of nicotine
tolerance and receptor changes in two inbred
mouse strains. Journal of Pharmacology and
Experimental Therapeutics 239 (2): 358-64.

Naylor, C., D. Quarta, C. Fernandes, and

I. P. Stolerman. 2005. Tolerance to nicotine
in mice lacking alpha7 nicotinic receptors.
Psychopharmacology (Berl) 180 (3): 558-63.

Marks, M. J., and A. C. Collins. 1985.
Tolerance, cross-tolerance, and receptors
after chronic nicotine or oxotremorine.

Pharmacology, Biochemistry, and Behavior
22 (2): 283-91.

Galeote, L., B. L. Kieffer, R. Maldonado, and
F. Berrendero. 2006. Mu-opioid receptors
are involved in the tolerance to nicotine

antinociception. Journal of Neurochemistry
97 (2): 416-23.

Damaj, M. 1. 1997. Altered behavioral
sensitivity of Ca(2+)-modulating drugs
after chronic nicotine administration in

mice. European Journal of Pharmacology
322 (2-3): 129-35.

Damaj, M. I. 2005. Calcium-acting drugs
modulate expression and development
of chronic tolerance to nicotine-induced
antinociception in mice. Journal of
Pharmacology and Experimental
Therapeutics 315 (2): 959-64.

Biala, G., and B. Budzynska. 2006. Effects
of acute and chronic nicotine on elevated
plus maze in mice: Involvement of calcium
channels. Life Sciences 79 (1): 81-88.

Benowitz, N. L., O. F. Pomerleau,

C. S. Pomerleau, and P. Jacob 3rd. 2003.
Nicotine metabolite ratio as a predictor of
cigarette consumption. Nicotine & Tobacco
Research 5 (5): 621-24.

Perkins, K. A. 2002. Chronic tolerance to
nicotine in humans and its relationship to

183



4, Mouse Models and the Genetics of Nicotine Dependence
tobacco dependence. Nicotine & Tobacco NMDA receptor antagonist D,L-2-amino-
Research 4 (4): 405-22. 5-phosphonovaleric acid to the basolateral

224. Perkins, K. A., M. Broge, D. Gerlach, amygdala. Behavioral Neuroscience 108 (1):
M. Sanders, J. E. Grobe, C. Cherry, 210-12.
and A. S. Wilson. 2002. Acute nicotine 234. Fanselow, M. S., J. J. Kim, J. Yipp, and
reinforcement, but not chronic tolerance, B. De Oca. 1994. Differential effects of the
predicts withdrawal and relapse after quitting N-methyl-p-aspartate antagonist DL-2-
smoking. Health Psychology 21 (4): 332-39. amino-5-phosphonovalerate on acquisition

225. Levin, E. D., F. J. McClernon, and of fear of auditory and contextual cues.

A. H. Rezvani. 2006. Nicotinic effects Behavioral Neuroscience 108 (2): 235-40.
on cognitive function: Behavioral 235. Lisman, J. 2003. Long-term potentiation:
characterization, pharmacological Outstanding questions and attempted
specification, and anatomic localization. synthesis. Philosophical Transactions of
Psychopharmacology (Berl) 184 (3-4): the Royal Society of London: Series B,
523-39. Biological Sciences 358 (1432): 829-42.

226. Bettany, J. H., and E. D. Levin. 2001. Ventral 236. Gould, T. J., and M. C. Lewis. 2005.
hippocampal alpha 7 nicotinic receptor Coantagonism of glutamate receptors
blockade and chronic nicotine effects on and nicotinic acetylcholinergic receptors
memory performance in the radial-arm disrupts fear conditioning and latent
maze. Pharmacology, Biochemistry, and inhibition of fear conditioning. Learning &
Behavior 70 (4): 467-74. Memory 12 (4): 389-98.

227. Levin, E. D. 2002. Nicotinic receptor 237. Yamazaki, Y., Y. Jia, R. Niu, and K. Sumikawa.
subtypes and cognitive function. Journal of 2006. Nicotine exposure in vivo induces
Neurobiology 53 (4): 633-40. long-lasting enhancement of NMDA receptor-

228. Addy, N. A., A. Nakijama, and E. D. Levin. mediated currents in the hippocampus.
2003. Nicotinic mechanisms of memory: European Journal of Neuroscience 23 (7):
Effects of acute local DHbetaE and MLA 1819-28.
infusions in the basolateral amygdala. Brain 238. Hsieh, C. Y., F. M. Leslie, and R. Metherate.
Research Cognitive Brain Research 16 (1): 2002. Nicotine exposure during a postnatal
51-57. critical period alters NR2A and NR2B mRNA

229. Gould, T. J., O. Feiro, and D. Moore. expression in rat auditory forebrain. Brain
2004. Nicotine enhances trace cued fear Research: Developmental Brain Research
conditioning but not delay cued fear 133 (1): 19-25.
conditioning in C57BL/6 mice. Behavioural 239. Wang, F, H. Chen, J. D. Steketee, and
Brain Research 155 (1): 167-73. B. M. Sharp. 2007. Upregulation of

230. Davis, J. A., and T. J. Gould. 2006. The effects ionotropic glutamate receptor subunits
of DHBE and MLA on nicotine-induced within specific mesocorticolimbic regions
enhancement of contextual fear conditioning during chronic nicotine self-administration.
in C57BL/6 mice. Psychopharmacology Neuropsychopharmacology 32 (1): 103-9.
(Berl) 184 (3-4): 345-52. 240. Prendergast, M. A., B. R. Harris, S. Mayer,

231. Wehner, J. M., J. J. Keller, A. B. Keller, R. C. Holley, J. R. Pauly, and J. M. Littleton.
M. R. Picciotto, R. Paylor, T. K. Booker, 2001. Nicotine exposure reduces N-methyl-
A. Beaudet, S. F. Heinemann, and p-aspartate toxicity in the hippocampus:

S. A. Balogh. 2004. Role of neuronal Relation to distribution of the alpha7
nicotinic receptors in the effects of nicotine nicotinic acetylcholine receptor subunit.
and ethanol on contextual fear conditioning. Medical Science Monitor 7 (6): 1153-60.
Neuroscience 129 (1): 11-24. 241. Dajas-Bailador, F. A., P. A. Lima, and

232. Baker, T. B., M. E. Piper, D. E. McCarthy, S. Wonnacott. 2000. The alpha7 nicotinic
M. R. Majeskie, and M. C. Fiore. 2004. acetylcholine receptor subtype mediates
Addiction motivation reformulated: An nicotine protection against NMDA
affective processing model of negative excitotoxicity in primary hippocampal
reinforcement. Psychological Review cultures through a Ca(2+) dependent
111 (1): 33-51. mechanism. Neuropharmacology 39 (13):

233. Fanselow, M. S., and J. J. Kim. 1994, 2799-2807.

Acquisition of contextual Pavlovian fear
conditioning is blocked by application of an

242.

Salvesen, G. S. 2002. Caspases and
apoptosis. Essays in Biochemistry 38:9-19.

184



Monograph 20. Phenotypes and Endophenotypes

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

Merlo Pich, E., C. Chiamulera, and

L. Carboni. 1999. Molecular mechanisms of
the positive reinforcing effect of nicotine.
Behavioural Pharmacology 10 (6-7): 587-96.

Marttila, K., H. Raattamaa, and L. Ahtee.
2006. Effects of chronic nicotine
administration and its withdrawal on striatal
FosB/DeltaFosB and c-Fos expression in

rats and mice. Neuropharmacology 51 (1):
44-51.

Belluardo, N., G. Mudo, G. Caniglia,

Q. Cheng, M. Blum, and K. Fuxe. 1999.
The nicotinic acetylcholine receptor agonist
ABT-594 increases FGF-2 expression in
various rat brain regions. Neuroreport

10 (18): 3909-13.

Mousa, S., and S. A. Mousa. 2006. Cellular
and molecular mechanisms of nicotine’s
pro-angiogenesis activity and its potential
impact on cancer. Journal of Cellular
Biochemistry 97 (6): 1370-78.

Rattray, M. 2001. Is there nicotinic
modulation of nerve growth factor?
Implications for cholinergic therapies in
Alzheimer’s disease. Biological Psychiatry
49 (3): 185-93.

Wendell, K. J., and S. H. Stein. 2001.
Regulation of cytokine production in human
gingival fibroblasts following treatment with
nicotine and lipopolysaccharide. Journal of
Periodontology 72 (8): 1038-44.

Wang, H., H. Liao, M. Ochani, M. Justiniani,
X. Lin, L. Yang, Y. Al-Abed, et al. 2004.
Cholinergic agonists inhibit HMGB1 release
and improve survival in experimental sepsis.
Nature Medicine 10 (11): 1216-21.

Kellar, K. J., P. J. Whitehouse, A. M. Martino-
Barrows, K. Marcus, and D. L. Price. 1987.
Muscarinic and nicotinic cholinergic
binding sites in Alzheimer’s disease cerebral
cortex. Brain Research 436 (1): 62—68.

Schulz, D. W., G. A. Kuchel, and

R. E. Zigmond. 1993. Decline in response
to nicotine in aged rat striatum: Correlation
with a decrease in a subpopulation

of nicotinic receptors. Journal of
Neurochemistry 61 (6): 2225-32.

Perry, E., C. Martin-Ruiz, M. Lee, M. Griffiths,
M. Johnson, M. Piggott, V. Haroutunian, et al.
2000. Nicotinic receptor subtypes in human
brain ageing, Alzheimer and Lewy body
diseases. European Journal of Pharmacology
393 (1-3): 215-22.

Picciotto, M. R., and M. Zoli. 2002. Nicotinic
receptors in aging and dementia. Journal of
Neurobiology 53 (4): 641-55.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Goodrick, C. L. 1975. Life-span and the
inheritance of longevity of inbred mice.
Journal of Gerontology 30 (3): 257-63.

Zhang, X., G. Wahlstrom, and A. Nordberg.
1990. Influence of development and

aging on nicotinic receptor subtypes in
rodent brain. International Journal of
Developmental Neuroscience 8 (6): 715-21.

Amenta, F., E. Bronzetti, M. Sabbatini,

and J. A. Vega. 1998. Astrocyte changes in
aging cerebral cortex and hippocampus:

A quantitative immunohistochemical study.
Microscopy Research and Technique 43 (1):
29-33.

Teaktong, T., A. Graham, J. Court, R. Perry,
E. Jaros, M. Johnson, R. Hall, and E. Perry.
2003. Alzheimer’s disease is associated with
a selective increase in alpha7 nicotinic
acetylcholine receptor immunoreactivity in
astrocytes. Glia 41 (2): 207-11.

Yu, W. F,, Z. Z. Guan, N. Bogdanovic,

and A. Nordberg. 2005. High selective
expression of alpha7 nicotinic receptors

on astrocytes in the brains of patients with
sporadic Alzheimer’s disease and patients
carrying Swedish APP 670/671 mutation:

A possible association with neuritic plaques.
Experimental Neurology 192 (1): 215-25.

Mody, R. R., and M. J. Smith. 2006. Smoking
status and health-related quality of life:

As findings from the 2001 Behavioral Risk
Factor Surveillance System data. American
Journal of Health Promotion 20 (4): 251-58.

Nollen, N. L., M. S. Mayo, L. Sanderson
Cox, K. S. Okuyemi, W. S. Choi, H. Kaur,
and J. S. Ahluwalia. 2006. Predictors of
quitting among African American light
smokers enrolled in a randomized, placebo-
controlled trial. Journal of General Internal
Medicine 21 (6): 590-95.

Chaudhri, N., A. R. Caggiula, E. C. Donny,
M. I. Palmatier, X. Liu, and A. F. Sved. 2006.
Complex interactions between nicotine

and nonpharmacological stimuli reveal
multiple roles for nicotine in reinforcement.
Psychopharmacology (Berl) 184 (3-4):
353-66.

Palmatier, M. I, F. F. Evans-Martin,

A. Hoffman, A. R. Caggiula, N. Chaudhri,

E. C. Donny, X. Liu, et al. 2006. Dissociating
the primary reinforcing and reinforcement-
enhancing effects of nicotine using a rat self-
administration paradigm with concurrently
available drug and environmental reinforcers.
Psychopharmacology (Berl) 184 (3-4):
391-400.

185



4. Mouse Models and the Genetics of Nicotine Dependence

263. Robinson, T. E., and K. C. Berridge. 1993. 265. Kenny, P. J., and A. Markou. 2005.
The neural basis of drug craving: An Conditioned nicotine withdrawal profoundly
incentive-sensitization theory of addiction. decreases the activity of brain reward
Brain Research: Brain Research Reviews systems. Journal of Neuroscience 25 (26):
18 (3): 247-91. 6208-12.

264. Epping-Jordan, M. P, S. S. Watkins, 266. Salas, R., F. Pieri, and M. De Biasi. 2004.

G. F. Koob, and A. Markou. 1998. Dramatic
decreases in brain reward function during
nicotine withdrawal. Nature 393 (6680):
76-9.

Decreased signs of nicotine withdrawal

in mice null for the beta4 nicotinic
acetylcholine receptor subunit. Journal of
Neuroscience 24 (45): 10035-39.

186




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


