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Abstract Nicotine is one of the most widely concerning components of cigarette smoke. Long—term intake of nicotine can lead to nicotine depen-

dence that affects higher brain functions, which may involve anxiety, learning and memory impairments, and abnormal decision-making. To facilitate

analyzing the molecular mechanisms of nicotine dependence, it is common to establish rodent nicotine dependence models to better understand the

physiological changes. This paper summarizes and evaluates the application of animal behavior evaluation experiments in nicotine-dependent animal

models, in order to provide a reliable reference for researchers to establish rodent nicotine-dependent models for evaluation.
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rug dependence involves social

science, psychology, pharmacolo-

gy, psychiatry, genetics, behavior
and other disciplines!l. Nicotine depen-
dence (ND) is one of the most widespread
types of drug dependence. According to
2020 China Reported Health Hazards of
Smoking, there are about 1 billion smok-
ers in the world. In 2018, the smoking
rate of people over 15 years old in China
was 26.6%, with a total of more than 300
million peoplé®. The composition of cigarette
smoke is so complex that more than 7 000
substances have been found, and their
neurobiological effects are mainly revealed
by animal and cell tests with nicotine or
smoke condensate””. Tobacco has a dual
effect, and positive reinforcement occurs
primarily at the beginning of dependence,
including mild euphoria, enhanced memory,
and emotional relaxation, while the nega-
tive effects of smoking are caused by
withdrawal, including low mood, anxiety,

and impaired memory, which combine
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to eventually lead to tobacco use and
dependence!.

The establishment of animal models
with corresponding phenotypic character-
istics is the basis of molecular mechanism
research. Compared with other model or-
ganisms, rodents are featured by smaller
size, docile temperament, easy feeding
and short reproductive cycle, and the
structure, function, metabolism and de-
pendence characteristics are highly similar
to human beings. Mice and rats are major
rodents for nicotine-dependent models. By
simulating the nicotine-dependent envi-
ronment to build animal models, it is helpful
to study the relationship and mechanism
between the change of brain composition
structure and behavior change, including
activation of related brain  regions,
changes in the level of brain neurotrans-
mitters, and changes in higher brain func-
tions. In this paper, the application, ad-
vantages and disadvantages of various be-

havioral tests in the study of ND were an-
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alyzed in detail, so as to provide a useful
reference for the study of addiction mech-
anism, brain function injury and behavior

disorder of ND animal model.

1 Neurobiological Basis of

ND Behavior

The formation of ND has the dual in-
fluence of psychological disorder and be-
havioral disorder. In the study of molecu-
lar mechanism of nicotine addiction, it is
inconvenient to study human subjects.
Therefore, animal models, with their ad-
vantages of simple feeding, fast reproduc-
tion rate, high homology with human be-
ings and trainability, have become better
alternative research objects, playing an
important role in the study of ND. In pre-
vious studies, based on the establishment
of multiple ND animal models, nicotine
was found to induce the changes in ven-
tral tegmental area (VTA), prefrontal cor-
(HP) and other

brain neurotransmitters related to learning

tex (PFC), hippocampus

561 Tt mainly involves three

and memory
major nervous systems: dopaminergic (DA)
system, 5-serotonin (5-HT) system and glu-

tamatergic (Glu) system, and the projec-
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tion pathway is shown in Fig.1". Nicotine
causes changes in related neurotransmit-
ters in the brain and activates intracellular
signal transduction pathways by acting on
nicotinic acetylcholine receptors (nAChRs),
and contributes to changes in the morpho-
logical structure of neurons and advanced
brain functions, ultimately leading to the
formation of ND¥.,

1.1 Reward effects of ND The reward
effect induced by ND is mediated by the
neurotransmitter DA in the dopaminergic
system, and DA is mainly produced by
substantia nigra (SN) and VTA regions in
the midbrain basal ganglia. After the intake
of nicotine, the body produces a sense of
pleasure by causing a large amount of DA
release in the NAc area, which is the
main cause of DAP!. The reward pathway
induced by dopamine is called mesolimbic
pathway or reward way ". In addition,
the SN-striatum pathway projecting from
SN to striatum is also associated with ND

. Therefore, the abnormal re-

behavior !
lease of DA in the dopaminergic system
caused by nicotine is the main physiologi-
cal incentive for the formation of ND ™.
Psychologically, it is mainly related to re-
inforcement effect, and will gradually in-
crease the dose of nicotine to produce re-
ward feelings, namely mental dependence
behavior, which is the cause of relapse

behavior 314,

Microdialysis experiments
on ND rat models found that acute nico-
tine injection or chronic long-term nico-

tine exposure significantly increased the

Nuclcus accumbens, NAc

Ventral tegmental area, VTA

Midbrain

level of DA release in NAc, indicating
that DA plays an important role in the

15 The rewarding effect of

process of ND
nicotine is similar to agonists for DA re-
ceptors, which can activate D1 receptors
to promote ND'L Tn rodents, the reward
effect caused by nicotine is mainly mani-
fested in the voluntary nicotine use pref-
erence, which is also a core feature of ND
behavior!"™",

1.2 Withdrawal effects of ND The
withdrawal effect caused by nicotine with-
drawal is mainly related to 5-hydrox-
ytryptamine (5-HT) neurotransmitters. An-
ato-mically, serotoninergic neurons origi-
nate from brainstem raphe nuclei group
and is usually associated with emotional
diseases, suicide, impulsivity and drug
abuse!"”. The neurotransmitter of this sys-
tem is 5-HT, a monoamine inhibitory neu-
rotransmitter, which plays an important
role in maintaining synaptic plasticity,
enhancing learning and memory, emotions,
etc.™. 5-HT also modulates DA release by
regulating 5-HT receptor on DA neurons™,
and 5-HT1A receptor on DA neurons of
NAc promotes the release of DA . The
main contributor to the withdrawal effect
is the inhibitory effect of 5-HT2A and
5-HT2C receptors on DA neurons in the
striatum and midbrain on DA release, thus
increasing anxiety symptoms™™J, Studies
have shown that chronic nicotine exposure
can cause increased 5-HT levels in the
brain, which may be another risk factor for

addiction and relapse®, and 5-HT levels

—> Dopaminergic neuronal pathway
=2 Serotonin neuronal pathway

—> Glutamatergic pathway

Dorsal striatum
Thalamus, TH

Hippocampus

- Substantia nigra, SN

DRN

Raphe nuciei

Fig.1 Three major nervous systems project to related areas of the brain

would decrease after withdrawal. Increas-
ing 5-HT level is helpful to reduce relapse
and other ND behaviors ®. This also ex-
plains the cor-relation between anxiety
and depression symptoms caused by quit-
ting smoking and decreased activity of 5-
HT neurons ®!. Emotional instability, hy-
peractivity and restlessness caused by ND
are related to abnormal emotional behavior
caused by 5-HT receptors™, which mainly
manifests in rodents as excessive combing,
chewing, tremors, wet-dog shakes and
tooth chatter. These behavioral character-
istics can be used to evaluate the with-
drawal behaviors in animal models™.

1.3 Formation of ND behavior The
formation of ND behavior also depends on
the glutaminergic system, which is mainly
involved in synaptic plasticity, cognition,
learning and memory, and developmental
processes of the brain™ Glutamic acid (Glu)
is the most important excitatory neurotran-
smitter, 50% of which involve in synaptic
transmission, while ionic Glu receptors are
involved in many pathophysiological pro-
cesses such as learning, memory, drug depen-
dence and neurodegenerative diseases .
Rodent models are also useful for evaluat-
ing their ability to learn and remember
after nicotine addiction. After nicotine en-
ters the brain, it can act on PFC and
cause Glu to release excitatory DA neu-
rons, thus producing a reward effect™. On
the other hand, nicotine can act on exci-
tatory Glu neurons to form long-term po-
tentiation (LTP). The brain is composed of
neurons and glial cells connected to each
other. Nicotine strengthens these connec-
tions through the glutaminergic system,
causing structural changes in the brain.
This is another neural basis for ND
behavior.

1.4  Relationship between ND and
other neurotransmitters Nicotine also
interacts with other neurotransmitter sys-
tems in the brain. Studies showed that the
(NE) in the rat

midbrain increased after acute or chronic

release of norepinephrine

nicotine treatment in rodent models ®.
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Nicotine regulates the secretion of NE in
two ways: directly acting on the nAChRs
of locus coeruleus; indirectly regulating
NE secretion via GABA!. In addition,
nicotine regulates synaptic  plasticity
throughout the brain through slow inhibi-
tion mediated by metabolic GABAB rece-
ptors (ABABRs)®. GABA receptor agonists
can reduce the NE release induced by
nicotine, and inhibit the formation of con-
ditioned position preference (CPP) and ni-
cotine self-medication behavior™. Endoge-
nous cannabinoid receptors are also asso-
ciated with nicotine addiction™. Endoge-
nous cannabinoid receptor antagonists will
weaken the activity of DA in the mesen-
cephalic limbic system, thereby reducing
the reward effect of nicotine ™. In sum-
mary, a variety of neurotransmitters are
involved in regulating the formation of ND

behavior.

2 Behavioral Evaluation Ex-
periment of ND Models

According to the neurobiological ba-
sis of nicotine addiction, the abnormal
brain structure and function can be sum-
marized into three characteristics: mental
and

dependence, physical dependence

drug resistance. Mental dependence is

mainly reflected in the initial stage, that
is, animal emotional pleasure, increased
autonomous activities, and memory en-
hancement to produce psychological crav-
ing. Physical dependence and drug resis-
tance are mainly manifested as an en-
hanced response to mental activity stimu-
lation in animals. Cessation of nicotine
exposure leads to nicotine withdrawal
symptoms, such as physical withdrawal
signs, anxiety and depression-like behav-
iors, learning and memory deficits, and
restlessness. Behavioral tests of ND animal
models include the five aspects of behav-
ioral preference, learning and memory,
cognitive and decision-making function,
emotion and exercise coordination ability.
These experiments are helpful to establish
and evaluate ND models (Fig.2).

2.1 Behavioral preference training ex-
periments In behavioral preference
training experiments, addictive drugs or
controls are given to animals through spe-
cific instruments and training methods
that simulate the addiction process, so
that animals can establish a relationship
between addictive substances and the en-
vironment and eventually produce prefer-

ences. Rodents are used to establish hu-

man-consistent ND behavior, to further

study the dependence degree and molecu-
lar mechanism of this animal model. Be-
havioral preference training is mainly
composed of self-administration model,
light

position preference model, behavioral sen-

self-sufficient model, conditioned
sitization model, etc. ®. Rodent depen-
dence on nicotine can be obtained by re-
peated injection of nicotine, long-term in-
fusion of nicotine through osmotic microp-
umps, oral administration of nicotine,
cigarette smoke exposure, nicotine atomi-
zation exposure, and exposure to e-cigarette
aerosol containing nicotine. The evaluation
criteria of behavioral preference training
experiment are mainly evaluated from the
four aspects of reliability, test validity,
practicability and sensitivity.

Self-ad-

ministration test (SA) is the self-adminis-

2.1.1 Self-administration test.

tration training of experimental animals
through an operant conditioning test box,
and its most notable feature is that it ac-
quires nicotine in a completely autonomous
manner (press rod or nose touch)™®. Intra-
venous nicotine concentration in rats and
mice ranges from 0.03 to 0.1 mL/kg; too
low a concentration is not enough to form
drug dependence, and too high a concen-

tration will lead to nicotine aversion 9.

Behavioral evaluation experiments on nicotine addiction models
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Fixed ratio and progressive ratio are set in
program training, to compare the variation
in the number of pressure rods or nose
contacts of animals at each stage in dif-

ferent procedures®,

The withdrawal stage
after addiction, namely break point, can
evaluate the level of addiction and the

drug seeking degree of animals®™®

. Experi-
mental animals in the intravenous self-ad-
ministration drug model can well simulate
the active drug seeking process and drug
use behavior of drug users, and can accu-
rately grasp the intake dose of drugs,
which is a classic model for studying drug
addiction. However, the disadvantage is
that animal operation is difficult, and often
has a high failure rate ®*% At present, nico-
tine self-administration models that can
better simulate smoke inhalation have
been developed, such as novel aerosol in-
halation type nicotine self-administration
model™, which releases electronic cigarette
aerosol containing different concentrations
of nicotine (20, 40, 80 mg/mL) through
animal autonomous nasal contact™. It can
be used to evaluate different types of
nicotine products containing nicotine or
nicotine salts. The aerosol self-administra-
tion model can also be used to evaluate
the ND enhancement properties of other
complex chemical components and addi-
tives in cigarette smoke and electronic
cigarette aerosol. However, the precise
control of aerosol release stability and the
accurate evaluation of actual drug dose
ingested by animals are still technical
difficulties.

Self-administration training can ac-
curately count the frequency of adminis-
tration. In terms of structural validity, it is
similar to the human addiction mecha-
nism, and fully reflects the subjective re-
quirements of animals and has high relia-
bility. However, it also has limitations,
and can not well reflect the strong craving
state when there is no drug available.
2.1.2

Conditional position preference (CPP) is

Conditional position preference.

an animal model based on classical con-

ditioning, which is used to establish a re-
lationship between the injected substance
and the environment by giving animals a
reward or aversion stimulus or control sol-
vent. It usually consists of 3 compart-
ments. The environment of the two com-
partments must be different, contrasting in
space configuration, color, floor and even
other senses, with the middle compartment
used to adapt to the environment. During
nicotine training, nicotine is injected in
the white box and normal saline is injected
into the black box. After multiple operations,
animals can form a conditional match be-
tween the environment and nicotine™. At
present, the nicotine CPP models success-
fully established can induce CPP in rats
within the dose range of 0.1-1.4 mg/kg.
In addition, it is also an important means
to study addiction by using CPP training
to give reward stimulation to study the neural

pathways of reward system™!.

Rodents can
construct ND models through CPP train-
ing, to evaluate its influence on learning
and memory ™' and the preference differ-
ences caused by gender differences™".
The construction principle of CPP
animal model is based on the low-level
reflex activity innervated by the lower
nervous system. The training is easier and
cheaper, and the experiment period is
short. Therefore, CPP animal model has
been widely applied in the construction of
addictive behavior model, which is more
suitable for the experiment with a large
amount of data and relatively discrete data.

2.1.3

Behavioral sensitization training is mainly

Behavioral sensitization training.

based on the theory of "neurostimulation
sensitization", that is, a transformation of
psychological activity from "like" to "need"
for addictive drugs'®. The establishment
process of behavioral sensitization includes
three stages, namely, formation stage, trans-
formation stage and expression stimulation
stage. During the formation stage, the ani-
mals were injected with nicotine every day
for 5-7 d. During the transformation stage,

drug administration was stopped and with-

drawal lasted for 4-7 d, during which ani-
mal behavior changed to sensitization. In
the expression stimulation stage, beha-
vioral sensitization was triggered by nico-
tine injection in animals, and the sponta-
neous activity increased significantly.
Through 3 periods of training, the animals
shifted from high activity to nicotine to
behavioral sensitization. Animal behavior
sensitization training will produce addictive
exercise effects such as increased exercise
behavior™!. The increase of DA level in
the brain caused by nicotine through direct
or indirect means is directly manifested as
increased animal activity®. Rodents usua-
lly show an increase in exercise behavior
and repeated behavior (such as chewing,
shaking head and tickling) in a relatively
narrow space. In the experiment, motor
coordination ability can be further used to
evaluate the level of addiction.

At present, the theory of addiction
sensitization, which has good theoretical
and structural basis, has been widely rec-
ognized. Due to simple operation, short
experimental period and intuitive evalua-
tion method, it has been a good ND and
anti-addiction efficacy evaluation.
2.2 Decision and cognition test Long-
term nicotine exposure can lead to changes
in brain structure that will affect the neural
structure and brain function related to de-
cision-making. Risk decision experiments
can be used to detect the impaired decision-
making ability of animals. The decision
and cognition tests of rodents include rat
gambling task (RGT), probability discount-
ing task (PDT), delay reward task and rat
balloon analog risk task (R-BART)™. The
basis of good decision behavior includes
reward, emotion, learning and memory,
exercise execution and other nervous sys-

tems !,

Brain function impairment may
lead to cognitive disorders, behavioral ab-
normalities and other phenomena. "From
cognitive improvement to relapse preven-
tion" has been regarded as the idea of
auxiliary treatment of addiction disorders®".

Neurotransmitters such as DA and 5-HT
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also participate in the regulation of risk
decision making and various cognitive
functions®™. PDT test has proved that ad-
diction can cause damage to orbitofrontal
cortex and frontal cortex, thus affecting
decision. Decision cognitive tests can eva-
luate the decision behavior and cognitive
level of rats and mice in nicotine prefer-

3 and impulsive selection in

ence training
delay reward tasks can predict the re-use
of nicotine after withdrawal®,

Withdrawal

syndromes composed of physical, emo-

2.3 Animal mood test

tional and cognitive symptoms caused by
smoking cessation are risk factors for re-
lapse'™). These withdrawal symptoms are
most evident within the first week after
cessation of nicotine exposure, with anxiety
and depression-like behaviors, as well as
learning and memory deficits lasting for

months ™.

Emotional symptoms in rodents
are more subtle than somatic symptoms,
so assessment requires a series of behavi-
oral analyses to reveal the emotional
changes associated with withdrawal. Mood
tests mainly include elevated plus maze
(EPM), zero maze or O-maze, sucrose
preference test (SPT), tail suspension test
(TST), forced swim test (FST), intracranial
self-stimulation  (ICSS), etc., and the
emotional state of animals with ND can
reflect the severity of withdrawal symptoms.
EPM is used to measure the stress of
nicotine exposure in test animals®, which
is easy to test and record, and does not
require pre-training, but relies on the ex-
ploratory nature of rodents™. The reduced
time spent exploring the open arm of
O-maze reflects anxious behavior after
SPT and FST are used

to test anhedonia and depression in ani-
61-62
i61-621

nicotine intake™.
mals during nicotine withdrawa and
sucrose preference decreases in mice dur-
ing nicotine withdrawal™. FST test shows
that the increase of despair behavior in
the nicotine withdrawal model is mani-
fested as no exercise. In order to rule out
insufficient movement performance, en-

durance swimming test could be supple-

mented™. Anhedonia is one of the symp-
toms of withdrawal, and ICSS can be used
to assess anhedonia during withdrawal [,
as well as nicotine exposure and nicotine
administration during acute and chronic
withdrawal®.,

24 Learning and memory test The
nAChRs of a7 and a4B2 are highly ex-
pressed in the brain regions important for
learning and memory, such as hippocampus

and cerebral cortex'®.

Withdrawal symp-
toms such as learning and memory deficits
would persist from day 1 to day 90 after
exposure to e-cigarette aerosol or smoking
cessation in mice™. Long-term exposure
to nicotine can lead to desensitization of
nAChRs, which has certain effects on the
learning and memory ability of animals.
Maze tests are commonly used experimen-
tal instruments to study learning, memory,
spatial orientation and cognitive ability of
rodents, including T-maze, Y-maze, water
maze, eight-armed labyrinth, ete.'™. Such
a maze is frequently used to evaluate cog-
nitive decline, hippocampal structural dam-
age, and the effects of nicotine on spatial
memory in ND animal models, and signif-
icant deficits in attention and working
memory have been found in male mice
exposed to nicotine®. Eight-armed laby-
rinth evaluation shows that mice exposed
to nicotine show deficits in spatial and
reference memory™. Tn addition, different
learning and memory methods, such as
improved elevated maze test, situational
fear conditioning test, passive avoidance
test and object recognition test, can be
used to evaluate the learning and memory
ability during ND and withdrawal.

2.5 Exercise coordination ability ex-
periment Low doses of nicotine increase
exercise activity and sensitize mice and
rats. Sensory tests, exercise tests, reflec-
tion tests and beam balance tests are per-
formed on rodents to assess the level of
neurological deficits and nerve damage!™.
The evaluation tests include open field test
(OFT), rotarod test (RRT), beam walking,
grip test, grid walk test (GWT), etc. OFT is

used to evaluate the occurrence of various
behaviors of experimental animals in a wide

environment 7.

Through record analysis,
it is found that after nicotine withdrawal,
animals have abnormal states such as
trembling, shaking, jumping, retrea-ting,
nodding, chewing, standing, scratching,
teasing, rotating, digging, abdominal con-
traction and licking!™!. RRT and beam
walking can measure exercise coordination
and balance, also is used to test possible
side effects of nicotine ingestion on exer-
cise coordination and assess function de-

fects of sensorimotor nerve ™I,

Grip test
evaluates the influence of nicotine on ani-
mal limb muscles, and grid walking test is
mainly used to evaluate exercise abnor-
malities and behavioral defects™. Most of
these tests require automated equipment
and software to perform video analysis.

2.6 Experimental data acquisition and
analysis methods  Behavioral experi-
ments need objective judgment of indica-
tors, and the normal activities of animals
should not be affected during the observa-
tion process, so as lo ensure the correct-
ness of experimental results. At present,
data collection for animal behavior testing
can be carried out by means of instru-
ments and equipment, including data in-
formation, video information, sound infor-
mation, etc. (Fig.3)". Image processing is
capable of more flexible, fine and com-
prehensive measurement of animal behav-
iors, and has become the most popular
behavior recognition technology™. Peleh
et al." invented a tracking and analysis
tool to observe the behavior of a group of
mice. A variety of software analysis sys-
tems and algorithm designs have been de-
veloped, and the basic process is shown in
Fig.3. Motion trajectories and various be-
havioral characteristics of rodents in the
divided areas can be analyzed online, and
heat maps and charts of motion trajecto-
ries can be generated to improve the ac-
curacy and efficiency of animal behavior

experiments.
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Fig.3 Experimental data acquisition and analysis process

3 Conclusions

The mechanism of nicotine addiction
is very complex. How to evaluate the de-
pendence degree of animal model and its
withdrawal symptoms is a problem worthy
of further discussion. To study the mecha-
nism of ND formation, maintenance and
relapse, the primary challenge is to develop
higher and more effective animal models
of dependence and withdrawal and behav-
ioral evaluation models. The ND models
and animal models of nicotine withdrawal
are established by various exposure meth-
ods, which could evaluate from the degree
of addiction, the severity of withdrawal
symptoms and the effect of drug treatment.
In behavioral tests, in addition to detec-
tion methods and technical parameters,
there are many factors that can affect the
experimental results, which should be
greatly concerned. First, the choice of ad-
ministration method should be closer to
the actual use of tobacco products. Second,
we should constantly develop more perfect
test methods and automated recording and
analysis instruments and equipment for
behavioral science, so as to reduce external
influences and improve the objectivity and
accuracy of data collection and analysis.
Besides, most existing studies have used
only adult male rodents to assess the effects
of nicotine withdrawal and drug therapy.
In order to improve the predictive validity
of various ND models, more effective ani-
mal dependence and withdrawal models
can be developed to study ND and its
symptoms after withdrawal. In addition,
exploring the differences between ND and
gender and age will have greater signifi-
cance for the treatment of human ND,
which may promote the development of
new drug therapies and reduce the symp-

toms of ND and withdrawal. It is expected

to fully reveal the molecular mechanisms
of relevant brain regions, neural circuits

and neurotransmitters.
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