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Abstract
Tobacco is a highly addictive drug and is one of the most widely abused drugs in the world. The
first part of this review explores the role of stressors and stress-associated psychiatric disorders in
the initiation of smoking, the maintenance of smoking, and relapse after a period of abstinence.
The reviewed studies indicate that stressors facilitate the initiation of smoking, decrease the
motivation to quit, and increase the risk for relapse. Furthermore, people with depression or an
anxiety disorder are more likely to smoke than people without these disorders. The second part of
this review describes animal studies that investigated the role of brain stress systems in nicotine
addiction. These studies indicate that corticotropin-releasing factor, Neuropeptide Y, the
hypocretins, and norepinephrine play a pivotal role in nicotine addiction. In conclusion, the
reviewed studies indicate that smoking briefly decreases subjective stress levels but also leads to a
further dysregulation of brain stress systems. Drugs that decrease the activity of brain stress
systems may diminish nicotine withdrawal and improve smoking cessation rates.
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1. Introduction
Tobacco is one of the most widely abused drugs in the world. It has been estimated that
worldwide there are about 1 billion males who smoke and 250 million females (World
Health Organization, 2011). Half of the smokers die as a direct consequence of their tobacco
addiction. Worldwide about 5.4 million people die each year from smoking including
400,000 people in the United States and 640,000 in Europe (ASPECT Consortium, 2005;
Mokdad et al., 2004; World Health Organization, 2011). It has been estimated that about
600,000 people die each year from exposure to second hand tobacco smoke (World Health
Organization, 2009). The World Health Organization has indicated that the tobacco
pandemic is moving from Western countries to developing nations and has estimated that
about 80 percent of the people who die from smoking now live in low and middle income
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countries (World Health Organization, 2011). Considering the large number of smokers and
the highly addictive properties of tobacco, a better understanding of the environmental,
genetic, and neurobiological factors that contribute to the development and maintenance of a
tobacco addiction is warranted.

Several lines of evidence suggest that the positive reinforcing effects of cigarettes play a
pivotal role in the initiation of smoking (Finkenauer et al., 2009; Wise, 1996). The positive
reinforcing effects of smoking include mild euphoria, relaxation, and improved attention and
working memory (Ague, 1973; Benowitz, 1988; Wesnes and Warburton, 1983).
Discontinuation of smoking leads to negative affective symptoms such as depressed mood,
increased anxiety, and impaired memory and attention (Hughes et al., 1991; Hughes and
Hatsukami, 1986). The negative affective symptoms associated with smoking cessation may
increase the risk for relapse to smoking (Bruijnzeel and Gold, 2005; Koob, 2008).
Preclinical studies suggest that nicotine is the main component of tobacco that leads to
smoking and prevents people from quitting smoking (Bardo et al., 1999; Crooks and
Dwoskin, 1997; Stolerman and Jarvis, 1995). There is, however, evidence that other
components in tobacco smoke may also have positive reinforcing effects and / or potentiate
the effects of nicotine (Fowler et al., 2003; Talhout et al., 2007). Acetaldehyde is one of the
compounds in smoke that may contribute to the development of a tobacco addiction. The
pyrolysis of carbohydrates in cigarettes leads to the formation of acetaldehyde and this
compound is self-administered by rodents and induces conditioned place preference (Brown
et al., 1979; Myers et al., 1982; Smith et al., 1984). Self-administration studies show that
acetaldehyde also potentiates the positive reinforcing effects of nicotine in rats (Belluzzi et
al., 2005). Furthermore, tobacco smoke contains high concentrations of the β-carbolines
norharman and harman which inhibit monoamine oxidase (MAO)-A and MAO-B
(Hauptmann and Shih, 2001; Herraiz and Chaparro, 2005; Totsuka et al., 1999). Positron
emission tomography imaging studies show that smoking inhibits MAO-A and MAO-B in
the human brain (Fowler et al., 1996; Fowler et al., 1998). In humans, MAO-A metabolizes
norepinephrine, serotonin and dopamine and MAO-B metabolizes phenylethylamine and
dopamine (Shih et al., 1999). Norharman and harman have antidepressant-like effects in
rodents (Aricioglu and Altunbas, 2003; Farzin and Mansouri, 2006) and clinical studies
indicate that drugs that inhibit MAO-A, but not MAO-B, have antidepressant effects in
humans (Blier and de Montigny C., 1994). Tobacco smoke-induced MAO-B inhibition may
also explain the fact that smoking decreases the risk for Parkinson’s disease in humans
(Chen et al., 2010; Morens et al., 1995). Therefore, in addition to nicotine, many other
compounds in tobacco smoke affect brain function.

During the last decades, several treatments have been developed to help people quit
smoking. The U.S. Food and Drug Administration approved nicotine replacement therapy,
varenicline (brand name Chantix) and bupropion (brand name Zyban) for smoking
cessation. Varenicline is a partial agonist of α4β2 nicotinic acetylcholine receptors
(nAChRs). This drug may improve smoking cessation rates by inhibiting the positive
reinforcing effects of nicotine, attenuating nicotine withdrawal, and decreasing craving for
cigarettes (Rollema et al., 2007). The precise pharmacological mechanisms by which
bupropion improves smoking cessation rates are not known. However, it may improve
smoking cessation rates by blocking nAChRs, inhibiting the reuptake of dopamine,
norepinephrine, and serotonin, or inhibiting the firing of noradrenergic neurons (Cryan et al.,
2003a). A recent literature review suggests that varenicline may be slightly more effective in
preventing relapse to smoking than bupropion or nicotine replacement therapy (Cahill et al.,
2010). Although the aforementioned drugs help people quit smoking, relapse rates are still
very high (80–85 percent over 1-year period) among people receiving treatment for smoking
cessation (Gonzales et al., 2006). Moreover, bupropion increases the risk for seizures and
treatment with varenicline may lead to depressed mood, suicidal thoughts, drowsiness, and
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aggressive behavior in a subgroup of smokers (Davidson, 1989; Johnston et al., 1991;
Moore and Furberg, 2009). Varenicline use in humans also leads to an increased risk for
cardiovascular events such as stroke and congestive heart failure (Singh et al., 2011).
Therefore, despite the fact that significant progress has been made in the development of
treatments for tobacco addiction, there remains an urgent need for safer and more effective
treatment options.

This review explores the role of brain stress systems in tobacco addiction. The first part of
this review examines the role of stressors in the onset of smoking, maintenance of smoking,
and relapse to smoking after a period of abstinence. The comorbidity between smoking and
stress-associated psychiatric disorders is also discussed. Specifically, it will be investigated
if depression, post-traumatic stress disorder (PTSD), and other anxiety disorders increase the
risk for smoking and / or if people with these disorders are more likely to experiment with
cigarettes and develop a tobacco addiction. The second part of this review provides an
overview of studies that investigated the role of brain stress systems in animal models for
tobacco addiction. This review focuses mainly on the role of neuropeptides in nicotine
addiction. During the last decades, extensive progress has been made in the understanding of
the role of neuropeptides in modulating behavioral, endocrine, and autonomic responses.
One of the first milestones in this field was the observation by David de Wied that endocrine
hormones produced in the pituitary also serve as precursors for peptides that have effects in
the central nervous system (i.e., neuropeptide concept) (De Wied D., 1969; De Wied, 1977).
Another major milestone was the isolation of corticotropin-releasing factor (CRF) from the
ovine hypothalamus (Vale et al., 1981). CRF plays an important role in the regulation of the
hypothalamic-pituitary-adrenal (HPA) axis and also affects behavioral responses
independent of its affect on the HPA axis (Eaves et al., 1985). Pioneering studies by
Nemeroff, Koob and others showed that CRF plays a critical role in depression and drug
addiction (Baldwin et al., 1991; Koob, 1996; Nemeroff et al., 1984). More recent studies
have provided evidence for a role of neuropeptide Y and the hypocretins in the regulation of
mood states and drug addiction (Boutrel et al., 2005; Gilpin et al., 2003). In the second half
of this review, the role of CRF, hypocretins, neuropeptide Y (NPY), norepinephrine, and the
HPA axis in nicotine addiction will be discussed.

It should be noted that in addition to the aforementioned neuropeptides and
neurotransmitters, other cholinergic and non-cholinergic brain systems have also been
implicated in the rewarding effects of nicotine, nicotine withdrawal, and the reinstatement of
extinguished nicotine-seeking behavior. It is, however, beyond the scope of this review to
discuss all the brain systems that may play a role in nicotine addiction. For an overview of
the role of acetylcholine, dynorphin, and other neurotransmitters in nicotine addiction, the
readers are referred to previous reviews (Balfour, 2009; Bruijnzeel, 2009; Castane et al.,
2005; Dani and Balfour, 2011; Maldonado and Berrendero, 2010; Markou, 2007).

2. Tobacco Addiction and Stress Systems; Insights from Human Studies
2.1. Stressors and Smoking

Extensive evidence indicates that brain stress systems play a critical role in the initiation of
smoking, the maintenance of smoking, and relapse to smoking after a period of abstinence.
Smokers indicate in surveys that stress relief and relaxation are their main reasons for
smoking (Ikard et al., 1969). In one study with 16 year old female smokers, about 50 percent
of the girls indicated that they started smoking because they experienced a lot of stress in
their lives and they believed that smoking helped them to relax (Nichter et al., 1997). In a
study conducted by Fidler and West, 51 percent of the smokers indicated that they smoked
for enjoyment and 47 percent indicated that they smoked to cope with stress (Fidler and
West, 2009). This is in line with another study in which smokers reported that they smoke
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for stress relief (3.9 on a scale of 1 to 5), boredom relief (3.7), and enjoyment (3.6)
(McEwen et al., 2008). Furthermore, smokers often do not want to quit smoking because
they experience their life as too stressful (Lader, 2007).

Studies with humans in laboratory settings confirm that exposure to stressors increases
craving for cigarettes and smoking. The desire to smoke in regular smokers is greater when
conducting a stressful computer task than when working on a non-stressful control task
(Perkins and Grobe, 1992). Exposure of test subjects to loud noises has also been shown to
increase smoking (Cherek, 1985). In addition, exposure of test subjects to an anxiety-
provoking stage fright test leads to an increase in smoking (Rose et al., 1983). Taken
together, these studies indicate that smokers report stress relief as one of their main reasons
for smoking and exposure to stressors leads to increased craving for cigarettes and smoking.
Several studies have also reported increased smoking after large-scale anxiety-provoking
events. Increased smoking has been reported in New York City residents after the
September 11th, 2001, terrorist attacks; in survivors of the Herald of Free Enterprise disaster
off the coast of Belgium in 1987; in people who were exposed to the bushfires in Australia
in 2003; in survivors of Hurricane Katrina in New Orleans in 2005; and in people in Florida
who were affected by the 2004 hurricanes (Amstadter et al., 2009; Flory et al., 2009; Joseph
et al., 1993; Nandi et al., 2005; Parslow and Jorm, 2006; Vlahov et al., 2004a; Vlahov et al.,
2004b). In contrast to the aforementioned studies, another study reported that exposure to a
traumatic event, a fire in a bar in The Netherlands that killed 14 adolescents and wounded
250, did not lead to an increase in smoking (Reijneveld et al., 2003). Exposure to this
extremely stressful event did, however, lead to an increase in alcohol intake and aggressive
behavior.

Overall, smokers indicate that stress relief is one of their main reasons for smoking and
exposure to stressors often increases the number of cigarettes smoked. However, although
smokers indicate that they smoke for stress relief and relaxation, some research suggests that
smoking increases subjective stress levels and that smoking does not lead to stress relief but
merely reverses the negative mood state caused by nicotine deprivation (Parrott, 1999).
Stress levels of smokers vary widely throughout the day. Smokers have decreased subjective
stress levels immediately after smoking a cigarette and increased stress levels between
cigarettes when nicotine levels are low (Parrott, 1994; Parrott, 1995). Although there is
general consensus that the discontinuation of smoking leads to negative mood states
(Hughes et al., 1991; Hughes and Hatsukami, 1986), the hypothesis that smoking leads to
increased subjective stress levels is not supported by all studies. For example, a study with
1,364 adolescents showed that negative affect leads to increased smoking but not the other
way around (Wills et al., 2002).

2.2. Depression and Smoking
2.2.1. Childhood / Adolescent Depression and Smoking Later in Life—Several
studies have investigated the effects of childhood or adolescent depression on the likelihood
of smoking later in life. Prinstein and La Greca conducted an extensive longitudinal study
that investigated the association between childhood depressive symptoms and adolescent
cigarette use (Prinstein and La Greca, 2009). They assessed depressive symptoms with the
Children’s Depression Inventory and peer aggression with a sociometric peer nomination
procedure during grades 4 – 6 (9 – 12 years of age) and smoking during grades 10 – 12 (15–
18 years of age) in 250 children. It was shown that both childhood depression and peer
aggression significantly increased the likelihood of smoking during adolescence. The same
study also indicated that childhood depression increases the risk for depression during
adolescence (Prinstein and La Greca, 2009). There is some evidence that suggests that
negative mood states may only contribute to smoking when certain environmental
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conditions are met. For example, Patton and colleagues reported that increased depression
and/or anxiety during adolescence increases the risk for the initiation of smoking in subjects
who reported that their peers smoked but not in subjects whose peers did not smoke (Patton
et al., 1998). Taken together, the above discussed studies suggest that childhood and
adolescent depression in combination with specific environmental factors increases the risk
for smoking later in life.

2.2.2. Smoking and Depression Risk and Vice Versa—Numerous large studies have
investigated the relationship between depression and smoking in adolescents and adults.
Fergusson and colleagues investigated the association between major depression and
smoking in young adults (16 – 21 years of age) by using data from 1265 children from New
Zealand that were included in the Christenchurch Health and Development Study
(Fergusson et al., 2003). This study showed that there is a strong association between
depression and smoking in adolescents and young adults (age 16 years odds ratio [OR] =
5.12; age 18 years OR = 2.52; age 21 years OR = 2.52) and this association was still present
(age 16–21 years OR = 1.75) when the association was adjusted for confounding factors
such as anxiety disorders and parental smoking. This observation is in agreement with
another large study that investigated the association between tobacco smoking and
depression in upstate New York (Johnson et al., 2000). In this study, 688 adolescents were
interviewed from 1985 to 1986 at the age of 16 and from 1991 to 1993 at the age of 22. The
results of this study indicated that depressive disorders in 16 year old adolescents increases
the risk for heavy smoking during the same developmental stage (OR = 4.07). Taken
together, these studies indicate that there is a strong association between depression and
smoking in adolescents. The association between depression and smoking remains
throughout adulthood. In a study by Mathew and colleagues, 61 percent of depressed
patients (mean age 29.6 years) smoked and only 27 percent of the non-depressed controls
smoked (Mathew et al., 1981). Another study reported that the smoking rate among
psychiatric outpatients (mean age 31.9 years) with major depression was 49 percent and the
smoking rate was 30 percent in a population-based control sample (Hughes et al., 1986).
Because the two aforementioned studies used relatively small sample sizes, another study
was conducted by using data from the St. Louis Epidemiologic Catchment Area Survey. In
this survey, 3212 subjects (mean age 42.5 years) reported on their smoking and depression
histories. Analyses of the data indicated that a lifetime occurrence of major depression
greatly increases the risk (OR = 2.38) for lifetime smoking (Glassman et al., 1990). More
recent large population-based studies have confirmed that the smoking rate in depressed
adults is about twice as high as in control subjects without a mental illness (Lasser et al.,
2000; Lawrence et al., 2009). Epidemiological studies suggest that the association between
smoking and depression is bidirectional. Thus, depression may not only increase the risk for
smoking but smoking in non-depressed subjects may also increase the risk for developing
depression. Goodman and Capitman investigated the effects of adolescent smoking on
depression later in life by analyzing the data from 8704 adolescents (mean age 15.3 years)
with low depression scores on the Center for Epidemiologic Studies Depression Scale prior
to the onset of smoking (Goodman and Capitman, 2000). It was shown that current cigarette
smoking was an extremely strong predictor of developing severe depressive symptoms (OR
= 3.9) later in life. This finding is in agreement with another study that investigated the
effects of smoking on the development of depression in 1731 children and adolescents who
were not depressed prior to the onset of smoking (Wu and Anthony, 1999). It was shown
that smoking (8–9 years through 13–14 years) was associated with a modestly increased risk
for the development of depressed mood. Taken together, these large epidemiological studies
demonstrate that smoking increases the risk for developing depression (see also Figure 1).
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2.3. Post-Traumatic Stress Disorder and Smoking
There is strong evidence for an association between PTSD and smoking (Feldner et al.,
2007). First of all, the smoking rate in people with PTSD is higher than the smoking rate in
people without a mental illness. The smoking rate in PTSD patients is 44.6 percent
compared to 22.5 percent in people without a mental illness (Lasser et al., 2000). This in line
with data from the National Women’s study which indicated that the current smoking rate
for women with PTSD was 40.5 percent and 24.8 percent for women without PTSD
(Acierno et al., 1996). Beckham and colleagues investigated the prevalence of smoking in
Vietnam combat veterans with and without PTSD (Beckham et al., 1997). The smoking
rates were the same among veterans with (53 percent) and without PTSD (45 percent).
However, the veterans with PTSD reported a higher rate of heavy smoking compared to the
veterans without PTSD. Forty eight percent of the veterans with PTSD reported to smoke
more than 25 cigarettes per day and only 28 percent of the veterans without PTSD smoked
more than 25 cigarettes per day. On a similar note, Cook and colleagues reported that Iraq
and Afghanistan combat veterans with high levels of overall PTSD symptoms were more
likely (OR = 1.65) to report heavy smoking (≥ 20 cigarettes per day) than PTSD patients
with relatively less severe symptoms (Cook et al., 2009).

Some evidence suggests that the development of PTSD, but not exposure to trauma by itself,
increases the risk for smoking. This is supported by the analysis of smoking and PTSD data
from 6744 subjects who were included in the Vietnam Era Twin Registry (Koenen et al.,
2005). This analysis demonstrated that in veterans who were not nicotine dependent prior to
a traumatic experience, the development of PTSD was associated with an increased risk for
the development of nicotine dependence (OR=1.73). When non-nicotine dependent veterans
were exposed to trauma and did not develop PTSD then there was no increased risk for the
development of nicotine dependence (OR=0.90). Interestingly, veterans who were nicotine
dependent prior to exposure to the traumatic experience were more likely to develop PTSD
than veterans who were not nicotine dependent prior to the traumatic experience (OR =
2.24). This indicates that subjects who were addicted to cigarettes at the time of the
traumatic experience were twice as likely to develop PTSD as subjects who did not smoke
when exposed to the trauma. Recent studies also support the hypothesis that smoking
increases the risk for developing PTSD. Van der Velden and colleagues investigated the
association between smoking and the development of PTSD in rescue workers who were
involved in the Enschede fireworks explosion that killed 23 people and destroyed 500 homes
(Van der Velden et al., 2008). The rescue workers were surveyed 2–3 weeks after the
fireworks explosion and 18 months after the explosion. Rescue workers who smoked when
the first survey was done were more likely to experience PTSD symptoms such as re-
experiencing the trauma, avoiding reminders of the trauma, hostility, and depression at the
time of the second survey. The association between smoking and mental health problems
was also investigated among residents exposed to the Enschede fireworks explosion (Van
der Velden et al., 2007). In this study, the first survey was conducted 18 months after the
explosion and the second survey 4 years after the explosion. The subjects who smoked
during the first survey were at a greater risk to suffer from severe anxiety (OR = 2.32),
severe hostility (OR = 1.84), and disaster-related PTSD (OR = 2.64) during the second
survey. Taken together, the present studies suggest that PTSD increases the risk for smoking
and vice versa.

Animal studies have been conducted to investigate the role of nicotine in the development of
PTSD. It has been suggested that certain aspects of PTSD can be investigated with the
Pavlovian fear conditioning procedure (Charney et al., 1993). In this procedure, an
emotionally neutral conditioned stimulus (CS), such as a tone or light, is paired with an
aversive unconditioned stimulus (US) (LeDoux, 2000). After the pairing, the CS induces a
fear response that is similar to the one induced by the US. Extensive evidence indicates that
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the acute and chronic administration of nicotine improves learning and memory (Gould,
2006; Rezvani and Levin, 2001). Several studies have shown that the administration of
nicotine before fear conditioning training and testing enhances contextual fear conditioning
in mice (Gould and Higgins, 2003; Gould and Wehner, 1999). Nicotine withdrawal has the
opposite effect and impairs fear conditioning (Davis et al., 2005). In addition, the
administration of nicotine during training and extinction sessions impairs extinction learning
in mice (Elias et al., 2010). Based on these studies it has been suggested that nicotine could
potentially contribute to the development of PTSD by enhancing the consolidation of
aversive memories and delaying the extinction of aversive memories.

2.4. Anxiety Disorders and Smoking
2.4.1. Association between Smoking and Anxiety Disorders—Extensive evidence
indicates that there is a strong positive association between smoking and anxiety disorders.
Population surveys indicate that smoking rates in people with an anxiety disorder are higher
than those in people without a mental illness. Lasser and colleagues analyzed the data from
4411 subjects who were between 15 and 54 year of age and participated in the 1991–1992
National Comorbidity Survey. It was shown that 22.5 percent of the respondents without a
mental illness smoked and 54.6 percent of the subjects with generalized anxiety disorder
smoked (Lasser et al., 2000). Similar results were obtained by analyzing the data from a
sample of young adults, 21–30 years of age, in the Detroit area (Breslau et al., 1994). It was
shown that smokers were more likely to have panic disorder (OR males = 3.2, OR females =
2.2), obsessive-compulsive disorder (OR males = 4.3, OR females = 3.7), and phobia (OR
males = 2.5, OR females = 2.1) than non smokers. In a more recent study, Lawrence and
colleagues studied the association between smoking and psychiatric disorders by analyzing
data from the 2007 Australian Survey of Mental Health, the 2001–2003 US National
Comorbidity Survey-Replication, and the 2007 US National Health Interview Survey
(Lawrence et al., 2009). In Australian adults, 18.8 percent of the respondents without a
mental disorder smoked and 45.8 percent of the respondents with generalized anxiety
disorder smoked. Smoking rates were also very high in respondents with other anxiety
disorders such as: panic disorder (39.6 percent); agoraphobia (37 percent); and obsessive-
compulsive disorder (41.1 percent). Similar smoking rates were observed in American
adults. In the United States, 21 percent of the adults without a mental illness smoked and
45.2 percent of the subjects with generalized anxiety disorder smoked (Lawrence et al.,
2009). The association between anxiety and smoking has also been reported in a large study
that was conducted in China and included 4724 adolescents (Weiss et al., 2008). It was
shown that a high level of anxiety increased the risk (OR = 1.28) for lifetime smoking.

2.4.2. Smoking and Risk for Anxiety Disorders—Although the studies in the
previous section indicate that there is an association between anxiety disorders and smoking,
these studies do not indicate whether smoking increases the risk for anxiety disorders or the
other way around. Epidemiological studies suggest that smoking increases the likelihood of
developing an anxiety disorder. Breslau and Klein compared the risk (hazard ratio, HR) for
first panic attack in adults who smoked daily and people who did not smoke (Breslau and
Klein, 1999). It was shown that smoking greatly increased the risk for (HR = 3.96) for first
panic attack in smokers versus non smokers. In addition, smoking increased the risk for
developing a panic disorder (HR = 4.73). It is interesting to note that quitting smoking
significantly decreased the risk of first panic attack. A separate analysis indicated that the
hazard ratio for first panic attack was 4.71 for people who continued smoking and 0.21 for
people who quit smoking. Johnson and colleagues investigated the longitudinal association
between smoking and anxiety disorders in adolescents and young adults (Johnson et al.,
2000). For this prospective longitudinal investigation, 688 adolescents were interviewed at
the age of 16 (1985–1986) and again at the age of 22 (1991–1993). Interestingly, during
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adolescence there was no association between anxiety disorders and smoking. However,
heavy smoking (≥20 cigarettes /day) during adolescence (age 16 years) was associated with
an increased risk for agoraphobia (OR = 6.79), generalized anxiety disorder (OR = 5.53) and
panic disorder (OR = 15.58) in early adulthood at the age of 22. Thus, these studies suggest
that smoking increases the risk for developing an anxiety disorder.

2.4.3. Anxiety Disorders and Risk for Smoking—In contrast to the clear effects of
smoking on the development of anxiety disorders, conflicting findings have been reported
with regard to the effects of anxiety disorders on the onset of smoking and the development
of a tobacco addiction. Sonntag and colleagues analyzed the data from 3,021 subjects that
participated in the Early Developmental Stages of Psychopathology Study to investigate the
effects of social fear on the likelihood of developing a nicotine dependency (Sonntag et al.,
2000). The respondents were 14–24 years of age during the first interview and were
interviewed again 4–5 years later. This study showed that social fears and social phobia at
baseline increases the risk for becoming nicotine dependent later in life (OR = 3.85). Dierker
and colleagues studied the temporal onset of anxiety disorders and smoking by using data
from the Yale Longitudinal High Risk Study (Dierker et al., 2001). The 192 participants
were between 7 and 17 years old. It was shown that there was a strong positive association
between anxiety disorders and nicotine dependence (OR = 4.5) but there was no association
between having an anxiety disorder and experimenting with cigarettes and regular use. In
addition, it was shown that the onset of an anxiety disorder mostly (73 percent of cases)
precedes the onset of smoking or precedes becoming nicotine dependent (60 percent of
cases). A separate analysis demonstrated that anxiety disorders do not predict the transition
from experimenting with cigarettes to developing a nicotine dependency. The results of this
study are in line with another study that reported that anxiety disorders during adolescence
do not increase the risk for smoking during early adulthood (Johnson et al., 2000). Taken
together, these studies indicate that there is a high comorbidity between smoking and
anxiety disorders. This effect may be due to the fact that smoking increases the likelihood of
developing an anxiety disorder. Conflicting findings have been reported with regard to the
role of anxiety disorders in the development of a nicotine dependency. Most studies suggest
that anxiety disorders do not increase the risk for developing a tobacco addiction. However,
one study suggests that social fears and phobias during adolescence increase the risk for
becoming nicotine dependent in early adulthood (Sonntag et al., 2000).

2.5. Anxiety, Depression, and Relapse to Smoking
Smoking cessation leads to a relatively mild somatic withdrawal syndrome and a severe
affective withdrawal syndrome that is characterized by a decrease in positive affect, an
increase in negative affect, craving for tobacco, irritability, anxiety, difficulty concentrating,
hyperphagia, restlessness, and a disruption of sleep (Caan et al., 1996; Cook et al., 2004;
Hughes and Hatsukami, 1986; Jorenby et al., 1996; Zhdanova and Piotrovskaya, 2000).
Smoking during the acute withdrawal phase reduces craving for cigarettes and returns
cognitive abilities to pre-smoking cessation levels (Bell et al., 1999). A majority of the
smokers relapses during the first week of abstinence when the withdrawal symptoms are
most severe (Hughes et al., 2004; Jarvis, 2004). It has been estimated that 49–76 percent of
the subjects who quit on their own without medication relapses within one week, 72–85
percent within one month, and 80–90 percent within three months (Hughes et al., 2004).
Approximately 3–5 percent of the smokers who quit on their own are able to maintain
abstinent for 6–12 months. There is a high comorbidity between smoking and psychiatric
disorders such as anxiety disorders and depression. Extensive evidence indicates that these
disorders have a negative effect on smoking cessation rates. Anda and colleagues used data
from the National Health and Nutrition Examination Survey Epidemiologic Follow-up
Study to investigate the effects of depression on smoking cessation (Anda et al., 1990). This
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was a 9 year prospective study that was conducted with 1167 smokers and smoking
cessation was defined as not smoking for at least one year. It was shown that 17.7 percent of
the nondepressed smokers were able to quit for at least one year and only 9.9 percent of the
depressed smokers was able to quit for at least one year during the 9-year study period. This
indicates that depressed smokers are 40 percent less likely to be able to quit for at least one
year compared to nondepressed smokers. This observation is in line with another
prospective study that investigated the effects of nicotine gum on smoking cessation rates in
depressed subjects and nondepressed controls (Kinnunen et al., 1996). In this study, about
90 percent of the untreated depressed smokers relapsed within one month and about 65
percent of the untreated nondepressed smokers relapsed during the same time period.
Furthermore, Niaura and colleagues demonstrated in three separate experiments that even
very low levels of depression prior to the onset of smoking cessation decreases the amount
of time that smokers can maintain abstinence (Niaura et al., 2001).

Heightened anxiety levels have also been shown to increase the risk for relapse to smoking.
Piper and colleagues investigated the role of anxiety in relapse by using the data from 1,504
female smokers who participated in the Wisconsin Smokers’ Health Study (Piper et al.,
2010). It was shown that women who had been diagnosed with an anxiety disorder at one
point in their life were less likely to be abstinent 8 weeks (OR = 0.72) and 6 months after
quitting smoking (OR = 0.72). Zvolensky and colleagues conducted a relatively small study
to investigate the effects of PTSD (n = 47) or any other anxiety disorder (n=33) on smoking
cessation. It was shown that the PTSD patients were more likely to have a lapse during the
first week after quitting compared to the patients with other anxiety disorders and the control
subjects. However, both the PTSD patients and the patients with other anxiety disorders
were more likely to relapse than the control subjects and there was no difference in relapse
rates between the PTSD patients and the patients with other anxiety disorders (Zvolensky et
al., 2008). It has also been reported that increased anxiety sensitivity (i.e., fear of being
anxious) increases the risk for a lapse to smoking during the first 2 weeks after quitting but
does not affect full blown relapse to smoking during the same time period (Zvolensky et al.,
2009). Taken together, the studies described in this section indicate that depression and
anxiety disorders increase the risk for relapse to smoking.

2.6. Hypothalamic-Pituitary-Adrenal Axis and Smoking
2.6.1. Smoking and Hypothalamic-Pituitary-Adrenal Axis Activation—Extensive
evidence indicates that smoking and smoking cessation affect the release of ACTH and
cortisol. Smoking activates the HPA axis and the magnitude of the effect depends on the
amount of nicotine in the cigarette, the number of cigarettes smoked, and the interval
between smoking cigarettes (Kirschbaum et al., 1992; Mendelson et al., 2005; Steptoe and
Ussher, 2006). Throughout this review we will use the terms nicotine yield and total amount
of nicotine. The nicotine yield is indicative of the amount of nicotine that is inhaled by the
smoker and this is about 15 percent of the total amount of nicotine in cigarettes. For
example, in 2005 the average nicotine yield per cigarette was 1.9 mg and the total amount of
nicotine per cigarette was 13.9 mg (Connolly et al., 2007). During the 1990s regular
commercial cigarettes had a yield of approximately 1 mg and therefore cigarettes with a
similar nicotine yield were often used in studies during this period (Federal Trade
Commission, 2000). There is overwhelming evidence that cortisol levels are higher in
smokers than in non-smokers (Steptoe and Ussher, 2006; Wilkins et al., 1982). However,
conflicting findings have been reported with regard to the effects of smoking a small number
of cigarettes with a yield of 1 mg of nicotine per cigarette on cortisol levels. It has been
reported that smoking 2 cigarettes with a nicotine yield of 1 mg does not affect cortisol
levels (Gilbert et al., 1992) or increases cortisol levels (Kirschbaum et al., 1992). In contrast,
all studies consistently show that smoking cigarettes with a somewhat higher nicotine yield,
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2 mg or more, leads to an increase in cortisol levels (Gilbert et al., 1992; Mendelson et al.,
2005; Mendelson et al., 2008; Winternitz and Quillen, 1977). Although earlier studies only
investigated the effects of smoking on cortisol levels, recent studies have demonstrated that
smoking also affects ACTH levels. Smoking a single low-nicotine cigarette with a total
nicotine content of 1 mg does not increase ACTH levels (Mendelson et al., 2005; Mendelson
et al., 2008). In contrast, smoking one Marlboro red cigarette with a total nicotine content of
15.5 mg induces a dramatic increase in ACTH levels (Mendelson et al., 2005; Mendelson et
al., 2008). The nicotine yield was not reported in the aforementioned studies but it can be
estimated based on the relationship between total nicotine content and nicotine yield.
Previous studies have shown that cigarettes with approximately 13.5 – 14.5 mg of nicotine
have a yield of about 1.9 mg / cigarette. Therefore, it might be expected that the high
nicotine Marlboro red cigarettes in this study had a yield that was approximately 2 mg per
cigarette. A recent report by the Massachusetts Department of Public Health classified the
Marlboro red as a regular cigarette. Cigarettes in this group have an average yield of 2.16
mg per cigarette (Massachusetts Department of Public Health, 2010). A recent study
investigated the effects of smoking three Marlboro red cigarettes, with one hour intervals
between each cigarette, on plasma ACTH and cortisol levels (Mendelson et al., 2008). It was
shown that the first, second, and third cigarette increased cortisol levels. The first and third
cigarette also increased ACTH levels. It was suggested that the second cigarette might not
have increased ACTH levels because the cortisol levels were still elevated from smoking the
first cigarette and elevated cortisol levels decrease the release of ACTH (Reader et al.,
1982). Taken together, these studies demonstrate that smoking cigarettes leads to an
increased release of ACTH and cortisol and cigarettes with a high nicotine yield have a
greater effect on the HPA axis than cigarettes with a low nicotine yield.

2.6.2. Hypothalamic-Pituitary-Adrenal Axis Activation and Rewarding Effects
of Smoking—At this point, relatively little research has been conducted to investigate
whether smoking-induced activation of the HPA axis affects the rewarding effects of
nicotine. One study has systematically investigated the relationship between smoking-
induced activation of the HPA axis and feelings of high and rush as scored with the Visual
Analogue Scale (Mendelson et al., 2005). It was shown that the level of “rush” and “high”
was highest during the first few minutes after the onset of smoking. These positive feelings
rapidly dissipated over a 30-minute time period. ACTH levels started to rise a few minutes
after the onset of smoking and peaked 20 minutes after the onset of smoking. The cortisol
levels started to rise 10 minutes after the onset of smoking and peaked 60 minutes after the
onset of smoking. The time course of these events indicates that the positive subjective
feeling of “rush” and “high” precedes the activation of the HPA axis. Therefore, this pattern
of results would suggest that the activation of the HPA axis does not play a role in the
positive effects that smokers experience immediately after the onset of smoking a cigarette.
Smoking a cigarette decreased craving for cigarettes and this effect was maximal 20 minutes
after the onset of smoking. This indicates that craving for cigarettes is minimal when ACTH
levels peak. Therefore, additional studies are warranted to investigate if ACTH or ACTH
fragments could attenuate craving for cigarettes.

2.6.3. Hypothalamic-Pituitary-Adrenal Axis and Smoking Cessation—Clinical
studies suggest that tobacco withdrawal-induced distress and craving are most severe in
subjects with the lowest HPA-activity during the withdrawal phase. Frederick and
colleagues demonstrated that two weeks after quitting smoking cortisol levels are 40 percent
lower than during active smoking (Frederick et al., 1998). The subjects who had the greatest
drop in cortisol levels (smoking baseline compared to 2 weeks post cessation) experienced
the most distress two weeks after quitting smoking. Subjects with the smallest drop in
cortisol levels during the first two weeks after quitting were somewhat more likely to be
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abstinent 4 weeks after quitting, however, this effect did not reach statistical significance (P
= 0.09). The decrease in cortisol levels on the first day of abstinence might be a better
predictor of relapse than cortisol levels two weeks after quitting smoking. It has been shown
that smokers who relapse during the first week have a greater decrease in cortisol levels on
the first day of abstinence compared to smokers who are able to maintain abstinence for at
least one week (al'Absi et al., 2004). In the same study, the women with the greatest drop in
cortisol level on day 1 experienced the most distress during the first day of abstinence and
more severe affective withdrawal symptoms as assessed with the Minnesota Nicotine
Withdrawal Scale. The correlation between the drop in cortisol levels and affective and
somatic withdrawal symptoms was not detected in men. The negative relationship between
cortisol levels and withdrawal symptoms is also present in abstinent smokers who are treated
with 15 mg nicotine patches (Ussher et al., 2006). Ussher and colleagues showed that
quitting smoking leads to a dramatic decrease in cortisol levels in subjects treated with
nicotine patches. The saliva cortisol levels during ad libitum smoking were about 7 nmol/l
and this level dropped to 2.5 nmol/l on the first day after quitting smoking. The cortisol level
gradually increased to 4 nmol/l during the first 6 weeks after quitting smoking. The increase
in cortisol levels over the 6 week withdrawal period was not significant and the cortisol level
remained significantly lower compared to pre-abstinence baseline levels. The subjects with
the lowest absolute cortisol levels on the first day after quitting smoking reported the
strongest urges to smoke, withdrawal symptoms, and stress during the first week of
abstinence. There was also a nonsignificant trend (P=0.73) towards an increased risk for
relapse in the subjects who displayed the greatest decline (smoking baseline minus
withdrawal day 1) in cortisol levels. Smokers who relapse early not only have low post-
smoking cessation cortisol levels but also display a decreased HPA axis responsivity to
stressors during the acute withdrawal phase. In one study, the relationship between stress-
induced activation of the HPA axis and relapse over a 4-week period was investigated
(al'Absi et al., 2005). Subjects who relapsed within 4 weeks after quitting smoking had a
decreased release of ACTH and cortisol in response to public speaking and a stressful
arithmetic test on the first day of abstinence. Furthermore, a decreased stress-induced ACTH
response, increased withdrawal symptoms, increased anxiety, perceived stress, and anger
were predictive of early relapse. The aforementioned studies indicate that a hypoactivity of
the HPA axis during withdrawal increases the risk for severe withdrawal symptomatology
and early relapse. At this point in time, there is no evidence for a causal relationship
between low cortisol levels and withdrawal symptomatology and it is not known how
cortisol affects withdrawal and relapse. It can be speculated that cortisol may affect tobacco
withdrawal by modulating nAChRs. Smoking leads to a desensitization and upregulation of
nAChRs (Dani and Heinemann, 1996). Smoking cessation leads to an activation of the
desensitized nAChR and this in combination with the upregulation of the nAChRs may lead
to withdrawal and craving. Corticosterone has been shown to desensitize nAChRs in mice
and therefore low cortisol levels may exacerbate withdrawal symptomatology by facilitating
the reactivation of nAChRs (Pauly et al., 1988; Robinson et al., 1996).

Taken together, the studies in this section indicate that smoking increases the release of
ACTH and cortisol. A time-sequence analyses indicated that the positive mood state
associated with smoking precedes the activation of the HPA axis. Therefore, the activation
of the HPA axis does not play a role in the positive mood state associated with smoking.
Finally, smoking cessation leads to a hypoactivity of the HPA axis which may contribute to
withdrawal symptomatology and relapse to smoking.
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3. Tobacco Addiction and Stress Systems; Insights from Animal Studies
3.1. Corticotropin-Releasing Factor and Nicotine Addiction

3.1.1. Brain Corticotropin-Releasing Factor Systems—CRF is a 41-amino acid
neuropeptide that was first isolated from the ovine hypothalamus (Figure 2)(Vale et al.,
1981). CRF-immunoreactive cells have been detected in the paraventricular nucleus of the
hypothalamus (PVN) and in other brain areas such as the central nucleus of the amygdala
(CeA), bed nucleus of the stria terminalis (BNST), and locus coeruleus (LC) (Swanson et
al., 1983). Scattered CRF-immunoreactive cells have also been found throughout the
neocortex (Swanson et al., 1983). PVN CRF neurons project to the median eminence and
play an important role in the release of ACTH and β-endorphin from the anterior pituitary.
ACTH is transported via the blood to the adrenal cortex where it stimulates the synthesis of
corticosterone and its release into the circulation. Corticosterone prepares the body for acute
stressors by mobilizing energy stores and suppressing physiological processes that are
temporarily unessential for survival (McEwen, 2000; Sapolsky, 1992).

Extrahypothalamic CRF orchestrates behavioral and autonomic responses to stressors (Koob
and Heinrichs, 1999; Nijsen et al., 2001). Some of these effects of CRF are independent of
its effects on the HPA axis (Eaves et al., 1985; Sutton et al., 1982). Two CRF receptors have
been cloned, the CRF1 and CRF2 receptor (Chen et al., 1993; Lovenberg et al., 1995; Perrin
et al., 1993). Both the CRF1 and CRF2 receptor are G-protein-coupled receptors and are
positively coupled to adenylyl cyclase (Chalmers et al., 1996; Lewis et al., 2001). There are
at least 8 splice variants of the CRF1 receptor (α, β, c, d, e, f, g and h) and 4 splice variants
of the CRF2 receptor (α, β, γ, soluble 2α, and a soluble form of the first extracellular
domain of the mouse CRF2β receptor) (Chen et al., 2005; Kostich et al., 1998; Lovenberg et
al., 1995; Pisarchik and Slominski, 2001; Zmijewski and Slominski, 2010). Pharmacological
studies suggest that CRF serves as an endogenous ligand for the CRF1 receptor and that
urocortin 2 and urocortin 3 serve as endogenous ligands for the CRF2 receptor (Lewis et al.,
2001). Urocortin 1 binds with a slightly higher affinity to the CRF1 receptor than to the
CRF2 receptor (Lewis et al., 2001). Evidence suggests that stress-induced psychopathology
and drug withdrawal-induced behavioral and physiological changes are predominantly
mediated by the activation of the CRF1 receptors (Koob, 1999; Steckler and Holsboer,
1999). Conflicting findings have been reported with regard to the role of the CRF2 receptor
in stress-induced behavioral changes and drug withdrawal (see (Bruijnzeel and Gold, 2005)
for a review on this topic). At this point, it has not been investigated if one of the urocortins
affects the rewarding effects of nicotine or nicotine withdrawal.

3.1.2. Nicotine Withdrawal and Depressive and Anxiety-Like Behavior—
Preclinical studies indicate that the discontinuation of nicotine administration to rodents has
extensive behavioral effects. Cessation of chronic nicotine administration leads to a somatic
nicotine withdrawal syndrome in rats and mice (Isola et al., 1999; Malin et al., 1992). The
somatic nicotine withdrawal syndrome can last up to 4 days and is characterized by teeth
chattering, facial fasciculations, abdominal constrictions, increased eye blinks, and ptosis
(Malin et al., 1992). Nicotine withdrawal also leads to negative affective signs. The effects
of nicotine withdrawal on the state of the brain reward system have been investigated with
the intracranial self-stimulation procedure (ICSS) and the forced swim test. Elevations in
brain reward thresholds in the ICSS procedure are indicative of a decreased sensitivity to
rewarding electrical stimuli and have been suggested to reflect a depressive-like state (Barr
et al., 2002). The discontinuation of chronic nicotine administration and the administration
of nAChR antagonists to nicotine dependent rats has been shown to lead to elevations in
brain reward thresholds in rats (Epping-Jordan et al., 1998; Watkins et al., 2000). In a recent
study, it was demonstrated that the discontinuation of nicotine administration also leads to
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elevations in brain reward thresholds in mice (Johnson et al., 2008). The elevations in brain
reward thresholds associated with nicotine withdrawal in rats and mice can last up to 3–4
days (Epping-Jordan et al., 1998; Johnson et al., 2008). The rat forced swim test is widely
used to screen for novel antidepressant drugs and to investigate the effects of stressors on the
emotional state of rats (Cryan et al., 2005; Porsolt et al., 1977). In this test the rats are placed
in a cylinder with water on two consecutive days (15 minutes first session and 5 minutes
second session) and the duration that the rats spend swimming, climbing, and immobile is
assessed on the second day. Antidepressants that block the reuptake of noradrenaline
decrease immobility and increase climbing and antidepressants that block the reuptake of
serotonin decrease immobility and increase swimming (Cryan et al., 2002a). Treatments that
induce a negative mood state such as amphetamine withdrawal, footshocks, or social defeat
increase immobility in the forced swim test (Cryan et al., 2003b; Rygula et al., 2005; Weiss
et al., 1981). In a recent study it was reported that the discontinuation of nicotine
administration also leads an increase in immobility in the rat forced swim test (Zaniewska et
al., 2010). This observation is in line with previous ICSS studies that suggest that nicotine
withdrawal leads to a negative mood state (Bruijnzeel et al., 2007; Epping-Jordan et al.,
1998).

Nicotine withdrawal also leads to increased anxiety-like behavior in rodents. Rats that are
withdrawing from nicotine display increased anxiety-like behavior in the elevated plus maze
test, the social interaction test, the acoustic startle test, and the defensive burying test
(George et al., 2007; Helton et al., 1993; Irvine et al., 1999; Irvine et al., 2001). Nicotine
withdrawal-induced anxiety-like behavior in rats may only be detected under relatively
stressful testing conditions. This is supported by the observation that nicotine withdrawing
rats display an increased startle response compared to control rats in a brightly lit test
environment but not in a dark test environment (Jonkman et al., 2008). Nicotine
withdrawing mice have also been shown to display increased anxiety-like behavior in the
elevated plus maze test and the light-dark box test (Costall et al., 1989; Damaj et al., 2003;
Jonkman et al., 2005). The effects of nicotine withdrawal on anxietylike behavior in mice
are strain dependent. Nicotine withdrawal leads to increased anxiety-like behavior in C57/
BL/6J mice but not in 129/SvEv mice or DBA/2J mice (Damaj et al., 2003; Jonkman et al.,
2005).

There is a strong positive association between smoking and anxiety disorders in humans
(Lasser et al., 2000; Lawrence et al., 2009). Studies with animal models indicate that acute
nicotine administration can have anxiogenic-like effects (Picciotto et al., 2002). However,
several studies suggest that animals develop tolerance to the anxiogenic-like effects of
nicotine in the elevated plus maze test and the social interaction test after about 7 days of
treatment (Irvine et al., 1999; Irvine et al., 2001). Thus, although clinical studies suggest that
smoking increases the risk for anxiety disorders, chronic nicotine administration does not
lead to a persistent increase in anxiety-like behavior in rats. Additional studies are needed to
investigate if nicotine may increase anxiety-like behavior after more prolonged nicotine
treatment periods or in different anxiety tests.

3.1.3. Role of Corticotropin-Releasing Factor in Nicotine Withdrawal, Self-
Administration, Reinstatement—Previous research has demonstrated that the
discontinuation of nicotine administration or the administration of nAChR antagonists to
nicotine dependent rats leads to elevations in brain reward thresholds in the ICSS procedure
(Epping-Jordan et al., 1998; Watkins et al., 2000). In a series of experiments, our laboratory
investigated the role of CRF in the elevations in brain reward thresholds associated with
spontaneous and precipitated nicotine withdrawal. The first study investigated whether
pretreatment with the nonspecific CRF1/CRF2 receptor antagonist D-Phe CRF(12–41)
attenuates the elevations in brain reward thresholds associated with nicotine withdrawal
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(Figure 3)(Bruijnzeel et al., 2007). Pretreatment with the highest dose of D-Phe CRF(12–41),
20 µg icv, prevented the elevations in brain reward thresholds associated with
mecamylamine precipitated nicotine withdrawal. The administration of D-Phe CRF(12–41)
during spontaneous withdrawal did not reverse the elevations in brain reward thresholds
associated with nicotine withdrawal. One major difference between these two studies was
that in the precipitated withdrawal experiment the CRF receptor antagonist was administered
prior to the onset of withdrawal and in the spontaneous withdrawal experiment the CRF
receptor antagonist was administered during the withdrawal phase when the brain reward
thresholds were already elevated. This pattern of results would suggest that the
administration of CRF receptor antagonists prior to the withdrawal phase attenuates
withdrawal but the administration of CRF receptor antagonists during the withdrawal phase
does not affect withdrawal.

A follow-up study was conducted to investigate the effects of the CRF1 receptor antagonist
R278995/CRA0450 and the CRF2 receptor antagonist astressin-2B on the elevations in brain
reward thresholds associated with precipitated nicotine withdrawal (Bruijnzeel et al., 2009).
It was shown that R278995/CRA0450, but not astressin-2B, prevented the elevations in
brain reward thresholds associated with precipitated nicotine withdrawal (Table 1). This
indicates that the activation of CRF1 receptors, but not CRF2 receptors, plays a pivotal role
in the negative mood state associated with nicotine withdrawal. In another series of
experiments, it was investigated if the administration of CRF1/CRF2 receptor antagonist D-
Phe CRF(12–41) into specific brain sites would prevent the elevations in brain reward
thresholds associated with precipitated nicotine withdrawal in rats (Marcinkiewcz et al.,
2009). These experiments focused on the role of CRF in the CeA, BNST, and the Nacc shell
in nicotine withdrawal. There is strong evidence that CRF transmission in the CeA and
BNST plays a role in drug withdrawal. Withdrawal from drugs of abuse such as alcohol,
nicotine, cocaine, and cannabis leads to an increased release of CRF in the CeA (George et
al., 2007; Merlo Pich et al., 1995; Richter and Weiss, 1999; Rodriguez de Fonseca et al.,
1997). Alcohol withdrawal also leads to an increased release of CRF in the BSNT and CRF
levels return to baseline levels upon alcohol intake (Olive et al., 2002). Furthermore, the
administration of the nonspecific CRF1/CRF2 receptor antagonist α-helical CRF(9–41) into
the CeA prevents alcohol withdrawal-induced anxiety-like behavior in the elevated plus
maze test (Rassnick et al., 1993). Prior to the onset of our studies there was little evidence
for a role of CRF in the Nacc shell in drug withdrawal. However, CRF and CRF receptors
have been detected in the Nacc shell (De Souza et al., 1985; Swanson et al., 1983). In
addition, the administration of CRF into the Nacc shell induces an increase in locomotor
activity, rearing, and grooming in a familiar non-stressful environment (Holahan et al.,
1997). A similar behavioral response has been detected in rats that received icv CRF and
were subsequently observed under low arousal conditions in their home cage or in another
familiar environment (Dunn and Berridge, 1990; Sutton et al., 1982). Therefore, CRF may
mediate some of its behavioral effects by stimulating CRF receptors in the Nacc shell. The
results of our study demonstrate that the administration of D-Phe CRF(12–41) into the CeA
and the Nacc shell, but not the BNST, attenuates the elevations in brain reward thresholds
associated with precipitated nicotine withdrawal (Marcinkiewcz et al., 2009). In a recent
study it was also shown that the intra-CeA administration of the CRF1 receptor antagonist
R278995/CRA0450 prevents the elevations in brain reward thresholds associated with
precipitated nicotine withdrawal {Bruijnzeel, 2012 3596 /id}. These findings suggest that
the endogenous release of CRF in the CeA and Nacc shell plays a role in the negative mood
state associated with nicotine withdrawal.

Some evidence suggests that CRF1 receptors may also play a role in nicotine withdrawal-
induced anxiety like behavior. Systemic administration of the CRF1 receptor antagonist
MPZP has been shown to diminish nicotine withdrawal-induced anxiety-like behavior in the
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defensive burying test (George et al., 2007). At this point, it is not known which populations
of CRF1 receptors mediate these anxiety-like effects. In addition, it is not known if CRF1
receptor antagonists would also decrease nicotine withdrawal-induced anxiety-like behavior
in other behavioral tests.

A large number of studies have investigated the effects of a period of alcohol abstinence on
alcohol intake in rats. These studies demonstrated that alcohol intake is increased on the first
day after the alcohol deprivation period and then returns to baseline levels (Heyser et al.,
1997; Heyser et al., 2003; Sinclair and Senter, 1968). The alcohol intake on the first day of
access increases as a function of the deprivation period, which suggests that the reinforcing
properties of alcohol increase when the abstinence period increases (Heyser et al., 1997).
This is in line with the observation that cue-induced cocaine seeking gradually increases
over the time (Grimm et al., 2001). O’Dell and Koob have developed an animal model to
investigate the nicotine deprivation effect in rats (O'Dell and Koob, 2007). Rats were
allowed to self-administer nicotine for 23 hours per day for 4 consecutive days and then the
rats did not have access to nicotine for 3 days. It was shown that the nicotine intake was
highest on the first day after the abstinence period and then decreases over the following 3
days of access. A follow-up experiment demonstrated that the CRF1 receptor antagonist
MPZP prevented the increased nicotine intake after a period of abstinence (George et al.,
2007). In the same study, it was shown that blockade of CRF1 receptors does not affect
nicotine self-administration in animals with limited, 1 hour per day, access to nicotine
(George et al., 2007). These findings suggest that the endogenous release of CRF and the
activation of CRF1 receptors plays an important role in the increased nicotine intake in
nicotine dependent animals after a period of abstinence. CRF does not play a role in the
intake of small amounts of nicotine in nondependent animals.

Animal models have been developed to investigate relapse to smoking in humans. A
detailed discussion about reinstatement models is beyond the scope of this manuscript and
therefore the readers are being referred to some excellent reviews about this topic (Epstein et
al., 2006; Shaham et al., 2003). In order to investigate the reinstatement of drug seeking
behavior, rodents are allowed to self-administer a drug of abuse and then after a specific
amount of time (mostly about 14 days) drug self-administration is extinguished by
withholding the drug. Extinguished drug seeking can be reinstated by exposure to footshock
stress, cues associated with drug taking behavior, or the noncontingent administration of a
drug of abuse. Similar to other drugs of abuse, nicotine seeking behavior can be reinstated
by exposing rats to footshocks, nicotine, or cues associated with the self-administration of
nicotine (Buczek et al., 1999; O'Connor et al., 2010; Paterson et al., 2005). Furthermore,
restraint stress has been shown to reinstate nicotine-induced conditioned place preference in
rats (Leao et al., 2009). The administration of the nonspecific CRF1/CRF2 receptor
antagonist D-Phe CRF(12–41) or the specific CRF1 receptor antagonist R278995/CRA0450
into the lateral ventricles prior to the footshock session attenuates stress-induced
reinstatement of extinguished nicotine-seeking behavior (Bruijnzeel et al., 2009; Zislis et al.,
2007). In a recent study, it was shown that intra-CeA administration of the CRF1 receptor
antagonist R278995/CRA0450 also attenuates stress-induced reinstatement of extinguished
nicotine-seeking behavior (Yamada and Bruijnzeel, 2011). The CRF2 receptor antagonist
astressin-2B does not prevent footshock-induced reinstatement of nicotine-seeking behavior
(Bruijnzeel et al., 2009). This indicates that exposure to a stressor leads to the release of
CRF which contributes to nicotine-seeking behavior by activating CRF1 receptors. The
CRF1 receptor antagonist CP-154,526 has been shown to attenuate cue and drug
(methamphetamine) induced reinstatement of extinguished methamphetamine-seeking
behavior (Moffett and Goeders, 2007). At this point, it is not known if blockade of CRF1
receptors would also attenuate cue and drug-induced reinstatement of nicotine-seeking
behavior.
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3.2. Hypocretins and Nicotine Addiction
3.2.1. Brain Hypocretin Systems—The hypocretins, hypocretin-1 and hypocretin-2, are
neuropeptides that are derived from a common precursor protein called prepro-hypocretin
(de Lecea et al., 1998). The hypocretins, which are also known as orexins, were discovered
around the same time by two independent research groups who each named these peptides
differently. De Lecea and colleagues named these peptides hypocretins because the peptides
have a similar amino acid sequence as the gut peptide secretin but their expression was
restricted to the hypothalamus (de Lecea et al., 1998). Because these peptides stimulate food
intake, Sakurai and colleagues called these peptides orexins after the Greek word orexis
which means appetite (Sakurai et al., 1998). Hypocretin-1 is a 33 amino acid peptide and
hypocretin-2 is a 28 amino acid peptide. There is a high degree of sequence similarity at the
c-terminal side of hypocretin-1 and hypocretin-2 whereas the N-terminal sides are quite
distinct (Tsujino and Sakurai, 2009). The localization of the hypocretin producing neurons
in the brain is extremely restricted. Hypocretin positive neurons have only been detected in
the perifornical region of the lateral hypothalamus and the posterior hypothalamic area (Date
et al., 1999; Nambu et al., 1999). Although the expression of hypocretin neurons is
restricted, hypocretin axons are widely distributed throughout the brain (Date et al., 1999;
Nambu et al., 1999). High levels of hypocretin fibers have been detected in brain areas that
play a role in the regulation of stress responses such as the CeA, BNST, LC, and PVN. High
levels of hypocretin fibers have also been detected in the dorsal and medial raphe nuclei, the
hypothalamic arcuate nucleus, area postrema, parabrachial nuclei, and the Barrington’s
nucleus (Nambu et al., 1999). The hypocretins mediate their effects via two receptors, the
hypocretin 1 receptor and the hypocretin-2 receptor. Hypocretin-1 and hypocretin-2 have a
similar affinity for the hypocretin-2 receptor. However, hypocretin-1 has a 2–3 fold higher
affinity for the hypocretin-1 receptor than hypocretin-2 (Sakurai et al., 1998).

The hypocretins have been shown to play a pivotal role in the regulation of a variety of
behaviors. The hypocretins play a role in the regulation of sleep-wake states and a lack of
hypocretin leads to the sleep disorder narcolepsy (Chemelli et al., 1999; Lin et al., 1999;
Thannickal et al., 2000). Narcolepsy is a disorder that is characterized by an inability to
maintain a wakeful state (Zarcone, 1973). The hypocretin projections from the lateral
hypothalamus to cholinergic nuclei of the basal forebrain play an important role in attention
as the release of hypocretins in the basal forebrain stimulates to the release of acetylcholine
in cortical brain areas (Eggermann et al., 2001). Furthermore, the hypocretins play an
important role in feeding behavior and energy homeostasis. Several studies have confirmed
the original finding by Sakurai and colleagues that the central administration of hypocretin
increases food intake in rodents (Dube et al., 1999; Jain et al., 2000; Sakurai et al., 1998;
Yamanaka et al., 1999).

3.2.2. Hypocretins and the Hypothalamic-Pituitary-Adrenal Axis—Since the
discovery of the hypocretins, a significant number of studies have provided evidence for a
role of these neuropeptides in the regulation of stress responses. Hypocretin receptor mRNA
has been detected in the PVN, the anterior pituitary, and the adrenal glands (Date et al.,
2000; Johren et al., 2001; Lopez et al., 1999; Marcus et al., 2001). In addition, the central
administration of the hypocretins leads to an increased release of ACTH and corticosterone
into the peripheral circulation (Jaszberenyi et al., 2000; Kuru et al., 2000; Russell et al.,
2001). Experimental evidence indicates that the hypocretins activate the HPA axis by
stimulating CRF neurons that project from the PVN to the median eminence. This is
supported by the observation that pretreatment with the nonspecific CRF1/CRF2 receptor
antagonist alpha-helical CRF(9–41) prevents the hypocretin-1 or hypocretin-2 induced
corticosterone release (Jaszberenyi et al., 2000).
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Furthermore, hypocretin-1 stimulates the release of CRF from hypothalamic tissue in vitro
and the central administration of hypocretin-1 or hypocretin-2 increases the number of c-Fos
positive neurons in the parvocellular (i.e., CRF neurons), but not magnocellular, subdivision
of the PVN (Date et al., 1999; Russell et al., 2001). The icv administration of the
hypocretin-1 receptor antagonist SB-408124 has been shown to attenuate the immobility
stress-induced release of ACTH (Samson et al., 2007). This indicates that the activation of
hypocretin receptors also plays an important role in the stress-induced activation of the HPA
axis. The results of a recent study suggest that hypocretin may also play a role in nicotine-
induced activation of neurons in the PVN (Balfour et al., 1975; Plaza-Zabala et al., 2010).
Plaza-Zabala and colleagues first demonstrated that subcutaneous nicotine administration
increases the expression of c-Fos in the PVN. An increased expression of c-Fos, the protein
product of the proto-oncogene c-fos, is indicative of increased neuronal activity (Morgan
and Curran, 1995). This effect was attenuated by pretreatment with the hypocretin-1
receptor antagonist SB334867 or prepro-hypocretin gene deletion. Then they demonstrated
that nicotine increases the expression of c-Fos in CRF and vasopressin neurons in the PVN
and pretreatment with SB334867 attenuates this effect (Plaza-Zabala et al., 2010). Nicotine
withdrawal also leads to an increased expression of c-Fos in the PVN and this effect is
blocked by pretreatment with the hypocretin-1 receptor antagonist SB334867 (Plaza-Zabala
et al., 2012). Taken together, these findings suggest that the activation of hypocretin-1
receptors plays a critical role in nicotine and nicotine-withdrawal induced activation of the
PVN.

Several other histological studies have provided evidence for the notion that nicotine may
affect the brain hypocretin system. The acute administration of nicotine to rats has been
shown to increase the number of c-Fos positive hypocretin neurons in the lateral
hypothalamus / perifornical area (Pasumarthi et al., 2006). This study suggests that the acute
administration of nicotine leads to the activation of hypocretin neurons in the lateral
hypothalamus. Chronic administration of nicotine increases the expression of hypocretin and
its receptors (Kane et al., 2000). In one study it was shown that chronic (10–14 days)
nicotine administration leads to increased prepro-hypocretin mRNA levels, and hypocretin-1
and 2 receptor mRNA levels in whole hypothalamus abstracts. The same treatment regimen
also led to increased hypocretin-1 levels in the dorsomedial nucleus of the hypothalamus
(DMH) and increased hypocretin-2 levels in the DMH and the PVN (Kane et al., 2000). It is
somewhat surprising that chronic nicotine administration increases hypocretin levels in the
DMH and PVN because nicotine decreases food intake and the administration of
hypocretin-1 in the DMH and the PVN increases food intake (Dube et al., 1999). It has been
suggested that this discrepancy is due to the fact that chronic nicotine also leads to a
downregulation in high-affinity hypocretin-1 receptors in the hypothalamus which would
lead to a decrease in hypocretin signaling (Kane et al., 2001).

3.2.3. Hypocretins, Nicotine, and Behavior—Behavioral studies indicate that the
hypocretins play a critical role in mediating some of the effects of nicotine. Numerous
studies have demonstrated that the acute administration of relatively high doses of nicotine
can have anxiogenic effects in rats and mice (File et al., 1998; Ouagazzal et al., 1999). In a
recent study, it was demonstrated that pretreatment with the hypocretin-1 receptor antagonist
SB334867 prevents nicotine-induced anxiogenic-like behavior in the elevated plus maze test
in mice (Plaza-Zabala et al., 2010). In addition, nicotine-induced anxiogenic-like behavior
was attenuated in preprohypocretin knockout mice compared to wild-type C57BL/6J mice
(Plaza-Zabala et al., 2010). In the same study, it was also demonstrated that hypocretin-1
induced the reinstatement of extinguished nicotine seeking behavior in rats with a history of
nicotine self-administration. This effect was blocked by pretreatment with the hypocretin-1
receptor antagonist SB334867, but not by pretreatment with the CRF1 receptor antagonist
antalarmin. Furthermore, SB334867 did not block stress-induced reinstatement of
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extinguished nicotine seeking behavior. In contrast, CRF1 receptor antagonists have been
shown to block stress-induced reinstatement of extinguished nicotine-seeking behavior
(Bruijnzeel et al., 2009; Plaza-Zabala et al., 2010). A recent study reported that the
hypocretin-1 receptor antagonist SB334867 also attenuates somatic nicotine withdrawal
signs (Plaza-Zabala et al., 2012). Taken together, these experiments indicate that the
activation of the hypocretin-1 receptor contributes to the anxiogenic effects of nicotine,
somatic nicotine withdrawal signs, and may play a role in the reinstatement of extinguished
nicotine-seeking behavior.

It might be possible that the hypocretin system also plays a role in mediating the effects of
food deprivation on smoking / nicotine self-administration and relapse. Hunger increases
smoking in humans and food deprivation increases nicotine self-administration in rats
(Cheskin et al., 2005; Franklin et al., 1948; Lang et al., 1977; Singer et al., 1978). The effect
of food deprivation on the reinstatement of extinguished nicotine-seeking behavior has not
been investigated. However, extensive evidence indicates that food deprivation reinstates
heroin and cocaine-seeking behavior (Carroll, 1985; Shalev et al., 2000; Shalev et al., 2003).
Furthermore, food deprivation increases hypothalamic preprohypocretin mRNA levels,
hypocretin-1 and 2 peptide levels, hypocretin-1 and 2 mRNA and protein levels (Karteris et
al., 2005). Therefore, additional studies are warranted to investigate the relationship between
hypocretin signaling, food deprivation, and nicotine self-administration and relapse. Based
on the aforementioned studies, it would be expected that hypocretin antagonists attenuate a
food deprivation-induced increase in nicotine self-administration and food deprivation-
induced reinstatement of nicotine-seeking behavior.

Two recent studies have investigated the effects of hypocretin antagonists on the rewarding
effects of nicotine (Hollander et al., 2008; LeSage et al., 2010). These studies suggest that
the activation of the hypocretin-1 receptor plays a critical role in the positive reinforcing
effects of nicotine. It was shown that the selective hypocretin-1 receptor antagonist
SB334867 decreases the self-administration of nicotine in rats under a fixed ratio and a
progressive ratio schedule of reinforcement at doses that do not affect responding for food
pellets (Hollander et al., 2008). The hypocretin-1 receptor antagonist SB334867 also
prevented the nicotine-induced potentiation of brain reward function as assessed with the
intracranial self-stimulation procedure (Hollander et al., 2008). In another set of
experiments, the effects of the same selective hypocretin-1 receptor antagonist SB334867
and the mixed hypocretin-1 and 2 receptor antagonist almorexant on nicotine self-
administration was investigated (LeSage et al., 2010). It was shown that SB334867 and
almorexant decreased the self-administration of nicotine in rats under a fixed ratio schedule
of reinforcement. SB334867 decreased the self-administration of nicotine at a dose that did
not affect responding for food pellets. However, the dose of almorexant that decreased
responding for nicotine also decreased responding for food pellets although to a lesser
degree. It is somewhat surprising to note that the dose-effect curves for the effects of
SB334867 on nicotine self-administration in the two aforementioned studies were very
different. In the study conducted by Hollander and colleagues, 4 mg/kg of SB334867
significantly decreased the self-administration of nicotine under a fixed ratio schedule of
reinforcement while in the study by LeSage and colleagues the lowest dose that decreased
the self-administration of nicotine was 30 mg/kg. It was suggested that this discrepancy in
the effectiveness of SB334867 to decrease nicotine self-administration was due to the fact
that different strains of rats were used (LeSage et al., 2010). Furthermore, the rats in the
study by LeSage and colleagues were somewhat food deprived, which led to a higher
nicotine intake (15 vs. 9 infusions in 1-hour sessions) and therefore it was suggested that a
higher dose of SB334867 might have been needed to decrease the self-administration of
nicotine (LeSage et al., 2010). Taken together, the studies in this section indicate that the
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positive reinforcing effects of nicotine are at least partly mediated by the activation of
hypocretin-1 receptors.

3.3. Neuropeptide Y and Nicotine Addiction
3.3.1. Brain Neuropeptide Y Systems—Neuropeptide Y (NPY) is a 36 amino acid
peptide that was first isolated from the porcine brain (Tatemoto et al., 1982). Follow-up
research indicated that NPY is widely expressed in the human and rodent central and
peripheral nervous systems (Adrian et al., 1983; Allen et al., 1983; Lundberg et al., 1983).
High concentrations of NPY have been detected in the rodent and human hypothalamus and
the suprachiasmatic nucleus. In addition, NPY-positive cells and fibers have been detected
in brain areas involved in the regulation of mood such as the amygdala complex and the
nucleus accumbens (Chronwall et al., 1985; Walter et al., 1990). Five NPY receptors have
been cloned from the rodent and human brain (Y1, Y2, Y4, Y5, Y6; for excellent reviews see
(Blomqvist and Herzog, 1997; Michel et al., 1998; Thorsell and Heilig, 2002). All the
cloned NPY receptors are G-protein coupled receptors and stimulation of these receptors
inhibits the production of cyclic adenosine monophosphate (cAMP). Functional Y6
receptors have been detected in the mouse, but this receptor is absent in the rat and not
functional in humans (Burkhoff et al., 1998; Gregor et al., 1996).

3.3.2. Neuropeptide Y and Psychiatric Disorders and Drug Addiction—NPY has
been implicated in a range of physiological and behavioral responses that are necessary to
maintain homeostasis (Broberger and Hokfelt, 2001; Kalra and Kalra, 2004; Shine et al.,
1994; Yannielli and Harrington, 2001). Preclinical and clinical studies suggest that
decreased NPY transmission in the brain is involved in the etiology and maintenance of
stress related psychiatric disorders (Thiele and Heilig, 2004). There is experimental evidence
that suggests that low levels of NPY in the brain may contribute to negative mood states. It
has been reported that NPY levels in the cerebrospinal fluid (CSF) are lower in depressed
patients than in schizophrenics or healthy controls (Widerlov et al., 1988). A similar pattern
of results was observed by Heilig and colleagues (Heilig et al., 2004). They showed that
CSF NPY levels are lower in patients with unipolar depression than in control subjects
(Heilig et al., 2004). In addition, NPY levels in the frontal cortex and the caudate nucleus
are lower in suicide victims than in age matched controls (Widdowson et al., 1992).

The antidepressant-like effects of NPY have been investigated in a variety of depression
models, including the rat and mouse forced swim test and the rat olfactory bulbectomy
model (Cryan and Mombereau, 2004; Kelly et al., 1997). Similar to selective serotonin
reuptake inhibitors and other antidepressant treatments, NPY decreases immobility in the rat
and mouse forced swim test (Husum et al., 2000; Redrobe et al., 2002; Stogner and Holmes,
2000). In addition, olfactory bulbectomy in rats results in an increase in ambulation, rearing,
grooming, and defecation in a novel open field and these effects can be prevented by chronic
treatment with NPY (Song et al., 1996). This pattern of results suggests that NPY has
antidepressant-like effects and that NPY receptor agonists may serve as novel
pharmacological treatments for depressive disorders. This is further supported by the
observation that treatment with antidepressants such as lithium, citalopram, and imipramine
increases NPY neurotransmission in a variety of brain areas in the rat (Heilig et al., 1988;
Husum et al., 2000; Wahlestedt et al., 1990; Weiner et al., 1992).

As indicated above, heightened NPY levels have been associated with fewer depressive-like
symptoms and it has been suggested that NPY counteracts the effects of stressors (Redrobe
et al., 2004; Thiele and Heilig, 2004). These findings suggest that NPY may decrease drug
withdrawal syndromes. Indeed, it has been reported that NPY decreases irritability, tremor
and rigidity associated with spontaneous alcohol withdrawal (Woldbye et al., 2002). In
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addition, NPY and other NPY receptor agonists such as [Leu31, Pro34]-NPY, NPY 3–36,
and peptide YY decrease somatic opioid withdrawal signs in rats (Woldbye et al., 1998).
There is also strong evidence for a role of NPY in alcohol self-administration in rodents
(Badia-Elder et al., 2001; Thiele et al., 1998). NPY knockout mice have higher alcohol
intake than wild type mice and transgenic mice that overexpress NPY have a lower alcohol
intake compared to wild type mice (Thiele et al., 1998). NPY also decreases alcohol intake
in rats that are bred for a high alcohol preference (alcohol-preferring, P rats) and alcohol
dependent Wistar rats but not in rats with a low alcohol preference or nondependent Wistar
rats (Badia-Elder et al., 2001) (Thorsell et al., 2005). Recent studies imply an important role
for NPY in the CeA in alcohol self-administration. Viral vector-induced overexpression of
NPY in the CeA decreases alcohol intake in alcohol dependent animals (Thorsell et al.,
2007). Furthermore, the administration of NPY in the CeA decreases alcohol intake in
alcohol dependent animals but not in nondependent control animals (Gilpin et al., 2008).

3.3.3. Neuropeptide Y and Nicotine Withdrawal—In order to investigate the role of
NPY in nicotine withdrawal, our laboratory investigated the effects of NPY on the
elevations in brain reward thresholds associated with precipitated nicotine withdrawal in rats
(Rylkova et al., 2008). It has been suggested that NPY’s anxiolytic and antidepressant-like
effects are mediated via the Y1 receptor and NPY’s sedative effects via the Y5 receptor (Ki
of 0.28 nM for Y1, Ki of 1.5 nM for Y5) (Ishida et al., 2007; Mullins et al., 2001; Redrobe et
al., 2002; Sorensen et al., 2004). Therefore, an additional study was conducted to investigate
the effect of the selective Y1 receptor agonist [D-His26]-NPY (Ki of 2.0 nM for Y1, Ki of
34.6 nM for Y5) on the elevations in brain reward thresholds associated with nicotine
withdrawal (Mullins et al., 2001). It was shown that neither NPY nor [D-His26]-NPY
prevented the elevations in brain reward thresholds associated with precipitated nicotine
withdrawal in rats. Furthermore, NPY and [D-His26]-NPY elevated the brain reward
thresholds of the control rats that were not treated with nicotine. It is interesting to note that
a recent study reported that the icv administration of NPY increases the expression of c-fos
mRNA in the CeA of rats (Cippitelli et al., 2010). Numerous studies have reported an
increased expression of c-Fos protein or c-fos mRNA in the CeA during drug withdrawal
and an increased activity of this area has been implicated in negative mood states (Frenois et
al., 2002; Panagis et al., 2000). Therefore, it cannot be ruled out the NPY’s effects on the
CeA contributed to the NPY and [D-His26]-NPY induced elevations in brain reward
thresholds. Previous research from our group demonstrated that the intra-CeA administration
of the non-specific CRF1/CRF2 receptor antagonist D-Phe CRF(12–41) or the selective CRF1
receptor antagonist R278995/CRA0450 prevents the elevations in brain reward thresholds
associated with nicotine withdrawal {Marcinkiewcz, 2009 2867 /id;Bruijnzeel, 2012 3596 /
id}. Therefore, follow-up studies could investigate if the NPY-induced elevations in brain
reward thresholds are mediated by increased CRF transmission in the CeA. Although NPY
and [D-His26]-NPY did not affect the affective signs of nicotine withdrawal, both
neuropeptides attenuated the somatic signs associated with precipitated and spontaneous
nicotine withdrawal. This is in line with studies that reported that NPY attenuates the
somatic signs associated with morphine and alcohol withdrawal (Woldbye et al., 1998;
Woldbye et al., 2002). Thus, these findings suggest that NPY or Y1 receptor agonists
diminish the somatic signs of nicotine withdrawal but do not attenuate the dysphoria
associated with nicotine withdrawal.

3.4. Norepinephrine and Nicotine Addiction
3.4.1. Brain Norepinephrine Systems—Two distinct noradrenergic cell groups have
been located in the rodent and human brainstem (Dahlström and Fuxe, 1964). The
noradrenergic neurons in the LC and the sub-coeruleus give rise to the dorsal noradrenergic
bundle, which innervates cortical areas, the hippocampus, amygdala, and other forebrain
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areas. The LC provides the majority of the norepinephrine input to the forebrain areas, and
plays an important role in behavioral functions such as attention, arousal, waking, and
learning and memory (Aston-Jones, 2005). The noradrenergic cell groups (A1, A2, A5, and
A7) located in the lateral tegmentum give rise to the ventral noradrenergic bundle. The
ventral noradrenergic bundle provides extensive projections to the hypothalamus, septum,
and subcomponents of the extended amygdala such as the CeA and BNST (Moore and Card,
1984). The ventral noradrenergic bundle provides less extensive projections to the forebrain
areas than the dorsal noradrenergic bundle.

Norepinephrine mediates its behavioral and physiological effects via the activation of α- and
β-adrenoceptors. Based on their anatomical localization, the α-adrenoceptors were divided
into two subfamilies: the postsynaptic α1-adrenoceptors and the presynaptic α2-
adrenoceptors (Langer, 1980). More recent studies demonstrated that the α2-adrenoceptors
are also located postsynaptically (Ruffolo, Jr. and Hieble, 1994). The development of
selective α-adrenoceptor ligands allowed a further subdivision of the α1- and α2-
adrenoceptors. At this point, three α1-adrenoceptors (α1A, α1B, and α1D) and three α2-
adrenoceptors (α2A, α2B, and α2C) have been pharmacologically identified (Bylund et al.,
1994; Hieble et al., 1995). Pharmacological studies have led to the discovery of two
subtypes of β-adrenoceptors, β1 and β2, and molecular cloning led to the discovery of the
β3-adrenoceptor (Bylund et al., 1994; Muzzin et al., 1991). The adrenoceptors are part of the
superfamily of seven transmembrane G-protein-coupled receptors. The α1-adrenoceptors are
coupled to the Gαq subfamily of G-proteins, the α2-adrenoceptors are coupled to Gαi
subfamily, and the β-adrenoceptors are coupled to Gαs subfamily (Duman and Nestler,
2002). The activation of each receptor has specific G-protein dependent intracellular effects.
Activation of the α1-adrenoceptor leads to the activation of phospholipases, activation of the
α2-adrenoceptor leads to the inhibition of adenylyl cyclase and the inhibition of cAMP
formation, and activation of the β-adrenoceptors to the activation of adenylyl cyclase and
increased cAMP formation (Duman and Nestler, 2002).

3.4.2. Norepinephrine and Psychiatric Disorders and Drug Addiction—Central
noradrenergic signaling plays an important role in neurobehavioral and physiological
responses to stressors. A dysregulation of central noradrenergic systems has been suggested
to contribute to the development and maintenance of psychiatric disorders such as anxiety
disorders and major depression (Charney, 2003). Evidence for a dysregulation of
noradrenergic systems in anxiety disorders is provided by the observation that patients with
panic disorder and PTSD display abnormal responses to the administration of the α2-
adrenoceptor antagonist yohimbine and the α2-adrenoceptor agonist clonidine. Yohimbine
increases norepinephrine levels in the synaptic cleft and clonidine decreases the availability
of norepinephrine. Yohimbine induces greater increases in anxiety and plasma levels of the
norepinephrine metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) in patients with
panic disorder and PTSD than in healthy controls (Charney et al., 1992; Southwick et al.,
1993; Southwick et al., 1997). Patients with panic disorder also display a blunted growth
hormone response to the administration of clonidine, which has been suggested to be
mediated by presynaptic autoreceptor subsensivity (Charney and Heninger, 1986; Sallee et
al., 2000). Several lines of evidence imply a role for noradrenergic systems in depressive
disorders. The strongest evidence is provided by studies that investigated the effects of
catecholamine depletion on mood states in patients with a history of depression. Treatments
that deplete monoamine stores (reserpine and tetrabenazine) or inhibit catecholamine
synthesis (α-methylparatyrosine) induce depressive symptoms in patients with a history of
depression (Berman et al., 1999; Freis, 1954; Goodwin and Bunney, Jr., 1971; Lingjaerde,
1963). Patients return to baseline levels after the discontinuation of these treatments or after
the administration of the catecholamine precursor L-DOPA (Schildkraut, 1965). Depressive
disorders have also been associated with alterations in catecholamine receptor functioning.
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Most research has focused on the role of the α2-adrenoceptor in depression. The chronic
administration of the antidepressant and selective norepinephrine reuptake inhibitor
desipramine decreases the sensitivity of presynaptic α2-adrenoceptors in depressed patients,
which lead to the α2-adrenoceptor supersensitivity hypothesis (Charney et al., 1981; Spyraki
and Fibiger, 1980). A more recent study that investigated the effects of selective α2-
adrenoceptor agonists on [(35)S]GTPgammaS binding in the frontal cortices of suicide
victims with major depression provided additional support for the α2-adrenegic
supersensitivity hypothesis. It was shown that the α2-adrenoceptors of the suicide victims
were 4.6 times more sensitive to the stimulatory effects of specific α2-adrenergic agonists
than those of healthy controls (Gonzalez-Maeso et al., 2002).

Additional evidence for a dysregulation of noradrenergic signaling in mood disorders is
provided by studies that indicate that chronic elevation of central norepinephrine levels
ameliorates depressive symptomatology. Drugs that preferentially inhibit the reuptake of
norepinephrine such as the tricyclic desipramine and the selective norepinephrine reuptake
inhibitor reboxetine are as effective in improving depression scores in depressed patients as
specific serotonin reuptake inhibitors (Andreoli et al., 2002; Nelson, 1999). Moreover,
antidepressants that block both the reuptake of norepinephrine and serotonin have been
reported to be more effective in improving depression scores than selective serotonin
reuptake inhibitors (Stahl et al., 2002). During the last decades, a great majority of the
studies has focused on the role of the LC and its ascending projections in stress-associated
psychiatric disorders and drug withdrawal while the role of noradrenergic neurons in the
lateral tegmentum has been under-investigated. Research by Lucki and colleagues suggests
that the ventral noradrenergic bundle may, however, play a more significant role in
mediating the neurobehavioral effects of norepinephrine reuptake inhibitors than the dorsal
noradrenergic bundle (Cryan et al., 2002b). They showed that reboxetine, similar to other
norepinephrine reuptake inhibitors, decreases immobility and swimming behavior in the
forced swim test while simultaneously increasing climbing behavior. Lesioning of the
ventral noradrenergic bundle prevents the reboxetine induced decrease in immobility
behavior and the increase in climbing behavior. In contrast, lesioning of the dorsal
noradrenergic bundle did not affect the behavioral effects of reboxetine in the modified
forced swim test. This suggests that noradrenergic cell groups in the lateral tegmentum and
possibly their projections to the CeA and BNST may play an important role in mediating the
antidepressant effects of norepinephrine reuptake inhibitors.

Several lines of evidence indicate that stressors increase central noradrenergic transmission
(Cecchi et al., 2002; Khoshbouei et al., 2002; Morilak et al., 2005; Swanson et al., 2004).
Although the great majority of the studies have focused on the role of the LC in stress
responses, recent studies also indicate that stressors induce a strong activation of the A1 and
A2 noradrenergic cell groups in the medulla (Dayas et al., 2001). The behavioral and
neurochemical effects of stressors can be modulated by the administration of drugs that
stimulate or block adrenoceptors. Immobilization stress increases extracellular levels of
norepinephrine in the CeA and these effects are potentiated by the administration of the α2-
adrenoceptor antagonist yohimbine (Khoshbouei et al., 2002). Yohimbine by itself also
increases the expression of c-Fos in the CeA and BNST (Singewald et al., 2003).
Furthermore, simultaneous blockade of β1 and β2-adrenoceptors in the BNST or the
activation of α2-adrenoceptors in this brain site decreases anxiety-like behavior (Cecchi et
al., 2002; Schweimer et al., 2005). Discontinuation of chronic opioid administration has
been suggested to mediate a similar effect on brain norepinephrine systems as exposure to
stressors (Koob et al., 2004). Morphine withdrawal mediates an increased release of
norepinephrine in the prefrontal cortex, CeA, and BNST (Devoto et al., 2002; Fuentealba et
al., 2000; Watanabe et al., 2003). Drugs that prevent the increase in noradrenergic
transmission such as the α2-adrenoceptor agonists clonidine and lofexidine decrease opioid
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withdrawal symptomatology (Gold et al., 1978; Gold et al., 1981). Recent studies have
focused on the neurobiological substrates that may mediate the aversive state associated
with the discontinuation of morphine administration. Aston-Jones and colleagues have
provided evidence for a role of the ventral, but not of the dorsal, noradrenergic bundle in the
negative aversive state associated with morphine withdrawal (Delfs et al., 2000). They also
showed that noradrenergic transmission in the CeA and BNST plays a critical role in the
negative mood state associate with opioid withdrawal (Aston-Jones and Harris, 2004; Delfs
et al., 2000).

3.4.3. Norepinephrine and Nicotine Withdrawal—Clinical and preclinical studies
suggest that noradrenergic transmission plays a role in tobacco and nicotine withdrawal.
Gourlay and colleagues conducted a meta-analysis on the data of 6 studies that investigated
the effects of the α2-adrenoceptor agonist clonidine on smoking cessation (Gourlay et al.,
2004). Subjects who were treated with clonidine were more likely to be abstinent 12 weeks
after quitting smoking than control subjects who were treated with placebo (OR = 1.89). In
addition, it has been reported that clonidine decreases anxiety and irritability in the first
week after quitting smoking (Prochazka et al., 1992). Additional evidence for a role of
noradrenergic transmission in tobacco withdrawal is provided by studies with the
antidepressant and relative selective norepinephrine reuptake inhibitor nortriptyline
(serotonin, 570; NE, 3.4; dopamine, 3500, IC50, reuptake inhibition in vivo)(Hyttel, 1994).
Nortriptyline has been shown to decrease relapse rates and diminish anxiety, anger,
irritability, difficulty concentrating, restlessness, and impatience associated with smoking
cessation (Hall et al., 1998; Prochazka et al., 1998; Wagena et al., 2005). It cannot be ruled
out that nortriptyline’s effect on the serotonin transporter contributed to its effectiveness as a
smoking cessation aid. However, it should be noted that selective serotonin reuptake
inhibitors such as fluoxetine, paroxetine, and sertraline do not improve smoking cessation
rates (Hughes et al., 2007). Therefore, it is most likely that the effects of nortriptyline are
mediated by its actions on the norepinephrine transporter. The antidepressant drug
bupropion has also been shown to improve smoking cessation rates and decrease tobacco
withdrawal symptoms such as depression, difficulty concentrating, and irritability (Hurt et
al., 1997; Jorenby et al., 1999; Shiffman et al., 2000). Although there is evidence that
bupropion and its metabolites affect noradrenergic transmission, bupropion also acts upon
many other brain systems. Bupropion has been shown to be a weak dopamine and
norepinephrine reuptake inhibitor, stimulates norepinephrine release, and blocks nAChRs
(Damaj et al., 2004; Dong and Blier, 2001; Ferris et al., 1982; Fryer and Lukas, 1999).

There are only a few animal studies that have investigated the effects of selective
adrenoceptor agonists or antagonists on nicotine withdrawal. In our laboratory, the effects of
the α1-adrenoceptor antagonist prazosin, the α2-adrenoceptor agonist clonidine, and the
nonselective β1/β2-adrenoceptor antagonist propranolol on the elevations in brain reward
thresholds associated with nicotine withdrawal was investigated (Bruijnzeel et al., 2010).
Pretreatment with low doses of prazosin (0.0625 and 0.125 mg/kg) dose-dependently
prevented the elevations in brain reward thresholds associated with precipitated nicotine
withdrawal. In a separate experiment, the effect of higher doses of prazosin (0.25–1 mg/kg,
ip) was also investigated (Bruijnzeel et al., 2010). These higher doses tended to induce a
non-significant increase in the brain reward thresholds of the control rats and were less
effective in attenuating the elevations in brain reward thresholds associated with nicotine
withdrawal than lower doses. This observation is in line with previous studies that reported
that high doses of α1-adrenoceptor antagonists inhibit ICSS responding (Fenton and
Liebman, 1982; Liebman et al., 1982; Lin et al., 2007). The above discussed prazosin study
suggests that suboptimal, either too low or too high, levels of noradrenergic transmission
lead to negative mood states. Pretreatment with the α2-adrenoceptor agonist clonidine or the
nonselective β1/β2-adrenoceptor antagonist propranolol did not prevent the elevations in

Bruijnzeel Page 23

Neurosci Biobehav Rev. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



brain reward thresholds associated with nicotine withdrawal (Bruijnzeel et al., 2010). In
contrast, clonidine and propranolol, but not prazosin, decreased the total number of somatic
signs associated with nicotine withdrawal. Taken together, these studies suggest that
antagonism of α1-adrenoceptors attenuates the deficit in brain reward function associated
with nicotine withdrawal and that antagonism of β-adrenoceptors or stimulation of α2-
adrenoceptors attenuates the somatic symptoms of nicotine withdrawal.

In a recent study, Semenova and Markou investigated the effects of blockade of α2-
adrenoceptors on the elevations in ICSS reward thresholds associated with spontaneous and
dihydro-beta-erythroidine (DHβE) precipitated nicotine withdrawal (Semenova and Markou,
2010). The α2-adrenoceptor antagonist idazoxan attenuated the elevations in brain reward
thresholds associated with spontaneous, but not precipitated, nicotine withdrawal. The
discrepancy between the spontaneous and precipitated nicotine withdrawal experiments may
have been due to the pretreatment interval. In the spontaneous withdrawal experiment, brain
reward thresholds were measured 30 minutes, 24 hours, and 72 hours after the
administration of idazoxan. The brain reward thresholds of the nicotine withdrawing rats
treated with idazoxan rats were lower than those of the nicotine withdrawing rats treated
with saline 24 and 72 hours, but not 30 minutes, after the administration of idazoxan. In the
precipitated withdrawal experiment, idazoxan was administered 30 minutes before assessing
the brain reward thresholds and idazoxan did not prevent the elevations in brain reward
thresholds. This pattern of results suggests that idazoxan has a delayed effect on the
elevations in brain reward thresholds associated with nicotine withdrawal. Taken together,
these findings would suggest that blockade (Semenova and Markou, 2010), but not
stimulation (Bruijnzeel et al., 2010), of α2-adrenoceptors may attenuate the negative mood
state associated with smoking cessation.

3.4.4. Norepinephrine and Reinstatement of Nicotine Seeking—At this point, few
studies have investigated the role of noradrenergic transmission in the reinstatement of
extinguished nicotine-seeking behavior. Our group showed that systemic administration of
the α2-adrenoceptor agonist clonidine attenuates footshock-induced reinstatement of
nicotine-seeking behavior in rats (Zislis et al., 2007). This observation is in line with a study
that showed that clonidine inhibits stress-induced reinstatement of cocaine-seeking behavior
in rats (Erb et al., 2000). In a follow-up experiment, we showed that intra-CeA
administration of clonidine or another α2-adrenoceptor agonist, dexmedetomidine,
attenuates stress-induced reinstatement of nicotine seeking in rats (Yamada and Bruijnzeel,
2011). In contrast, intra-CeA administration of the nonselective β1/β2-adrenoceptor
antagonist propranolol or the α1-adrenoceptor antagonist prazosin did not decrease stress-
induced reinstatement of nicotine-seeking behavior. A recent study by Forget and colleagues
showed that systemic administration of prazosin attenuates nicotine and cue-induced
reinstatement of extinguished nicotine seeking behavior (Forget et al., 2010). Additional
studies are warranted to investigate if systemic administration of prazosin attenuates stress-
induced reinstatement of nicotine-seeking behavior.

3.5. Hypothalamic-Pituitary-Adrenal Axis and Nicotine Addiction
3.5.1. Central Norepinephrine and Hypothalamic-Pituitary-Adrenal Axis—The
acute non-contingent administration of nicotine to rats and mice has been shown to stimulate
the release of ACTH and corticosterone (Andersson et al., 1983; Balfour et al., 1975; Cam et
al., 1979; Lutfy et al., 2006). The self-administration of nicotine has also been shown to
increase the release of ACTH and corticosterone in rats (Chen et al., 2008; Donny et al.,
2000). Extensive evidence indicates that nicotine activates the HPA axis by stimulating
central but not peripheral nAChRs (Matta et al., 1998). This is supported by research
conducted with mecamylamine, which readily crosses the blood brain barrier, and
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hexamethonium, which does not cross the blood brain barrier. The systemic administration
of mecamylamine, but not hexamethonium, blocks nicotine-induced ACTH release (Matta et
al., 1987). In addition, the intravenous administration of the cholinergic agonist cytisine,
which does not cross the blood brain barrier, does not increase ACTH levels (Matta et al.,
1987).

Nicotine may activate the HPA axis by stimulating nAChRs in the brain stem. Nicotinic
receptors have been detected in noradrenergic brain stem areas (Maley and Seybold, 1993;
Pauly et al., 1996) and there are extensive excitatory noradrenergic projections from the
brain stem to CRF containing neurons in the parvocellular divisions of the PVN (Pacak et
al., 1995). The administration of nicotine into the LC, the A2 (norepinephrine-containing
neurons) and C2 (epinephrine-containing neurons) regions of the nucleus of the tractus
solitarius, and the A1 region of the ventrolateral medulla stimulates the release of ACTH
(Matta et al., 1993b). Nicotine stimulates the release of ACTH in the following rank order:
A2 > C2 > LC > A1 > C1. The administration of 2.5 µg of nicotine free-base into the LC
induced a similar increase in ACTH levels as the administration of 0.25 µg of nicotine free-
base into the A2 region. The administration of nicotine in the C1 region did not induce the
release of ACTH and only the administration of very high doses of nicotine (5 and 10 µg,
free-base) into the A1 region stimulated the release of ACTH. This suggests that the A2/C2
region of the NTS plays a more important role in the nicotine-induced ACTH release than
the LC and A1 and C1 regions of the ventrolateral medulla. This pharmacological study is in
line with another experiment that investigated the effects of nicotine on the activation of
neurons (c-Fos) in the brain (Matta et al., 1993a). In this study, c-Fos expression in the A2
and C2 regions of the nucleus tractus solitarius and the parvocellular divisions of the PVN
was increased after the administration of a low dose of nicotine (0.05 mg/kg, free-base).
This low dose of nicotine did not increase the expression of c-Fos in the LC or the A1 and
C1 regions of the ventrolateral medulla. A higher dose of nicotine (0.1 mg/kg, free-base)
also increased the expression of c-Fos in the LC.

The noncontingent intravenous administration of nicotine to rats induces a dose-dependent
increase in NE levels in the PVN and a dose-dependent increase in plasma ACTH levels (Fu
et al., 1997). In order to investigate if nicotine induces the release of NE in the PVN via the
activation of nAChRs in the PVN or in the brainstem, Fu and colleagues investigated the
effects of the administration of mecamylamine in the PVN or in the fourth ventricle on
nicotine-induced NE release in the PVN (Fu et al., 1997). The administration of
mecamylamine into the fourth ventricle leads to the blockade of nAChRs in the brain stem.
The administration of nicotine into the PVN did not affect the iv nicotine-induced NE
release in the PVN. In contrast, the administration of mecamylamine into the fourth ventricle
completely blocked the iv nicotine-induced release of NE in the PVN. This suggests that
nicotine-induced NE release is mediated by the activation of nAChRs in the brain stem and
that nAChRs in the PVN do not play a role in nicotine-induced NE release in this brain site.
The administration of the α2-adrenoceptor antagonist yohimbine or the α1-adrenoceptor
antagonist prazosin, but not the nonspecific β1/β2-adrenoceptor antagonist propranolol, in
the third ventricle has been shown to attenuate the nicotine-induced ACTH release (Matta et
al., 1990). Based on the aforementioned observation it was concluded that the activation of
α1 and α2-adrenoceptors in the PVN plays a role in the nicotine-induced ACTH release
(Matta et al., 1990). Taken together, these studies indicate that nicotine stimulates the HPA
axis by activating neurons in the A2 region that project to the parvocellular region of the
PVN. The release of NE in the parvocellular PVN and the subsequent activation of the CRF
neurons leads to the release of CRF into the hypophyseal portal system and the release of
ACTH into the peripheral circulation by the anterior pituitary.
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3.5.2. Corticosterone and Behavioral Effects of Nicotine—Experimental evidence
suggests that corticosterone may potentiate some of the behavioral effects of
psychostimulants such as cocaine and amphetamine. For example, it has been suggested that
corticosterone plays a role in the acquisition of amphetamine self-administration in rats that
have a low baseline intake of this drug and corticosterone has also been shown to increase
the intake of low doses of cocaine (Goeders, 2002; Piazza et al., 1991). Corticosterone
potentiates the acute locomotor effects of cocaine and plays a role in cocaine-induced
locomotor sensitization (Piazza et al., 1994). Finally, it has been reported that corticosterone
is necessary for the footshock-induced increase in cocaine self-administration (Mantsch and
Katz, 2007). It is beyond the scope of this review to fully discuss the role of corticosterone
in psychostimulant addiction and therefore the readers are referred to some excellent
reviews (Goeders, 2002; Piazza and Le Moal, 1996). Animal studies suggest that the effects
of corticosterone on the behavioral and physiological effects of nicotine are opposite to
those of other psychostimulants. Corticosterone has been reported to decrease the behavioral
and physiological effects of nicotine. Pauly and colleagues investigated the effects of
adrenalectomy (ADX), which leads to extremely low corticosterone levels, on the nicotine-
induced changes in the acoustic startle response, Y-maze activity, heart rate, and body
temperature (Pauly et al., 1988). Adrenalectomy potentiated the nicotine-induced decrease in
Y-maze crosses, body temperature, and heart rate. In addition, ADX potentiated the
nicotine-induced increase in startle responses. The administration of corticosterone to the
ADX animals prevented the hypersensitivity to nicotine. Adrenalectomy has also been
shown to potentiate the locomotor response to a low dose of nicotine and potentiate the
locomotor depressant effects of high doses of nicotine (Shoaib and Shippenberg, 1996). The
effects of the administration of corticosterone are opposite to those of ADX. The
administration of corticosterone to intact animals (no-ADX) decreases the sensitivity to
nicotine-induced changes in the acoustic startle procedure, Y maze test, heart rate response,
and body temperature (Robinson et al., 1996). These findings suggest that high levels of
corticosterone cause a hyporesponsivity to nicotine and the absence of corticosterone leads
to a hypersensitivity to nicotine.

Chronic exposure to tobacco smoke or nicotine leads to tolerance to the physiological (e.g.,
decrease in heart rate and body temperature) and behavioral (e.g., decrease in locomotor
activity and rearing) effects of nicotine and an upregulation of α4β2 and α7-containing
nAChRs in rats and mice (Pauly et al., 1991; Pauly et al., 1992; Small et al., 2010;
Stolerman et al., 1973; Yates et al., 1995). The upregulation of nAChRs is considered a
hallmark feature of nicotine dependence (Dani and Heinemann, 1996). Because
corticosterone, like nicotine, decreases the sensitivity to nicotinic receptor agonists, several
studies have investigated if corticosterone has similar effects on brain nAChR levels as
nicotine. The levels of α4β2 nAChRs are often assessed by measuring [3H]-nicotine binding
and α7 nAChRs levels are often assessed by measuring [125I]-α-bungarotoxin binding
(Barrantes et al., 1995; Zoli et al., 1998). Autoradiographic studies have shown that the
effects of corticosterone on nAChR levels are very different than the effects of nicotine. It
has been reported that corticosterone does not affect [3H]-nicotine binding or it increases
[3H]-nicotine binding in only a small percentage of the brain sites investigated (Pauly et al.,
1990; Pauly and Collins, 1993). Studies that investigated the effects of corticosterone on
[125I]-α-bungarotoxin binding consistently show that corticosterone decreases [125I]-α-
bungarotoxin binding (Pauly et al., 1990; Pauly and Collins, 1993; Robinson et al., 1996).
Thus, both nicotine and corticosterone induce tolerance to the effects of nicotine. However,
nicotine increases α4β2 and α7 nAChR levels and corticosterone only marginally increases
α4β2 nAChR levels in a few brain sites and decreases α7 nAChR levels. A better
understanding of the nicotine-induced activation, desensitization, and upregulation of
nAChRs has been considered to be the key to understanding tolerance to the effects of
nicotine and nicotine dependence (De Biasi and Dani, 2010). Additional studies are
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warranted to investigate the possible mechanisms by which corticosterone mediates
tolerance to the behavioral and physiological effects of nicotine.

4. Concluding Remarks
The first part of this review investigated the role of stressors and stress-associated
psychiatric disorders in tobacco addiction. The epidemiological and clinical studies that
were discussed indicate that brain stress systems play a critical role in tobacco addiction.
Smokers indicate that they smoke for stress relief and to relax. Exposure to stressors in the
real world or in the laboratory increases the number of cigarettes smoked. There is also a
high comorbidity between smoking and stress-associated psychiatric disorders such as
depression, PTSD, and other anxiety disorders. The smoking rate in people with these
disorders is about twice as high as in the general population. The reviewed studies suggest
that there is a bidirectional relationship between depression and smoking. Children and
adolescents who are depressed are more likely to start smoking than their nondepressed
peers. Smokers who did not have a history of depression when they started smoking are
more likely to become depressed than nonsmokers. Most anxiety disorders do not increase
the risk for smoking but there is some evidence that social fears increase the risk for
smoking. In contrast, smoking increases the risk for developing anxiety disorders such a
panic disorder, agoraphobia, and generalized anxiety disorder. People who smoke are also
more likely to develop PTSD after exposure to a traumatic event. Smoking and smoking
cessation affects the HPA axis. Smoking leads to an increased release of ACTH and cortisol
and smoking cessation leads to a dramatic decrease in cortisol levels. The smoking
cessation-induced decrease in cortisol levels may play a role in relapse to smoking as people
with the largest decrease in cortisol levels are the most likely to relapse. Smoking leads to an
upregulation and desensitization of nAChRs and after people quit smoking the nAChRs
recover to a responsive state. The excessive number of responsive nAChRs may contribute
to craving for cigarettes and relapse. Animal studies show that corticosterone decreases the
sensitivity of nAChRs. Therefore, the smoking-cessation induced decrease in cortisol levels
may exacerbate withdrawal symptomatology and relapse by facilitating the recovery of
nAChRs.

The reviewed studies focused on the role of stressors, depression, and anxiety disorders in
the onset of smoking and smoking cessation. It should be noted that in addition to the
discussed parameters, age and sex can also affect the onset of smoking and smoking
cessation. For example, the reviewed studies indicate that there is a strong association
between smoking and anxiety disorders in adults but not in adolescents (Johnson et al.,
2000; Lawrence et al., 2009). Furthermore, females are more likely to relapse to smoking
than males (Bjornson et al., 1995; Swan et al., 1993). Therefore, future studies that
investigate the association between anxiety, depression or other brain disorders and smoking
should pay close attention to the age and sex of the test subjects.

The second part of this review described studies that used animal models to investigate the
role of brain stress systems in tobacco addiction. The animal studies indicate that brain stress
systems play a critical role in all stages of the addiction cycle. Drugs that block CRF1
receptors prevent the increased nicotine intake after a period of abstinence, decrease the
negative mood state and anxiety-like behavior associated with nicotine withdrawal, and
prevent stress-induced reinstatement of extinguished nicotine-seeking behavior. The
reviewed studies also suggest that noradrenergic transmission plays a critical role in nicotine
addiction. Blockade of α1-adrenoceptors and stimulation of α2-adrenoceptors diminishes the
negative mood state associated with nicotine withdrawal. Stimulation of α2-adrenoceptors
also prevents stress-induced relapse to nicotine seeking. Blockade of hypocretin-1 receptors
has been shown to decrease the positive reinforcing effects of nicotine and decreases
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nicotine-withdrawal induced anxiety-like behavior. Finally, NPY or Y1 receptor agonists
attenuate the somatic signs associated with nicotine withdrawal.

Taken together, the reviewed studies indicate that smoking induces a feeling of stress relief
and relaxation. However, contrary to the subjective experience, smoking activates brain
stress systems and over time induces a dysregulation of these systems. This can lead to an
increase in perceived stress levels and an increased risk for developing depression, PTSD,
and other anxiety-disorders. Animal studies suggest that drugs that counteract the increased
activity in brain stress systems may help people to quit smoking and prevent relapse to
smoking after a period of abstinence.

• Stressors increase the number of cigarettes smoked and increase the risk for
relapse

• Depression increases the risk for smoking and vice versa

• Smoking increases the risk for developing an anxiety disorder

• A hyperactivity of brain stress system plays a role in nicotine withdrawal in rats

• Drugs that decrease the activity of brain stress systems may help people quit
smoking
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Figure 1.
Role of smoking in developing depression, PTSD, and other anxiety disorders. The left side
of the figure shows that there is a bidirectional relationship between smoking and depression
and PTSD; smoking increases the risk for developing depression and PTSD and vice versa.
The right side of the figure indicates that smoking increases the risk for developing an
anxiety disorder (PTSD not included). Most anxiety disorders do not increase the risk for
smoking.
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Figure 2.
Dysregulation of brain stress systems and tobacco addiction. A dysregulation of brain stress
systems may play a role in transitioning from experimenting with cigarettes to habitual
smoking, the dysphoria associated with smoking cessation, and relapse to smoking. CRF
neurons project from the CeA to the prefrontal cortex, BNST, dorsal raphe nucleus, and LC
(Swanson et al., 1983). CRF neurons also project from the PVN to the median eminence.
NPY neurons project from the arcuate hypothalamic nucleus to the nucleus accumbens,
lateral septum, and the LC (Holmes et al., 2003; Kask et al., 2002). Hypocretin neurons
project from the later hypothalamus to the prefrontal cortex, thalamus, dorsal raphe nucleus,
and the LC (Lambe et al., 2007). Norepinephrine neurons project from the LC to the
prefrontal cortex and the CeA and from the A1/A2 region to the BNST (Aston-Jones and
Cohen, 2005; Delfs et al., 2000). A2 noradrenergic neurons also play an important role in
stimulating CRF neurons in the PVN and thereby activating the HPA axis (Matta et al.,
1993b). Corticosterone inhibits the activity of the HPA axis by stimulating glucocorticoid
receptors in the pituitary, PVN, and hippocampus (de Kloet et al., 1998a). Inhibitory
GABAergic neurons project from the hippocampus to the PVN (de Kloet et al., 1998b).
Abbreviations: Arc, arcuate hypothalamic nucleus; BNST, bed nucleus of the stria
terminalis; CeA, central nucleus of the amygdala; DR, dorsal raphe nucleus; LC, locus
coeruleus; LS, lateral septum; Nacc, nucleus accumbens; PFC, prefrontal cortex; PVN,
paraventricular nucleus of the hypothalamus.
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Figure 3.
Role of corticotropin-releasing factor, norepinephrine, and neuropeptide Y in precipitated
nicotine withdrawal in rats. In all figures, brain reward thresholds were assessed with a
discrete trial intracranial self-stimulation procedure and were expressed as a percentage of
the pre-test day baselines. (A) Effect of the CRF1/CRF2 receptor antagonist D-Phe
CRF(12–41) (icv; saline, n = 8; nicotine, n = 7) on the elevations in brain reward thresholds
associated with mecamylamine (3 mg/kg, sc) precipitated nicotine withdrawal. Asterisks (**
P<0.01) indicate elevations in brain reward thresholds compared to those of the
corresponding saline-treated control group. Plus signs (++ P<0.01) indicate lower brain
reward thresholds compared to those of rats chronically treated with nicotine and acutely
treated with mecamylamine and vehicle (0 µg of D-Phe CRF(12–41)). Reproduced with
permission from (Bruijnzeel et al., 2007). (B) Effect of the specific CRF1 receptor
antagonist R278995/CRA0450 (icv; saline, n = 12; nicotine, n = 14) on the elevations in
brain reward thresholds associated with mecamylamine (3 mg/kg, sc) precipitated nicotine
withdrawal. Asterisks (* P<0.05, ** P<0.01) indicate elevations in brain reward thresholds
compared to those of the corresponding saline-treated control group. Plus signs (+ P<0.05, +
+ P<0.01) indicate lower brain reward thresholds compared to those of rats chronically

Bruijnzeel Page 55

Neurosci Biobehav Rev. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treated with nicotine and acutely treated with mecamylamine and vehicle (0 µg of R278995/
CRA0450). Reproduced with permission from (Bruijnzeel et al., 2009). (C) Effect of the
specific CRF2 receptor antagonist Astressin-2B (icv; saline, n = 8; nicotine, n = 8) on the
elevations in brain reward thresholds associated with mecamylamine (3 mg/kg, sc)
precipitated nicotine withdrawal. Asterisks (* P<0.05, ** P<0.01) indicate elevations in
brain reward thresholds compared to those of the corresponding saline-treated control group.
Reproduced with permission from (Bruijnzeel et al., 2009). (D) Effect of the α1-
adrenoceptor antagonist prazosin (ip; saline, n = 9; nicotine, n = 9) on the elevations in brain
reward thresholds associated with mecamylamine (2 mg/kg, sc) precipitated nicotine
withdrawal. Asterisks (** P<0.01) indicate elevations in brain reward thresholds compared
to those of the corresponding saline-treated control group. Plus signs (++ P<0.01) indicate
lower brain reward thresholds compared to those of rats chronically treated with nicotine
and acutely treated with mecamylamine and vehicle. Pound signs (## P<0.01) indicate lower
brain reward thresholds compared to those of rats chronically treated with nicotine and
acutely treated with mecamylamine and vehicle or mecamylamine and 0.0625 mg/kg of
prazosin. Reproduced with permission from (Bruijnzeel et al., 2010). (E) Effect of the α2-
adrenoceptor antagonist idazoxan (ip; saline, n = 12; nicotine, n = 12) on the elevations in
brain reward thresholds associated with DHβE (3 mg/kg, sc) precipitated nicotine
withdrawal. The at symbol (@) indicates a statistically significant main effect of precipitated
nicotine withdrawal on thresholds (P<0.0001) independent of idazoxan treatment.
Reproduced with permission from (Semenova and Markou, 2010). (F) Effect of NPY (icv,
saline, n = 8; nicotine, n = 8) on the elevations in brain reward thresholds associated with
mecamylamine (2 mg/kg, sc) precipitated nicotine withdrawal. Asterisks (** P<0.01)
indicate elevations in brain reward thresholds compared to those of the corresponding
saline-treated control group. Crosses (+ P<0.05, ++ P<0.01) indicate elevations in brain
reward thresholds compared to those of rats chronically treated with saline and acutely
treated with vehicle (0 µg of NPY). Reproduced with permission from (Rylkova et al.,
2008). (G) Effect of the selective Y1 receptor agonist [D-His26]-NPY (icv, saline, n = 9;
nicotine, n = 11) on the elevations in brain reward thresholds associated with mecamylamine
(2 mg/kg, sc) precipitated nicotine withdrawal. Asterisks (** P<0.01) indicate elevations in
brain reward thresholds compared to those of the corresponding saline-treated control group.
Crosses (++ P<0.01) indicate elevations in brain reward thresholds compared to those of rats
chronically treated with saline and acutely treated with vehicle (0 µg of [D-His26]-NPY).
Reproduced with permission from (Rylkova et al., 2008). In all the figures (A–G), the brain
reward thresholds are expressed as means ± SEM.
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