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Abstract: Tobacco smoking is the leading cause of preventable death and disease. Although there are
some FAD-approved medicines for controlling smoking, the relapse rate remains very high. Among
the factors that could induce nicotine relapse, stress might be the most important one. In the last
decades, preclinical studies have generated many new findings that lead to a better understanding of
stress-induced relapse of nicotine-seeking. Several molecules such as x3(34 nicotinic acetylcholine
receptor, a2-adrenergic receptors, cannabinoid receptor 1, trace amine-associated receptor 1, and
neuropeptide systems (corticotropin-releasing factor and its receptors, dynorphine and kappa opioid
receptor) have been linked to stress-induced nicotine relapse. In this review, we discuss recent
advances in the neurobiology, treatment targets, and potential therapeutics of stress-induced nicotine
relapse. We also discuss some factors that may influence stress-induced nicotine relapse and that
should be considered in future studies. In the final section, a perspective on some research directions
is provided. Further investigation on the neurobiology of stress-induced nicotine relapse will shed
light on the development of new medicines for controlling smoking and will help us understand the
interactions between the stress and reward systems in the brain.
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1. Introduction

The tobacco epidemic remains one of the biggest public health threats in the world [1].
According to the Centers for Disease Control and Prevention, tobacco smoking is the lead-
ing cause of preventable death and disease in the United States. The situation is estimated
to be worse under some conditions that increase stress and anxiety, such as COVID-19 lock-
downs. It has been reported that pandemic lockdowns may be associated with increased
daily tobacco consumption and relapse, which may even be sustained after lockdowns [2].
Nicotine is widely accepted as the key component of tobacco that produces addictive effects.
In this regard, nicotine replacement therapy has been used as a common approach to assist
smoking cessation worldwide [3]. Other pharmacological treatments for controlling smok-
ing include the FDA-approved varenicline tartrate and bupropion hydrochloride, which
do not contain nicotine. Although these currently available treatments could effectively, to
some extent, help quit tobacco use, the relapse rate remains high. A study showed that the
relapse rate of smoking within six months after abstinence was estimated to be as high as
75% [4]. Therefore, relapse has been the most critical barrier to the long-term success of
smoking cessation.

The relapse of nicotine use could be triggered by many factors, including symptoms
of nicotine withdrawal, weight gain, and stress [5-9]. Among them, stress is particularly
important due to the natural characters of stress: common in daily life, unpredictable,
highly variable, and occasionally disastrous [7,8]. These features of stress influence the
function of the stress and reward systems in the brain and make the stress-triggered
relapse of nicotine use a very complex problem [10-13]. In the last decades, accumulative
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studies have generated new findings that lead to a better understanding of stress-induced
relapse of nicotine-seeking. This review discusses recent advances in the neurobiology,
treatment targets, and potential therapeutics of stress-induced nicotine relapse. In the
final section, a perspective on some directions that could be investigated in future studies
is provided.

2. Experimental Models of Stress-Induced Nicotine Relapse

In humans, the reappearance of smoking behavior after abstinence could be classified
into three concepts: a relapse, which was defined as seven consecutive days of smoking
at least one puff per day following a period of total abstinence; a lapse, which could
be defined as an isolated smoking episode; a relapse crisis, which could be defined as
any situation in which the temptation to smoke occurs [14]. However, these concepts
have not been distinguished in the currently available experimental models of nicotine
relapse. In this review, nicotine relapse is simply referred to as the reappearance of nicotine-
taking or nicotine-seeking behaviors after abstinence. Although human and animal models
of stress-induced nicotine relapse were reported in the literature, the former was not
widely used [15,16]. Most of our understanding of stress-induced nicotine relapse is from
investigations using animal models [16-18].

2.1. Nicotine-Induced CPP and Nicotine Self-Administration

Currently available animal models of stress-induced relapse are established based
on drug-induced conditioned place preference (CPP) and drug self-administration, the
two widely used behavioral tasks to assess the rewarding and reinforcing effects of drugs
(Figure 1) [19-21]. Although these animal models have similar processes, i.e., condition-
ing/training, extinction, and stress-induced reinstatement, they are fundamentally distinct.
Nicotine-induced CPP is a typical Pavlovian conditioning paradigm in that a contextual
CS (conditioned stimulus) is associated with the US (unconditioned stimulus), i.e., the
euphoria experience of drug use. Nicotine self-administration is an operant conditioning
paradigm in which active operant behavior (response) is reinforced by drugs of abuse
(outcome) [22,23].

Here, we briefly describe the typical processes of these models (Figure 1). (1) Stress-
induced reinstatement of nicotine CPP: for the conditioning of nicotine-induced CPP, an
animal is confined in one side of the CPP chamber after injection of the drug, whereas
the animal receives an injection of saline or vehicle when confined in the other side of
the CPP chamber. After several association trainings, the animal will exhibit a preference
for the nicotine-associate context during the CPP test, which is revealed by the longer
time spent in the nicotine-paired context than the non-paired side. Extinction will oc-
cur after repeated exposure to the context without drug pretreatment, and the animal
does not show a preference for the nicotine-paired side anymore after successful extinc-
tion. The preference can be triggered after the animal receives physiological, psycho-
logical, or pharmacological stress, termed stress-induced reinstatement of nicotine CPP.
(2) Stress-induced reinstatement of nicotine-seeking: an animal is trained to actively
press a lever or nosepoke that is paired with nicotine to obtain an injection of nico-
tine in the nicotine self-administration model. Extinction is then induced by replacing
saline with nicotine injection when the animal undergoes self-administration. The re-
sponse to the active lever or nosepoke can be reinstated when the animal experiences
stress. This behavioral phenomenon is termed stress-induced reinstatement of nicotine-
seeking behavior.
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Figure 1. Animal models of stress-induced nicotine relapse. (A) Schematic procedure of physical
stress- and yohimbine-induced reinstatement of nicotine CPP. Animals underwent pre-test, condition-
ing, expression test, extinction, extinction test, and reinstatement test of nicotine CPP. Acute physical
stress or yohimbine were given immediately before the reinstatement test. (B) Representative of
behavioral data. Stressed animals showed a higher level of preference for the nicotine-paired side
during the reinstatement test. (C) Schematic procedure of physical stress- and yohimbine-induced
reinstatement of nicotine-seeking. Animals underwent nicotine self-administration, extinction, and
reinstatement test. Acute physical stress or yohimbine were given immediately before the reinstate-
ment of the nicotine-seeking test. Active but not inactive lever was paired with intravenous nicotine
administration. (D) Representative of behavioral data. Stressed animals showed an increase in active
lever presses during the reinstatement test. (E) Schematic procedure of stress-enhanced reacquisition
of nicotine SA after forced abstinence. Animals underwent long-access nicotine self-administration
(23 h/day), forced abstinence in the home cage, and nicotine self-administration again (reacquisition).
Chronic restrained stress was conducted during the force abstinence period. (F) Representative of
behavioral data. Compared to non-stressed animals, stressed animals showed higher levels of active
presses during the reacquisition phase. CPP: conditioned place preference; SA: self-administration.
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2.2. Physiological Stress-Induced Nicotine Relapse

Different types of physical stressors, including footshock, forced swimming, and re-
straint stress, have been reported to induce nicotine relapse in preclinical models. The
first type of stress used under the experimentation condition to trigger drug relapse was
footshock, a physical stressor utilized in many other behavioral tasks such as fear condi-
tioning, active and passive avoidance, learned helplessness, and so forth [24-26]. Several
pioneering studies showed that, comparable with the effects of the drug itself, a brief expo-
sure to intermittent footshocks could reinstate the responding to drug-paired lever in the
drug self-administration model, providing the first conclusive evidence that physical stress
could reinstate drug-seeking behavior in animals [16-18,27,28]. Notably, many studies
have confirmed that intermittent footshock stimuli can reliably induce the reinstatement of
nicotine-seeking in rodents [18,29,30].

Besides self-administration, nicotine-induced conditioned place preference (CPP) has
been widely used in previous studies. However, to the best of our knowledge, stress-
induced reinstatement of nicotine CPP was not reported until 2008 [31]. It was shown in the
study that acute restrained stress (30 min duration, immediately before CPP test) applied
either 1 or 15 days after the extinction of nicotine CPP could lead to a robust reinstatement
in rats [31]. Consistently, restraint stress, when applied immediately before the CPP test, is
also a potent factor that could induce reinstatement of nicotine CPP in mice [32]. Later, it
was shown that intermittent footshocks could also induce the expression of extinguished
nicotine CPP [33]. Together, these data indicated that stress could reliably reinstate the
nicotine-seeking in the nicotine SA model and the nicotine CPP in rodents.

2.3. Yohimbine-Induced Reinstatement of Nicotine-Seeking and Nicotine CPP

A large body of evidence indicates the noradrenergic system that originated from
the locus coeruleus is crucial for the stress response, stress-related disorders, and drug
addiction [34-36]. In particular, several agents targeting the noradrenergic system have
been reported to be able to reinstate drug-seeking behaviors [37]. The most well-studied
pharmacological stressor that could induce the reinstatement of nicotine-seeking is the
a2-adrenergic receptor antagonist yohimbine [37]. There is extensive evidence that yohim-
bine has anxiogenic properties [38-40]. When administered systematically, yohimbine
can induce anxiety in humans and rodents. Studies have demonstrated that yohimbine
could generally lead to the reinstatement of drug-seeking behavior associated with many
types of drugs of abuse, including nicotine. It was shown that yohimbine could lead
to the reinstatement of nicotine-seeking when injected alone and potentiate cue-induced
reinstatement when administered with cue presentation [30,33,41-43]. Furthermore, yohim-
bine could also induce the expression of nicotine CPP after extinction [33]. Consistently,
systemic administration of yohimbine could reinstate the extinguished nicotine-induced
CPP [33]. In a double-blinded, placebo-controlled, randomized crossover design study,
it was shown that a combination of yohimbine and hydrocortisone could significantly
increase nicotine-seeking behavior [9].

2.4. Stress-Enhanced Reacquisition after Extinction after Abstinence

Some animal studies showed that stress could enhance the reacquisition of nicotine self-
administration after abstinence [44,45]. The studies revealed that repeated restraint stress
(four sessions in total) during the abstinence from nicotine self-administration enhanced
the subsequent reacquisition. This effect was not observed in animals that received limited
stress (two sessions in total), suggesting that chronic repeated stress is required for this
phenomenon [44]. It was demonstrated that the basolateral amygdala (BLA), ventral
hippocampus (vHIPP), BLA-nucleus accumbense (NAc), and vHIPP-BLA circuits were
essential for the effects of stress on the reacquisition of nicotine self-administration [45]. In
addition, microinjection of positive allosteric modulators of GABA 4 receptors into the BLA
attenuated the reacquisition promotion effects of stress [45]. Therefore, these data provide
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evidence that the BLA could be a crucial brain area that mediated the stress-enhanced
reacquisition of nicotine self-administration.

However, we argue here that the model indeed evaluates nicotine intake after absti-
nence rather reacquisition of nicotine self-administration. Reacquisition (or relearning)
refers to additional training similar to the original learning process [46-50]. Notably, in
the “reacquisition” models, the reacquisition/relearning of drug self-administration typi-
cally follows an extinction or punishment process that induces the suppression of original
behavioral responses [47-49,51-53]. In other words, the reacquisition model requires an
extinction or punishment process to diminish the operant behavioral response before the
subsequent reacquisition process. However, in the study by Yu and colleagues, nicotine
self-administration was reevaluated only after a period of forced abstinence. Since the
operant behavior remained before the second self-administration (or intake) phase, there
was indeed no occurrence of “reacquisition” in these studies. Notwithstanding, we think
this model provides an alternative behavioral strategy to study nicotine relapse since it
is distinct from the reinstatement models in that animals do not have access to the drug
during the behavioral tests.

3. Therapeutic Targets for Stress-Induced Nicotine Relapse

Accumulative studies using the behavioral models discussed above have implicated
many molecules that play crucial roles in stress-induced nicotine relapse. Here, we discuss
pharmacotherapeutic targets that we believe have the potential for developing effective
treatments for stress-induced nicotine relapse, e.g., ®334 nAChR, x2-adrenergic receptors,
CB1 receptor, TAAR1, and neuropeptide systems (Table 1).

Table 1. Summary of pharmacological interventions on stress-induced nicotine relapse.

Nicotine
Target Intervention Stress Type Relapse-like Effect Reference
Behavior
. . N Reinstatement of
334 nAChR Partial agonist AT-1001 (s.c.) Yohimbine L . Reduced [54]
nicotine-seeking
Agonist clonidine (s.c.) Reduced [43]
5-AR Agonists clonidine and Footshock Reinstatement of
& dexmedetomidine ootshoc nicotine-seeking Reduced [42]
(intra-CeA)
B1/p2-AR Antagc?mst propranolol Footshock R.ems.tatemen't of No effect [42]
(intra-CeA) nicotine-seeking
«1-AR Antagomst prazosin Footshock szms.tatemen.t of No effect [42]
(intra-CeA) nicotine-seeking
CBIR Neutral anta'gomst AM4113 Yohimbine R‘elnsjcatemen"c of Reduced [55]
(ip.) nicotine-seeking
CRF1/2R antagonist D-Phe
. Reduced [43]
CRF(12_41) (l.C.V.)
CRF1R anjcagorust . Reduced [56]
antalarmin (s.c.) Reinstatement of
CRFR . Footshock .. .
CRFIR antagonist nicotine-seeking Reduced [57]
R2789/CRA0450 (i.c.v.)
CRE2R antagonist Astressin
2B (i.cv) No effect [57]
Antagonist nor-BNI (s.c.) Forced swimming . Reduced [58]
Footshock and Reinstatement of
Nor-BNI (i.p.) o nicotine CPP Reduced [33]
KOR yohimbine
Nor-BNI (intra-BLA) Yohimbine Reduced [33]
Nor-BNI (i.p.) Yohimbine Reinstatement of Reduced [59]
KOR agonist U50,488 (i.p.) NA nicotine-seeking Induced [59]
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Table 1. Cont.
Nicotine
Target Intervention Stress Type Relapse-like Effect Reference
Behavior
OXIR Antagonist SB334867 (i.p.) Footshock Reinstatement of No effect [56]
Orexin A peptide (i.c.v.) NA nicotine-seeking Induced [56]
Ant. ists HS014 and Reinstat t of
MC4R Tagomsts - 5014 an Footshock emstatement o Reduced [30]
HS024 (i.c.v.) nicotine-seeking
NA Oxytocin (intranasal) Psychosocial stress Nicotine craving No effect [60]
(human)
NA Insulin (Intranasal) Psychosocial stress Nicotine cravings Reduced [61]
(human)
NA Buragstton Psych(?SOC1al and Nicotine cravings Reduced [62]
physical stress (human)

Reinstatement of nicotine-seeking was assessed in the nicotine self-administration model in this table. Abbre-
viations: AR: adrenergic receptor; CB1R: cannabinoid 1 receptor; TAARI: trace amine-associated receptor 1;
CRER: corticotropin-releasing factor receptor; KOR: kappa opioid receptor; MC4R: melanocortin-4 receptor;
NA: not appreciated; nAChR: nicotinic acetylcholine receptor; nor-BNI: norbinaltorphimine; OX1R: orexin-1
receptor. Except for those clearly stated, findings on the nicotine-relapse-like behaviors were from animal studies
in the table.

3.1. «3p4 nAChR

Nicotinic acetylcholine receptors (nAChRs) are the primary receptors that nicotine
directly binds to in the brain [63-65]. nAChRs are pentameric ligand-gated ion channels
that are composed of a-subunits (x2-10) and/or -subunits ($2-4). The direct evidence
that nAChRs are involved in the rewarding effects of nicotine is from studies using animal
brain slices and behavioral testings [66]. It was demonstrated that nicotine could directly
activate the nAChRs on the ventral tegmental area (VTA) neurons to modulate the firing of
dopamine (DA) neurons and thereby influence the DA transmission in the NAc, one of the
key projection brain areas of the VTA DA neurons [67,68]. The role of nAChR subtypes in
the rewarding, reinforcing, and adverse effects of nicotine and nicotine addiction has been
systemically introduced in many reviews (for example, please see reviews [69-73]).

Among these nAChRs, the «7 nAChR is the most common homomeric subtype and
exerts a relatively low affinity for nicotine. In contrast, the «432 receptors are the most
widely expressed heteromeric subtypes that are high-affinity for nicotine in the brain [73].
Indeed, different subunit-containing nAChRs might be distinctively involved in certain
aspects of the positive and negative effects of nicotine. For example, there are several lines
of evidence that the presynaptic o7 nAChR regulates the release of excitatory neurotrans-
mitters in the VTA to regulate dopamine transmission of DA neurons [74]. In contrast,
a5-containing nAChR in the habenular participates in the inhibitory motivational signal of
nicotine to control nicotine intake [75]. An o4 mutant mice line showing hypersensitivity
to nicotine showed enhancement in nicotine-induced CPP and was sensitive to nicotine-
induced hypothermia and tolerance, suggesting that «4 subtype activation was sufficient
for nicotine reward, tolerance, and sensitization [76]. Consistently, selective deletion of
o4 in the DA neurons abolished the anxiolytic effects of nicotine and prevented nicotine-
induced CPP [77]. The a3-containing nAChRs have been linked to the rewarding effects
of nicotine. Using whole-cell recordings, a study showed that 334 nAChR antagonist -
conotoxin AulB could completely prevent nicotine-induced activation of medial habenula
neurons [78]. Notably, the a334 nAChR partial agonist AT-1001 could dose-dependently
attenuate yohimbine-induced reinstatement of nicotine-seeking after extinction [54]. In
addition, AT-1001 did not induce robust withdrawal symptoms as the nicotine receptor
antagonist mecamylamine did in the experiment, suggesting that AT-1001 might be a
promising treatment for nicotine dependence [54]. The «334 nAChR is predominantly
expressed in the medial habenula (MHb), interpeduncular nucleus (IPN), and the fasciculus
retroflexus (fr) [79,80]. It was suggested that the 334 nAChRs in the MHb-IPN pathway
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may be critical in mediating nicotine reward and withdrawal [81]. However, the role of
o334 and other nAChR in stress-induced nicotine relapse remains understudied so far.

3.2. a2-Adrenergic Receptor

As mentioned above, mechanistic investigation on the footshock-induced reinstate-
ment of drug-seeking implicated the involvement of the noradrenaline (NE) system in
the stress-induced reinstatement of drug-seeking. Almost all of the adrenergic receptor
subtypes (x1-, x2-, 31-, 32-, f3-adrenergic receptors) are reported to be involved in re-
ward and drug relapse. For example, it was reported that microinjection of the 31- and
[32-receptor antagonists betaxolol and ICI-118,551 into the bed nucleus of the stria termi-
nalis (BNST) or central amygdala (CeA) could block footshock- but not priming-induced
reinstatement of cocaine-seeking [82]. The «l antagonist prazosin at a certain dosage
could dose-dependently reduce nicotine self-administration without affecting food con-
sumption [83]. Prazosin could also reduce cue- and priming-induced reinstatement of
nicotine-seeking [83]. Among all the adrenergic receptors, the x2-adrenergic receptor may
be the best-studied adrenergic receptor in stress-induced nicotine relapse.

It was shown that the x2-adrenergic receptor agonists clonidine, lofexidine, and guan-
abenz could prevent footshock-induced NE release in the locus coeruleus LC-projecting
brain regions PFC and amygdala [84]. Systemic administration of these compounds attenu-
ated footshock- but not priming-induced reinstatement of cocaine-seeking, suggesting a
selective role of the «2-adrenergic receptor in stress-induced drug relapse [84]. Consistently,
systemic administration of clonidine could significantly reduce footshock-induced reinstate-
ment of nicotine-seeking [43]. It should be mentioned that one concern for the inhibitory
effect of clonidine is that the lowest effective dose of clonidine on nicotine relapse slightly
but significantly decreased response for chocolate-flavored food pellets, suggesting a poten-
tial non-specific inhibition [43]. Further study showed that intra-CeA administration of the
«2-adrenergic receptor agonists clonidine and dexmedetomidine, but not the nonselective
31/ p2-adrenergic receptor antagonist propranolol or the «1-adrenergic receptor antagonist
prazosin, attenuated footshock-induced reinstatement of nicotine-seeking [42,43]. Further-
more, the inhibitory effects of intra-CeA clonidine and dexmedetomidine were not due to
non-specific motor inhibition since local administration of these compounds did not affect
food self-administration [42]. Taken together, these data suggested that the x2-adrenergic
receptor in the CeA might be important for stress-induced nicotine relapse.

3.3. CB1 Receptor

The endocannabinoid system has been greatly implicated in drug addiction [85-87].
The cannabinoid receptors include the CB1 receptor, CB2 receptor, and a putative CB3
receptor (GPR55). Although there is some evidence that pharmacologically modulating
activities of the CB2 (the potential CB2 receptor agonist 3-Caryophyllene) and GPR55 (the
GPR55 agonist O-1602) could influence nicotine intake and nicotine-seeking [88,89], the
CB1 receptor attracted the most interest from researchers in the field.

Many preclinical and clinical studies showed that CB1 receptor antagonists/inverse ag-
onists could attenuate the rewarding and reinforcing effects of nicotine, nicotine intake, and
relapse [90-94]. For example, the cannabinoid-1 receptor inverse agonist rimonabant could
significantly attenuate nicotine-induced dopamine release, nicotine self-administration,
and the cue-induced reinstatement of nicotine- and sucrose-seeking behaviors [90,95]. Ri-
monabant had been approved as an anti-obesity medicine but was withdrawn later due to
its adverse psychiatric side effects [96-98]. Other CB1 ligand, such as the CB1 neutral antag-
onist AM4113, was also reported to be potential avenues for the treatment of nicotine use.
AM4113 was shown to be a potential medicine for nicotine addiction regardless of addition
state since it could effectively reduce a wide range of nicotine addiction-related behaviors,
including nicotine-taking, motivation for nicotine, and cue- and drug-induced reinstate-
ment of nicotine-seeking [55]. AM4113 could block nicotine-induced firing of dopaminergic
neurons in the VTA [55]. Consistently, intra-VTA but not intra-NAc administration of
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the CB1 antagonist AM215 could block nicotine intake [99]. Further study confirmed the
inhibitory effects of AM4113 on the maintenance of nicotine self-administration and cue-,
drug-, and yohimbine-induced reinstatement of nicotine-seeking [55,100]. These data sug-
gest that AM4113 could be a potent medicine to help quit nicotine use and stress-induced
nicotine relapse.

3.4. Trace Amine-Associated Receptor 1 (TAAR1)

TAART1 is the best-well-characterized receptor of trace amine, a group of animal amines
expressed at the nalo molar level in the mammalian brain [101-103]. Since its first clone in
2001, TAART1 has been reported to be involved in many brain functions and brain disorders,
including drug addiction [104,105]. TAAR1 is mainly expressed in the monoaminergic
system in the brain, including the VTA, dorsal raphe, dorsal and ventral striatum, and
prefrontal cortex [101-103]. Electrophysiological and electrochemical data indicated that
TAARI1 could negatively modulate monoaminergic transmission [106,107].

There is growing evidence that the selective TAAR1 agonists could be potential ther-
apeutics for addictions to amphetamines, cocaine, nicotine, and opioids [101]. Studies
have also indicated the anti-stress properties of TAAR1 agonists [106,108]. For example,
TAAR1 agonists could attenuate stress-induced hyperthermia and stress-induced cognitive
impairment [108,109]. To date, only three studies have evaluated the effects of TAAR1 ago-
nists on nicotine-related behaviors and demonstrated the inhibitory effects of the TAAR1
agonists on nicotine addiction, relapse to nicotine, and nicotine withdrawal [110-112].
In particular, our unpublished data showed that the TAAR1 partial agonist RO5263397
could effectively reduce footshock-induced reinstatement of nicotine CPP (unpublished
observation). However, the role of TAAR1 and the effects of its agonists on stress-induced
nicotine relapse remain largely unknown. Further studies are needed to evaluate the effects
of other TAAR1 agonists on nicotine-induced relapse induced by different types of stress
and to investigate the underlying mechanisms.

3.5. Neuropeptide Systems

Accumulative evidence has suggested that the neuropeptide systems are crucial in
the development of drug addiction and relapse [113,114]. For example, a human study
showed that, during the withdrawal period from nicotine use, relapsers showed lower
levels of orexin (also known as hypocretin) and ghrelin but a higher level of peptide YY
in the blood [115,116]. Animal studies have suggested that different neuropeptides may
specifically mediate certain aspects of the behavioral effects of nicotine. Neuropeptides such
as corticotropin-releasing factor (CRF) ghrelin, neurotensin, and orexin could be important
for the rewarding effects, whereas, CRF, neuropeptide Y, and oxytocin might be involved
in nicotine withdrawal [117] (for more details, see a systemic review [118]). Despite the
increased attention on the role of neuropeptides in addiction, only a few studies have
investigated the role of neuropeptide systems in stress-induced nicotine relapse, and the
findings on some neuropeptides are mixed. The most well-studied neuropeptide systems
in mediating stress-induced nicotine relapse are CRF and dynorphin and their receptors.

3.6. CRF

CRF neurons have been found in various brain regions, predominantly in the paraven-
tricular nucleus of the hypothalamus but also in other areas such as the cortex, hippocam-
pus, VTA, and extended amygdala [119-121]. CRF exerts its function via two receptors:
CRF1 and CRF2, which are expressed in the brain and peripheral, with particular expression
patterns [122]. Extensive evidence has indicated that CRF is a key molecule that modulates
stress response and the negative reinforcing effects of various drugs of abuse, including
nicotine [123-126]. In particular, several studies have evaluated the effects of CRF receptor
antagonists on the stress-induced reinstatement of nicotine-seeking.

Systemic administration of the CRF1 antagonist antalarmin blocked footshock stress-
induced reinstatement of nicotine-seeking in mice [56]. Intra-cerebroventricular admin-
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istration of the CRF1/2 receptor antagonist D-Phe CRF(;541) at the dosage that had no
inhibitory effect on responding to chocolate-flavored food pellets could decrease footshock-
induced reinstatement of nicotine-seeking in the subgroup of stress-responsive rats [43].
Moreover, intra-cerebroventricular injection of the CRF1 antagonist R278995/CRA0450,
but not the CRF2 antagonist astressin 2B, dose-dependently reduced footshock-induced
reinstatement of nicotine-seeking [127]. In the same study, R278995/CRA0450 but not
astressin 2B decreased the nicotine receptor antagonist mecamylamine-potentiated brain
reward thresholds in nicotine-dependent rats [127]. In sum, these studies might indicate
that CRF1, but not CRF2, is a critical target mediating nicotine withdrawal-associated
anhedonic state and stress-induced reinstatement of nicotine-seeking.

3.7. Dynorphin and Kappa Opioid Receptor (KOR)

Many studies showed that stress could cause the release of dynorphin, a peptide that
activates the KOR within the monoaminergic systems to influence drug addiction [57,128].
Several lines of evidence support the involvement of the dynorphine-KOR system in
nicotine addiction and nicotine relapse [129].

Firstly, KOR is important for the stress-enhance expression of nicotine-induced CPP.
Similar to the effects of swimming stress, the kappa receptor agonist U50,488, when adminis-
tered one hour before the test, dose-dependently potentiated nicotine CPP expression [130].
In contrast, pretreatment of KOR antagonist nor-BNI could block both the effects of swim-
ming stress and KOR activation on CPP expression [130]. In addition, microinjection of
nor-BNI into the BLA prevented U50488-enhanced nicotine CPP, suggesting that KOR
in the BLA could be critical in mediating the effects [130]. Secondly, pharmacological
activation of KOR is sufficient to trigger the reinstatement of nicotine-induced CPP [131].
Thirdly, pharmacological inhibition of KOR could prevent stress-induced reinstatement
of nicotine relapse-like behaviors. A study demonstrated that systemic administration of
the selective KOR antagonist norbinaltorphimine (nor-BNI) selectively blocked the rein-
statement of nicotine CPP induced by forced swimming but not cue [58]. Consistent with
this, another study showed that systemic administration of nor-BNI significantly attenu-
ated footshock stress- and yohimbine- but not priming- induced reinstatement of nicotine
CPP [33]. The study further showed that the KOR activity in the BLA was essential for
yohimbine- and footshock stress-induced reinstatement of nicotine CPP [33]. In the nicotine
self-administration model, it was shown that nor-BNI could selectively prevent yohimbine-
but not cue-induced reinstatement of nicotine-seeking [59]. Lastly, genetic deletion of KOR
or dynorphin could completely prevent the yohimbine-induced reinstatement of nicotine
CPP [33].

3.8. Other Peptide Systems

Other neuropeptides, including orexin, oxytocin, and melanocortin 4 (MC4) receptors,
have also been linked to nicotine addiction and/or stress-induced nicotine relapse. Orexin,
aneuropeptide that has been linked to emotion, sleep, and stress response [132-135], may be
a potential therapeutic target for controlling nicotine use [136,137]. Intra-cerebroventricular
injection of orexin-1 could reinstate extinguished nicotine-seeking behavior, suggesting
that orexin-1 might be involved in nicotine relapse [56]. However, the orexin-1 receptor
blockade had no effects on stress-induced reinstatement of nicotine-seeking, suggesting
that the orexin-1 receptor might not be involved in stress-induced nicotine relapse [56].
A recent systemic review that analyzed the effectiveness of oxytocin, a peptide that was
proposed to be a potential therapeutic for addiction to various drugs of abuse, concluded
that there is no firm conclusion that oxytocin could effectively treat drug addiction [138].
A recent clinical trial showed that intranasal administration of oxytocin did not change
stress-induced nicotine craving assessed by subjective and physiological responses to stress
in daily smokers [60]. Insulin has also been linked to nicotine relapse. A study showed that
intranasal insulin reduced nicotine cravings and increased circulating cortisol levels [61].
There is evidence that the MC4 receptor might mediate the stress-induced nicotine relapse.
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A study showed that the MC4 receptor antagonists HS014 and HS024 could prevent stress-
induced reinstatement of nicotine-seeking [30]. Interestingly, these MC4 antagonists did
not affect the elevations in the intracranial self-stimulation thresholds precipitated by
the nAChR antagonist mecamylamine, a procedure to evaluate the dysphoria associated
with acute nicotine withdrawal [30]. These data thus suggested a selective role of the
MC4 receptor in mediating stress-induced nicotine relapse but not in nicotine withdrawal-
induced dysphoria.

Notably, the above-reviewed systems do not only regulate nicotine addiction but also
play important roles in stress-associated physiological and psychological processes. It is
known that the comorbidity of nicotine dependence and other psychiatric disorders is very
high. For example, it is estimated that smokers are approximately twice as likely to have
post-traumatic stress disorder (PTSD) than non-smokers in the general population, and
individuals with PTSD are twice as likely to be current smokers than individuals without
PTSD [139]. The comorbidity of nicotine dependence and other psychiatric disorders makes
the health conditions more complicated and might influence the treatment outcomes. For
example, although the «334 nAChR subtype partial agonist AT-1001 only produces weak
withdrawal symptoms, this might be a major issue for subjects with comorbid psychiatry
disorders because these patients might be more sensitive to innate stress response [54]. Thus,
future studies should investigate whether the potential targets mentioned above are suitable
for the prevention of stress-induced relapse when there is a comorbid disease condition.

4. Factors That Influence the Effects of Stress on Nicotine Relapse

Although the evidence reviewed above strongly supports that stress could generally
trigger nicotine relapse, various factors that influence the behavioral and chemical responses
to stress may affect the neural mechanism underlying the stress-induced nicotine relapse.
Here, we discuss three factors that we believe are important: the properties of stress itself,
individual response to stress, and sex-dependent response to stress.

Firstly, the effects of stress on nicotine relapse could be dramatically influenced by
the properties of stress, e.g., the intensity, duration, stress type, and controllability of
stress [131,140]. For example, the stressors used in the literature on stress-induced drug
relapse were usually mild stress, which could generally increase behavioral responses to
drug and reinstate drug relapse. However, studies showed that acute stress might contract
with nicotine-induced chemical and electrophysiological alterations in the brain. It was
shown that acute restraint stress could prevent nicotine-induced dopamine transmission
in the NAc shell and nicotine-induced firing and bursting activity in the VTA [141,142]. It
would be interesting to know whether this observation would be generalized to other types
of stress. A study showed that single prolonged stress (SPS), a model used to mimic severely
traumatic stress, reduced cocaine self-administration and cocaine CPP, indicating an anti-
rewarding effect [140]. This effect of the SPS stressor is distinct from the promoting effects
of the mild stressor footshock on cocaine self-administration [140]. Although the effects of
SPS on nicotine reward and relapse are unclear, current data might suggest that traumatic
stress might differently affect nicotine relapse compared to acute mild stressors. In addition,
it was shown that chronic mild stress applied before the conditioning of nicotine-induced
CPP blocked the reinstatement of nicotine CPP induced by the KOR agonist U50,488 [131].
Consistently, the KOR agonist U50,488 could cause reinstatement of nicotine CPP, which
could be blocked by chronic mild stress [131]. Furthermore, subjects exposed to controllable
stress may ameliorate stress-induced impairment of cognition and behaviors. Therefore,
controllability might also be a factor that influences stress-induced nicotine relapse. Stress-
induced behavioral and chemical responses could be affected largely by the properties of
stress, which would ultimately influence its impact on nicotine relapse. However, further
investigations are needed to uncover the detailed mechanisms.

Secondly, individual stress response or stress susceptibility may affect stress-induced
nicotine relapse. In a study, rats were assigned into low- and high-stress response groups
based on a cumulative score assessed by several stress-related tasks. Intriguingly, rats
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showed low- and high-stress responses responded differently to a single footshock-induced
reinstatement of nicotine-seeking without showing any difference in nicotine self-adminis-
tration acquisition or extinction [143]. The data thus suggest that the stress response trait of
subjects could predetermine footshock-induced reinstatement of nicotine-seeking. Stress
susceptibility could be influenced by genetic and epigenetic factors and stress experi-
ences [144]. For example, early life stress could dramatically affect the stress response and
coping strategies in later life [144]. Studies showed that early life stress is a common risk
factor for various mental disorders, including addiction. Compared to individuals with
low early life stress, human subjects with high levels of early life adversity showed greater
levels of adrenocorticotropic hormone but lower levels of plasma and salivary cortisol
levels in response to stress [145]. This indicated that early life adversity had a profound
effect on stress-induced biological changes [145]. However, the impact of early life adverse
stress on stress-induced nicotine relapse is understudied so far.

Thirdly, sex might be a crucial factor that influences stress-induced nicotine relapse [146].
Many studies have reported the sex-dependent effects of stress and stress hormones on
tobacco use or the rewarding effects of nicotine. A clinical study demonstrated that lower
saliva cortisol levels could predict relapse in men, whereas greater cortisol levels could
predict relapse in women [147]. An animal study showed that nicotine could only dose-
dependently induce CPP in male but not female animals, indicating sex-dependent con-
ditioning of nicotine-induced CPP [148]. There is strong evidence that, compared to men,
women are more likely to relapse after abstinence from smoking [149-152]. Particularly,
women are less likely to quit tobacco use in response to stressful life events (i.e., health and
financial events) compared to men [153]. An animal study showed that female rats, when
compared to male rats, were more sensitive to the yohimbine-enhanced reinforcing efficacy
of nicotine [154]. These data indicate that stress might be a principal factor that promotes
tobacco use and relapse in females and that stress-induced relapse is strongly dependent
on sex [5]. However, the sex-dependent effects of stress-induced relapse and its underlying
mechanisms remain largely understudied, which should be investigated in future studies.

5. Social Stress-Induced Nicotine Relapse

Although this review focuses on findings from preclinical studies, we acknowledge
that many human studies have provided important information on the neurobiology
of stress-induced nicotine relapse. In particular, social stress has been recognized as a
determinant factor that triggers smoking relapse and has received extensive attention for
decades [155].

The interaction between social stress and smoking relapse is complex. It is widely
accepted that a blunted response to social stress could predict relapse (please see Section 6.3
below). For example, a study showed that compared to non-smokers, smokers exhibited
blunted stress response to acute stress that included public speaking, a kind of social stress,
and math tasks [156]. As mentioned above, nicotine replacement therapy has effective
treatment effects on preventing nicotine withdrawal and relapse; however, this treatment
might induce some undesired responses to stress. Compared to the placebo patch, the
treatment of the nicotine patch reduced social stress-induced hormonal response during
withdrawal [157]. Because blunted stress response usually predicts a high rate of relapse,
this study thus indicated a potential side effect of nicotine replacement [157]. It is worth
noting that a clinical study showed that stress-related increases in risk-taking and attention
failures, but not stress-related impulsivity, nicotine craving, or withdrawal, might predict
early relapse to smoking in young adults. In a study, it was reported that psychosocial stress
could elicit a high craving for nicotine, which could be reversed by some pharmacological
treatment [61]. Taken together, these studies indicated that certain types of responses to
social stress might be associated with smoking relapse [158]. However, this issue needs to
be further investigated in future studies with larger cohorts of smokers.
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6. Perspectives on Future Research Directions

Besides the urgent need to uncover the neurobiological underpinnings of stress-
induced nicotine relapse, we propose here some other research directions on the effects of
stress on nicotine relapse that should attract more attention.

6.1. The Brain System Actively Involved in Early Withdrawal

An interesting phenomenon is that although the relapse rate of smoking is very
high within six months after abstinence, 60% to 70% of smokers who did not relapse
within six months achieved successful cessation for at least eight years. A recent study in
Korea, which included 463 participants, showed that among all participants who relapsed
(72.8%), 82.2% of all relapses occurred within six months [159]. This clinical observation
may imply that prevention of relapse within six weeks is critical for long-term smoking
cessation. The time-dependent pattern should attract more attention in clinical treatments
and mechanistic investigations in preclinical studies. We hypothesized that subjects with
successful smoking cessation might develop particular mechanisms by recruiting a “coping
system” in the brain for coping with the distress feelings associated with psychological
withdrawal symptoms in the first six months. A potential interest could be identifying
theses activated neural circuits or chemical changes that gradually developed during early
abstinence. For example, there is a clinical study showing that the stress hormone ACTH in
blood was increased across the abstinence period (4 weeks after abstinence) for successful
quitters compared to relapsers [116]. Theoretically, promoting the “coping system” in
the brain via pharmacological or psychological approaches would promote long-term
abstinence and thus decrease the relapse rate. For example, a recent study showed that
emotional intelligence training could help actively apply psychological coping strategies to
combat smoking [160].

6.2. Stress-Induced Nicotine Relapse and Acute Withdrawal Symptoms

A large body of studies demonstrated that acute negative affective emotions associ-
ated with nicotine withdrawal contributed to the development of nicotine addiction and
relapse [161-163]. Although a detailed review of the withdrawal on relapse is out of the
scope of this review, we propose that acute withdrawal might interact with stress-induced
nicotine relapse.

A human study designed to examine bupropion on stress response during nicotine
withdrawal found that stress increased craving scores and withdrawal symptoms before
abstinence but only had little effect on levels of these during abstinence, which might
be due to high baseline levels of craving and withdrawal symptoms [62]. Bupropion
reduced baseline levels of craving and withdrawal symptoms and decreased craving but not
withdrawal symptoms scores under stress [62]. This study thus suggested that stress might
have had greater effects on craving and withdrawal symptoms during ab libitum smoking
but not abstinence. Although this study suggested that stress did not aggravate physical
withdrawal symptoms after abstinence, we propose that acute withdrawal-induced anxiety
might interact with stress to influence relapse potential. For example, a study showed that
brain regions that could be predictive of relapse showed elevated responses to stress during
nicotine [164].

Smokers who were deprived of cigarettes for 24 h showed higher startle responses
during unpredictable but not predictable shocks compared to non-deprived subjects [165].
The study also revealed that self-reported negative withdrawal symptoms (e.g., anxiety,
worry, irritability) were positively associated with a startle response. Because a predictable
threat usually causes a fear response, whereas an unpredictable threat leads to an anxiety
state, the study thus might indicate that nicotine withdrawal might selectively potentiate
stress-associated anxiety but not fear [165]. In a study, it was shown that social stress-
induced cortisol response in subjects who underwent nicotine withdrawal was stronger
than normal smokers or nicotine replacement 12 h abstention with nicotine patch [157].
The result indicated either a greater hormonal stress response during nicotine withdrawal
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or dysregulation of the stress system after chronic nicotine treatment [157]. Another study
showed that brain regions that might predict relapse displayed heightened neural responses
to psychosocial stress during nicotine withdrawal, suggesting that nicotine withdrawal
could alter neuron responses to psychosocial stress [164]. Nevertheless, the interaction
between nicotine withdrawal-associated negative emotions and stress, especially social
stressors, remains understudied.

6.3. Stress Response May Predict Relapse

Not only can stress influence nicotine use and relapse, but chronic smoking can also,
in turn, alter stress response. For example, it was demonstrated that smokers exhibited
blunted stress responses, revealed by a decrease in stress-induced salivary cortisol con-
centration and cardiovascular activity [156]. Growing evidence from studies on smokers
suggests that a blunted stress response, indicated by attenuation in stress-induced chem-
ical alterations in blood, could predict nicotine relapse. A human study that assessed
the relationship between stress response during the early abstinence period and future
relapse indicated that attenuation in psychological stress-induced increase in the adreno-
corticotropin level was associated with early relapse [166]. Consistently, individuals who
relapsed within four weeks showed attenuated hormonal (levels of ACTH and plasma
cortisol) and cardiovascular (systolic and diastolic blood pressure) responses, indicating
a blunted stress response in the relapsers [167]. Furthermore, a similar study found that
although baseline levels of beta-endorphin were similar between relapsers and successful
abstainers, stress-induced beta-endorphin response was attenuated in the relapsers at the
beginning of their abstinence period [168]. These clinical studies thus provided solid evi-
dence that a blunted stress response predicts early relapse, whereas a robust stress response
predicts resiliency.

Stress-induced behavioral or psychological responses could be associated with nicotine
relapse, which might be used as predictive phenotypes of nicotine relapse. For example, it is
shown that stress-related increases in risk-taking and attention failures, but not impulsivity,
nicotine craving, or withdrawal, could be associated with and thus might predict earlier
relapse to smoking in young adult smokers [158]. Early prediction of nicotine relapse
would help clinicians determine appropriate interventions for those potential relapsers. It
should be noted that the meaning of these findings is limited due to the small population
reported in these studies. The predictive effects of blunted stress response should be further
evaluated in a large cohort of nicotine users. Another question for future research is whether
interventions targeting blunted stress response could lead to successful smoking cessation.

7. Conclusions

Investigations using animal models, such as stress-induced reinstatement of nicotine-
induced CPP and nicotine self-administration, have uncovered important neural mech-
anisms underlying stress-induced nicotine relapse. However, our understanding of this
behavior remains inadequate. Clinical and preclinical studies indicate that stress is a high-
risk or might be the primary factor that induces nicotine relapse. Therefore, there is an
urgent need to further investigate the interaction between the stress and reward systems
and the underlying neural mechanisms of stress-induced relapse.
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