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ABSTRACT

Despite its potential as an addictive drug, the system level effect of nicotine on the brain
remains elusive. The chronic effects of nicotine and the effect of abstinence on the brain were
studied using fMRI at baseline, after seven days of exposure, and after more than twenty-four
hours of abstinence. Elevated- plus maze (EPM) was completed after twenty-four hours of
abstinence. Following exposure and abstinence, daily consumption was measured during a twobottle choice (water or nicotine dissolved into water) period. Nicotine exposure significantly
decreased time spent on the open arm of the EPM scores, whereas saline had no effect on time
spent on the open arm of the EPM scores. Nicotine rats were divided between high and low
consuming groups. The high consuming group included subjects with consumption of greater
than fifty percent average nicotine-solution consumed (with respect to total volume consumed).
Seed-based analysis with correlation to behavioral measures was completed for the chronic
study. The fMRI data correlated with EPM identified unique patterns of functional connectivity
(FC) correlated with EPM of the hippocampus and amygdala between the exposed and abstinent
conditions. The data correlated with consumption also demonstrated unique patterns of FC
correlated with consumption of the hippocampus and striatum between the exposed and abstinent
conditions. These findings provided a whole brain picture of the functional connectivity changes
correlated with either EPM or consumption.
Seed-based analysis was also performed on high nicotine consuming groups (high NC)
and low nicotine consuming (low NC) groups. Following a period of abstinence, the low NC
group demonstrated FC between the accumbens and other striatal regions, while the high NC
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group did not demonstrate this FC with the accumbens. The diminished FC in the striatum
following a period of abstinence in the high NC group may represent a lack of reward signaling.
The low NC group also demonstrated intra-connectivity of the insula following more than
twenty-four hours of abstinence, while the high NC group demonstrated no FC with the insula
following the abstinence period. FC between the insula and the periaqueductal gray (PAG) was
seen after nicotine exposure for the high NC group. These two FC patterns may serve as
mechanisms of resilience (insula intra-connectivity) or vulnerability (insula−PAG connectivity)
to nicotine addiction.
Nicotine’s cognitive enhancing effects during acute exposure may underlie the
rewarding effects that initiate addiction. Functional magnetic resonance imaging (fMRI) of
Long Evans rats (n=30) was used to determine the relationship between acute nicotine exposure
and FC changes. Drug naïve rats received a tail--vein catheter and received a 1-mL/kg dose of
saline or nicotine (0.4 mg/kg-mL) and were imaged in an awake imaging paradigm. Seed-based
analysis and independent component analysis were used to analyze the fMRI data. Functional
connections between regions associated with chronic reward, sensory, and memory were
implicated following a single acute nicotine exposure in drug-naïve rats.
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Chapter 1
Introduction
The leading single cause of premature death in the developed world is tobacco use
(Laviolette & van der Kooy, 2004). At present, tobacco use kills more than seven million people
each year (“WHO | Tobacco,” 2018). Lewin noted that despite the diversity of men, one is able
to categorize men across time and cultures as non-smokers or smokers (Lewin, 1998). In the
New World, tobacco has been used for worship and pleasure for millennia because of its wellknown effects on people’s thoughts and feelings (Corti, 2008). Its potent psychological effects
explain tobacco’s pervasiveness, despite fierce resistance from states and religions (Corti, 2008).

1.1 Nicotine: the Active Ingredient in Tobacco Products
Nicotine is considered the major psychologically active component in tobacco products
(Laviolette & van der Kooy, 2004). Langley first described nicotine’s interaction with a
“receptive substance” (Langley, 1905), which is now identified as the nicotinic acetylcholine
receptor (nAChR) (Gotti, Zoli, & Clementi, 2006). The central and peripheral nervous systems
contain these receptors (Laviolette & van der Kooy, 2004). Nicotine’s signaling via nAChR’s
has been studied extensively within regions associated with dopaminergic pathways, particularly
in the ventral tegmental area (VTA) and nucleus accumbens (NAc) (Collins, Salminen, Marks,
Whiteaker, & Grady, 2009). Systemic administration of nicotine has been shown to activate
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nicotinic receptors within the VTA and to enhance dopamine transmission (Nisell, Nomikos, &
Svensson, 1994). The activation of pathways associated with the VTA is involved with the
rewarding motivational effects of nicotine (Laviolette & van der Kooy, 2004). The VTA projects
to the nucleus accumbens (NAcc), olfactory tubercle, frontal cortex and amygdyla, and these
regions make up the mesocorticolimbic dopamine system (George F. Koob, Sanna, & Bloom,
1998). The regions of the mesocorticolimbic dopamine system, particularly the NAc and VTA,
play critical roles in the positive reinforcement associated with nicotine dependence (G. F. Koob
& Le Moal, 1997).

1.2 Nicotine as an Agent of Addiction
Given its effect on reward systems, nicotine has been studied in the greater context of
drug dependence, or drug addiction. Substance dependence is characterized by compulsive drug
use, inability to limit drug intake, and the development of a negative affective state without
access to the drug (G. F. Koob & Le Moal, 1997). This dependence is distinct from occasional
drug use or drug abuse (G. F. Koob & Le Moal, 1997). Users of nicotine do, indeed, manifest
these characteristics typical of drug dependence. The Diagnostic and Statistical Manual of
Mental Disorders (DSM) V includes criteria for the diagnosis of tobacco use disorder. The DSM
V requires tobacco use that leads to “clinically significant impairment or distress”, which are
described by the features presented in Figure 1—1 (“Substance-Related and Addictive
Disorders,” 2013).
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Figure 1—1 DSM V Tobacco Use Disorder criteria, two of which are required for the
disorder’s diagnosis.
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Studies suggest that 70 percent of US smokers express a desire to quit, but of those that
try to quit only 4 to 7 percent succeeded in quitting tobacco use (“Treating Tobacco Use and
Dependence,” 2008). These low quitting rates imply nicotine’s efficacy as an addictive
substance (Brody, 2006; McClernon & Gilbert, 2004).
The literature has identified adolescence as a critical period for exposure to addictive
substances and the initiation of addiction. The severity of nicotine dependence has been found to
depend on the age of first exposure: when exposed at a younger age, the level of dependence
increases in adulthood (Breslau, Fenn, & Peterson, 1993). Although not fully understood, the
adolescent brain, associated with greater impulsivity, risk taking and experimentation, also has a
greater vulnerability to substance abuse (Hammond, Mayes, & Potenza, 2014). In fact, the U.S.
Surgeon General’s primary method to combat tobacco use relies upon prevention of tobacco use
among young people (US Department of Health and Human Services, 2012). Despite decades of
public health efforts, tobacco use among adolescents and adults continues and has increased in
developing countries. Nicotine’s growing prevalence around the world demonstrates the
importance of improving the understanding of its action within the brain.

1.3 fMRI as a Viable Method to Assess Nicotine’s Action in the Brain
Neuroimaging serves as a viable tool to elucidate the underpinnings of the neurobiology
and functional neuroanatomy of nicotine addiction. Magnetic resonance imaging (MRI) serves as
a noninvasive, in vivo imaging technique (R. W. Brown, Cheng, Haacke, Thompson, &
Venkatesan, 2014). MRI measures the interaction between hydrogen protons and an external
magnetic field (R. W. Brown et al., 2014). The subject is placed in a radiofrequency coil and
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subsequently placed inside the MRI scanner. The magnetic field created by the scanner splits the
subject’s hydrogen protons’ quantum energy levels and elevates those levels to higher energy
states by the radiofrequency radiation. The absorbed energy may then be released and observed
by a receiver coil after a characteristic relaxation time (R. W. Brown et al., 2014). The received
signal depends upon the proton density and relaxation time of volume elements within the
subject (R. W. Brown et al., 2014). The field gradients vary across tissue types and anatomical
structures. Thus, these gradients are analyzed to form a three dimensional image of the subject
(Azizian, Monterosso, O’Neill, & London, 2009).
Functional MRI (fMRI) creates images of the brain based upon the contrast due to low
frequency fluctuations of blood oxygenation, or the Blood Oxygenation Level Dependent
(BOLD) signal, across the brain (S Ogawa, Lee, Kay, & Tank, 1990; Seiji Ogawa, Lee, &
Barrere, 1993; Biswal, Yetkin, Haughton, & Hyde, 1995). This technique assumes that neuronal
activation is associated with increased blood flow (Azizian et al., 2009). The increased blood
flow rate, in response to the metabolic demand of activation, supplies greater oxygen than
needed and thereby increases the ratio of oxygenated to deoxygenated blood (Azizian et al.,
2009). The increased ratio will increase the MR signal within the activated region, and therefore,
an fMRI image may indicate areas of increased neural activation based on the BOLD signal
(Azizian et al., 2009). Although the relationship between neural activity and vasculature has
been shown to be complex, there is evidence that supports using the BOLD signal as an indirect
measurement of neural activity (Drew, Shih, & Kleinfeld, 2011).
Neuroscientists have generally relied upon anesthetics to perform imaging studies of
animal models. However, the use of anesthetics imposes critical limitations upon the
interpretation of anesthetized animals’ imaging data. Based on comparisons of
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electroencephalography studies, general anesthesia appears more like a general coma than sleep
(E. N. Brown, Lydic, & Schiff, 2010). Given its unique brain state, anesthetics prove useful for
studying theories of mind and consciousness, but may not serve as the most appropriate tool for
animal models that seek to relate neurophysiological changes with conscious stimuli. Namely,
awake imaging allows for more appropriate comparisons between neuroimaging data and
behavioral studies. Therefore, in recent years, the neuroimaging field has innovated techniques
to perform imaging in the awake animal. New developments of fMRI methodology have allowed
for the study of awake animals (Ferenczi et al., 2016).
fMRI has been demonstrated as a suitable measure of neuronal activation due to
pharmacologic stimulation (Chen et al., 1997). Initial progress has been made to use this method
to study nicotine addiction in humans and anesthetized animals (Fedota & Stein, 2015). Further
studies using fMRI in awake animals may allow for the evaluation of connectivity changes
within the brain upon acute and chronic nicotine administration. Brain connectivity patterns in
the awake rodent may allow for a better characterization of neural network changes throughout
the development of addiction.

1.4 fMRI was used to study acute and chronic nicotine exposure.
The work presented in this thesis used fMRI to study the acute and chronic effects of
nicotine on the brain. The chronic nicotine administration study is presented in Chapter 2 of this
thesis. The acute nicotine administration study is presented in Chapter 3 of this thesis. In these
experiments, rats were exposed to nicotine or saline during imaging.
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The chronic nicotine administration study is presented in Chapter 2 of this thesis. For the
model of chronic nicotine exposure, rats were imaged at baseline and exposed to nicotine or
saline for seven days via subcutaneous injection. The subjects were imaged after exposure. After
a period of abstinence of more than twenty-four periods, the rats were assessed on an elevatedplus maze (EPM) and were imaged. Finally, subjects had a two-bottle choice period, where their
consumption of water and nicotine dissolved into water was measured. The chronic
administration experiment provided evidence of a nicotine addiction model that demonstrated
variability in consumption and abstinence symptoms and distinct functional connectivity (FC)
changes within the mesocorticolimbic system.
The acute nicotine administration study is presented in Chapter 3 of this thesis. In these
experiments, rats were exposed to nicotine or saline during imaging. The acute administration of
nicotine to drug naïve subjects induced FC within the mesocorticolimbic circuit within regions
that overlapped with the regions identified in the chronic study.

Chapter 2
Chronic Functional Connectivity Changes in the Rat Brain Following Nicotine
Administration

2.1 Chronic Nicotine Background

Chronic nicotine consumption alone is insufficient for addiction
As introduced in Chapter 1, addiction is generally characterized as compulsive drug use,
an inability to reduce drug intake, and the experience of withdrawal symptoms during abstinence
(G. F. Koob & Le Moal, 1997). Users of nicotine do, indeed, manifest these characteristics

8

typical of drug dependence. The DSM V requires tobacco use that leads to “clinically significant
impairment or distress”, which are described by the features presented in Figure 1—1
(“Substance-Related and Addictive Disorders,” 2013).
It is plausible that not all smokers qualify as nicotine addicts by the DSM V definition. In
fact, only 50% of current smokers do not meet the criteria described by the DSM V in Figure 1—
1 (Hughes, Helzer, & Lindberg, 2006). Moreover, variability exists among smokers’
consumption habits. Daily smokers may consume on average 16-19 cigarettes per day (Al‐
Delaimy et al., 2007). The archetypal smoker has received the greatest attention from nicotine
addiction research. However, nondaily smokers make up a large portion of the smoking
population. Approximately 20% of smokers report smoking less than daily (Hassmiller, Warner,
Mendez, Levy, & Romano, 2003). Rats also demonstrate individual differences in levels of
nicotine oral consumption (Transeli, Kanit, Collins, & Pogun, 2011). Varying levels of
consumption, in humans and animals, require further study to explain individual differences and
their implications for nicotine addiction.

Anxiety During Withdrawal and Nicotine Dependence
Abstinence of nicotine induces withdrawal symptoms. Withdrawal symptoms during
nicotine abstinence are both physical and affective. The physical symptoms include slower heart
rate, increased appetite, and gastrointestinal discomfort (Jackson, Muldoon, De Biasi, & Damaj,
2015). The affective symptoms include anxiety, dysphoria, craving, irritability, and lack of
concentration (Jackson et al., 2015).
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Anxiety has been studied as a potential explanatory factor for nicotine dependence.
Nicotine has been shown to have anxiolytic effects (Gilbert, Robinson, Chamberlin, &
Spielberger, 1989). As mentioned above, anxiety is one withdrawal symptom experienced by
abstinent smokers (Jackson et al., 2015). One study found that smokers with a diagnosed anxiety
disorder expressed greater levels of nicotine dependence, increased negative affect during
withdrawal, decreased quitting rates, and decreased response to therapeutic intervention for
smoking cessation than those without anxiety disorders (Piper, Cook, Schlam, Jorenby, & Baker,
2011). Moreover, some light smokers do not express withdrawal symptoms during abstinence
(Shiffman, 1989). The lack of withdrawal symptoms in some light smokers is notable in the
context of nicotine addiction, given that it is hypothesized that the avoidance of withdrawal
symptoms motivates the continued use of the drug (Le Foll & Goldberg, 2009). Severity of
withdrawal symptoms have been shown to be the greatest predictor of smoking relapse (Kenford
et al., 2002). Although anxiety seems to affect nicotine dependence severity, anxiety may also
work in tandem with other factors, such as genetic factors or other neuropsychiatric disorders.
However, the present study will only focus on anxiety-like behaviors in animals.
In animals, anxiety during withdrawal has also been studied. Rodents appear to undergo
similar withdrawal symptoms (reviewed in Paolini & De Biasi, 2011). However, the results of
these studies have been contradictory. In one study, high anxiety rodents showed no difference in
nicotine consumption from low anxiety rodents (Abreu-Villaca, Queiroz-Gomes, Dal Monte,
Filgueiras, & Manhaes, 2006). In another, high anxiety rodents consumed less nicotine than low
anxiety rodents (Manhães, Guthierrez, Filgueiras, & Abreu-Villaça, 2008). The previously
mentioned studies of anxious human smokers and anxiety during withdrawal in humans and
rodents do not entirely discount anxiety’s influence on the development of nicotine dependence.
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However, a conclusive relationship between the anxiety and nicotine addiction remains to be
determined.
Because of their variability within humans and rodent models, consumption habits and
withdrawal severity must be considered in a model of nicotine addiction. We hypothesized that
rats would have variability in consumption, where increased severity of withdrawal symptoms
would predict higher consumption.

Studies of Neural Circuits Involved in Chronic Nicotine Response

Neural Circuits Associated with Chronic Effects of Nicotine
Reward and Aversion
Prior studies have evaluated nicotine’s chronic effect on the brain. Much of the addiction
literature has focused on dopaminergic systems. Similar to other addictive substances, nicotine
leads to higher levels of dopamine (Blum, Liu, Shriner, & Gold, 2011). Limbic and cortical area
involvement in goal-directed behavior occurs through phasic bursting of dopaminergic neurons
following reward reinforcers (as reviewed by De Biasi & Dani, 2011).
Nicotine modulates dopamine activity by increasing signaling in the ventral tegmental
area (VTA), nucleus accumbens (NAcc), striatum, and frontal cortex primarily via nAChR’s on
dopaminergic cell bodies (Dome, Lazary, Kalapos, & Rihmer, 2010). There are also nAChR’s on
glutamatergic and GABAergic cell bodies within the mesocorticolimbic system. In particular, the
shell of the NAcc may serve as the substrate for nicotine reward (Sellings, Baharnouri,
McQuade, & Clarke, 2008). Nicotine administration induces increased dopamine release during
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burst firing and decreased dopamine release during tonic firing (known as desensitization) in the
NAcc. The NAcc and VTA seem to govern the reinforcement of nicotine’s reward in the brain.
In addition to the rewarding effects of nicotine, it also induces aversive effects. Aversive
experiences are noxious feelings in response to nicotine. Aversion towards nicotine also involves
the previously described regions. Smokers experience a U-shaped dose-reward curve as shown in
Figure 3—1 (Blum et al., 2011) and may titrate the optimal dose of nicotine (Dani, Jenson,
Broussard, & De Biasi, 2011). Aversive experiences increase NAcc firing (Roitman, Wheeler, &
Carelli, 2005), while they induce inhibitory and excitatory responses in the VTA (Brischoux,
Chakraborty, Brierley, & Ungless, 2009).

Figure 2—1 U shaped curve for effects of nicotine

The VTA also has inputs into the habenula, an epithalamic region. As reviewed by
Paolini and De Biasi, et al., 2011, lateral habenula (LHb) activity increases during an absent
predicted reward, while it decreases following reward delivery. This region also inhibits
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dopamine activity via the rostromedial tegmental nucleus (RMTg) to the VTA and substantia
nigra (Paolini & De Biasi, 2011).
The medial habenula (MHb) is associated with the aversive effects of nicotine (as
reviewed in McLaughlin, Dani, & De Biasi, 2015). Firings in dopaminergic cell bodies due to
aversive experiences complicate the characterization of dopamine signaling as reward signaling.
Currently, the literature characterizes dopaminergic signaling as “wanting”, rather than “liking”
to reflect the role of dopamine in addiction.

Neural Circuits Associated with Withdrawal from Nicotine
Previous work has studied neural circuits involved in withdrawal from nicotine. Within
mesocorticolimbic circuits, symptoms of stress are associated with the bed nucleus of the stria
terminalis (BNST), central nucleus of the amygdala (CeA), and shell of the NAcc (as reviewed
by McLaughlin et al., 2015). These regions are associated with corticotropin releasing factor
(CRF) signaling and noroepinephrine transmission. Mecamylamine-precipitated withdrawal
yielded greater BOLD signal intensity predominantly in the nucleus accumbens within
anaesthetized rats dependent upon nicotine, implicating the decreased dopamine release from this
region (Shoaib, Lowe, & Williams, 2004).
Previous evidence describing withdrawal symptoms also implicates the hippocampus and
the MHb and interpeduncular nucleus (IPN) axis. The cognitive deficits associated with
withdrawal are related to changes in the hippocampus (as reviewed by McLaughlin et al., 2015).
The MHb-IPN axis appears to have an important role in withdrawal as well. Direct infusion of
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mecamylamine into the MHb and IPN precipitated withdrawal symptoms in mice, while direct
infusions of the drug into the VTA did not (Salas, Sturm, Boulter, & De Biasi, 2009).

Neural Circuits Associated with Nicotine Consumption
A few studies have attempted to relate changes in neural circuits with nicotine
consumption patterns. One study identified an inhibitory circuit, that included the MHb and the
IPN, which was activated by nicotine via α5-containing nAChRs (Fowler, Lu, Johnson, Marks,
& Kenny, 2011). Folwer et al. found that activation of this circuit limited nicotine intake. This
circuit may limit intake given the involvement of the MHb-IPN axis with aversion and
withdrawal symptoms. Another study focused on these regions’ role in controlling nicotine
consumption and found that this axis controlled nicotine avoidance, the attenuation of nicotine
consumption, via GLP-1 signaling (Tuesta et al., 2017).

Aims for Study of Chronic Nicotine Exposure in Rats
The persistence of nicotine addiction and its grave impact on public health necessitate its
continued study. Herein, we aim to study the chronic FC changes in the rat brain and the
animals’ behavioral changes, which will be discussed in Chapter 2 of this thesis. FC changes
following chronic nicotine administration may illustrate the regional changes that underlie drug
dependence. We will also evaluate nicotine consumption and anxiety-like behavior during
withdrawal. Based on the literature reviewed, we anticipate individual differences in anxiety and
nicotine consumption. We hypothesize that more anxious rats during withdrawal will consume
greater nicotine. We also hypothesize that highly anxious, greater consuming rats will have FC
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that differs from less anxious, lesser consuming rats at baseline. These behavioral and imaging
assessments may serve as biomarkers for vulnerabilities to nicotine addiction, as well as provide
new targets for further study of nicotine addiction and potential therapeutic interventions.

2.2 Chronic Nicotine Methodology

Animals and Materials
Thirty-six Long Evans rats (130-150 grams) were obtained from Charles River
Laboratories. Animals were housed 2 per cage in Plexiglass cages until the completion of the last
imaging session on day sixteen (shown in the timeline of this study in Figure 2—2). The
environment was maintained at ambient temperature (22-24 °C) on a 12-hour light: 12-hour dark
cycle. Food and water were provided ad libitum. All animals underwent baseline imaging on day
eight; chronic imaging on day fifteen; and abstinent imaging on day sixteen. Thirty-four animals
underwent elevated-plus maze, and all animals were tested for oral consumption preference. In
order to accurately determine oral consumption, animals were individually housed in Plexiglass
cages. The methods described in section 2.2 were approved by the Pennsylvania State University
Institute for Animal Care and Use Committee (IACUC #43583).

15

Figure 2—2 Timeline for chronic nicotine administration. Seven days of acclimation is
followed by one day of rest, then baseline imaging. A seven day injection period of nicotine or saline
lasts until day fifteen. Following more than two hours after the last injection, exposed imaging
occurs. After more than twenty-four hours of abstinence, EPM is performed and abstinent imaging
data is collected. Rats then undergo a two bottle choice period described in Section 2.2.

For the two-bottle choice period, the nicotine dissolved into water (5 μg/mL) was
expressed as the free base, was prepared with water and nicotine free-base (Sigma Aldrich).
During the two-bottle choice period, animals were provided with food ad libitum. Each
day, the rats were provided with one full bottle of water and one full bottle of nicotine-solution
(5 μg/mL). Each bottle’s weight was measured prior to installation in the cage. These bottles
were measured daily at the same time and refilled with fresh water and nicotine water. At the
measurement time, each bottle’s position was also switched to the opposite side of the cage to
rule out the possibility of bottle position preference as a driver of consumption.
The concentration (5 μg/mL), used in this study, has elicited demonstrated preference for
nicotine-solution over water (Biondolillo, Pearce, Louder, & McMickle, 2009). Other studies
have implicated the rewarding effect of nicotine oral consumption (Kameda, Dadmarz, & Vogel,

2000). Moreover, oral administration of 4 μg/mL demonstrated nicotine preference, as well as
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demonstrated nicotine preference in an operant condition (Glick, Visker, & Maisonneuve, 1996).
At present, there is no study verifying the pharmacological activity of this oral administration
paradigm. However, the evidence of nicotine preference in an operant condition implies its
rewarding effects. With these limitations in mind, 5 μg/mL nicotine-solution and water were
used in the two-bottle choice period.

Acclimation and Drug Exposure
The animals were subjected to a seven-day acclimation procedure prior to scanning to
minimize stress during fMRI data collection. Prior to the procedure, a eutectic mixture of local
anesthetics (EMLA) cream was applied on their head to mitigate any pain associated with the
restrainer. In this procedure, rats were set up in head restrainers while briefly under 3%
isoflurane (shown in Figure 2—3). They were placed in a mock coil, which had four screws to
secure the head restraint within the coil. The rats were then placed in a mock scanning
environment for increasing amounts of time each day. The mock scanning environment
simulated sounds made by the scanner. The daily acclimation periods consisted of fifteen
minutes on day one; thirty minutes on day two; forty-five minutes on day three; and sixty-minute
periods on days four, five, six, and seven.
For the nicotine injection period, the nicotine-solution (0.4 mg/mL), expressed as the free
base, was prepared with sterile saline and nicotine hydrogen tartrate (Sigma Aldrich). Its pH was
neutralized to 7.2 with diluted sodium hydroxide. This concentration fit within the range of doses
that induced a plasma concentration similar to human smokers without inducing adverse effects,
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such as weight loss (Murrin, Ferrer, Zeng, & Haley, 1987). This dose also exceeds the amount of
nicotine shown to induce significant changes in EPM tests (Zarrindast et al., 2010).
The solution was stored in a sterile injection vial and administered with a sterile syringe.
Sterile physiological saline (0.9% NaCl) was obtained and administered with a sterile syringe.
Rats were exposed to nicotine or saline via subcutaneous injection while under 3% isoflurane.
Administration of 0.4 mg/kg of nicotine or saline was performed using sterile syringes. The
injections occurred daily for seven days as shown in the timeline in Figure 2—2.

Figure 2—3 Acclimation procedure to introduce animals to restrainers used during imaging
(Gao et al., 2017).

Behavioral Measures
Following more than twenty-four hours and less than thirty-six hours after the final
injection, all animals were subjected to an elevated -plus maze test. The EPM test is used to
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quantify anxiety (Walf & Frye, 2007). In this study, the EPM was used to quantify the severity of
anxiety as a measure of abstinence symptoms, associated with withdrawal. The maze used
consisted of a four-armed black platform. The maze was elevated 50 cm above the ground. The
two closed-arms were enclosed by 40 cm high black walls; the other arms were open. Dim light
illuminated the maze in order to ensure the rat could sufficiently see. In between sessions, the
maze was cleaned with 10% ethanol in water and sufficiently dried.
Each rat was placed at the center of the maze facing the open arm. The session consisted
of five minutes, where the rat was freely allowed to explore the maze. The session was recorded
using an infrared video camera located above the platform. Times spent in the open and closed
arms were determined. A ratio between the time spent in the open arm to the total time on the
maze was calculated. A lower ratio between time spent in the open arm to the total time on the
maze would indicate a higher level of anxiety (Crawley et al., 1997).
After the completion of the EPM and imaging, animals were individually housed in order
to accurately assess individual animals’ oral consumption. New housing contained two bottles:
one with water and one with nicotine dissolved into water (as described in the Animals and
Materials Section). The daily oral consumption of nicotine water was calculated as the
difference between the initial weight of the nicotine water bottle (measured the previous day) and
the final weight of the nicotine water bottle. Similarly, the daily oral consumption of water was
calculated as the difference between the initial weight of the water bottle (measured the previous
day) and the final weight of the water bottle. The average nicotine-solution consumed and
average daily total consumed were calculated. The percentage of nicotine-solution consumption
with respect to total volume consumed was determined. The average percent nicotine-solution
consumption over the seven-day oral consumption period was used as the index of nicotine
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consumption. Greater than fifty percent average nicotine-solution consumption would indicate a
greater consumption of nicotine-solution over water.

Imaging Methods
After the animals received EMLA cream and were placed in the restrainers, the control
group (n=15) and experimental group (n=15) received a tail vein catheter (26G, ¾ in, 19 mm)
while under 3% isoflurane. All MRI experiments were performed in a Bruker 7T magnet, using a
dual 1H radiofrequency coil configuration (Insight Neuroimaging Systems Worcester, MA). The
coil used consisted of a volume coil and a surface coil. Each animal was placed in the center of
the magnet and remained awake throughout all imaging. For each animal, a RARE image was
collected. The parameters for the anatomical image were as follows: TR = 2125 ms, TE = 50 ms,
matrix size = 256 x 256 mm, FOV = 3.2x3.2 cm, slice number= 18, slice thickness= 1mm,
RARE factor=8. rsfMRI data were collected for each animal with gradient echo-images using the
echo planar imaging sequence with these parameters: TR = 1 s, TE = 30ms, flip angle = 60 °,
matrix size = 64 x 64, FOV = 3.2 x 3.2cm, slice number = 18, slice thickness = 1mm. For each
session, a RARE and five EPI sequences of three hundred repetitions were performed. A single
shot gradient echo with an echo planar imaging pulse sequence was used to obtain the EPI scans.
The EPI pulse sequence used the following parameters: TR = 1,000 ms; TE = 13.78 ms; flip
angle = 80 °; matrix size = 64 x 64; FOV = 3.2 cm x 3.2 cm; slice number = 20 with 1 mm thick
slices (in plane resolution = 0.5 x 0.5 mm).
Imaging sessions were performed prior to nicotine exposure. After two hours of the
final nicotine injection, another imaging session was performed. Following more than twenty-

20

four hours (less than thirty-six hours) of abstinence from nicotine, animals underwent a third
imaging session.

Imaging Data Analysis
Conventional techniques were used to process the imaging data. To only include volumes
with a steady state magnetization of the brain, the first ten volumes were removed. Alignment to
a template structural image was also performed to the EPI data. Using SPM12, despiking and
motion correction was performed. Volumes with framewise displacement greater than 0.06 mm
were discarded. Demeaned motion parameters and averaged signals from white matter and
ventricle were regressed. Spatial smoothing was performed (FWHM= 1 mm). A band pass filter
was applied to isolate low fluctuating BOLD signal (0.01-0.1 Hz).
After the raw data were processed, FC was calculated using seed- based correlation
analysis. The brain was divided into a number of seeds based on anatomical regions (See
Appendix A for a list of regions in Table 0—1 and a map of regions in Figure 0—2). The
Pearson cross-correlation coefficients between regions of interest (ROIs) and all other brain
seeds were calculated for each animal. Then, these cross-correlation coefficients were averaged
for the same seed across scans. The Pearson correlation coefficients were then correlated with
consumption and were correlated with EPM scores. The FC and behavior correlations were
calculated at each scan point. Then, these cross-correlation coefficients for FC and behavior were
averaged for the same seed across scans. These averaged cross-correlation coefficients were
mapped to a glass brain plot. The seed-based correlation analysis of the chronic data present FC
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correlated to consumption and FC correlated to anxiety during abstinence, as measured by EPM
scores (see section 2.3).
The behavioral measures were used to separate groups of high consumers and low
consumers to further analyze the imaging data. High consumers were defined as drinking more
than 50% nicotine-solution with respect to the total volume consumed. Only subjects exposed to
nicotine were used for this analysis. Seed-based analysis, as described above, was used to
analyze each group’s imaging data separately. The averaged cross-correlation coefficients for
each group were mapped to a template. A t-test was performed versus zero separately for each
group. The maps were then family-wise error (FWE) corrected and thresholded at a value of p =
0.05. The results of the seed-based analysis for the high and low consuming groups are presented
in section 2.3.

2.3 Chronic Nicotine Results
In the present study, rats underwent three imaging sessions, exposure to nicotine or
saline, EPM after more than twenty-four hours of abstinence, and a two-bottle choice period, as
shown in Figure 2—2. Rats first underwent baseline imaging, followed by seven days of
exposure to nicotine or saline via subcutaneous injection. After the exposure period, the rats were
imaged for the second session. Subsequently, the rats were subjected to an abstinence period of
more than twenty-four hours. An EPM was then performed, and the rats were imaged for the
third session. Finally, rats experienced a two-bottle choice period, where their consumption of
water or nicotine dissolved into water was measured. The results of these experiments will be
described herein.

22

Behavioral Results
Rats were subjected to EPM after a period of abstinence. The results of these tests for
both groups are shown in Figure 0—1 in Appendix B. The ratio of the time on the open arm to
the time on the open or closed arm (O:OC) for most rats occurred approximately at a normal
value of about 0.2 (Figure 0—1). The O:OC for rats exposed to nicotine demonstrated a more
skewed distribution towards a lower O:OC value (Figure 2—4). Using a Komolgorov-Smirnov
test, the O:OC distribution for nicotine-exposed rats was significantly different (p = 0.0305) from
the O:OC distribution for saline-exposed rats.

Figure 2—4 An interleaved histogram of the EPM results, presented as the ratio between
time spent on the open arm over total time spent on the open or closed arms, for both saline (blue
bars) and nicotine exposed rats (red bars). Bins for the histogram were 0.05.
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Following the abstinence period and final imaging session, a two-bottle choice period
occurred, where rats could choose between water and nicotine-solution. Consumption was
measured as the average percentage nicotine-solution consumption, measured with respect to the
total volume consumed. Therefore, a consumption measure of greater than 50% represents that
the subject on average consumes more than 50% nicotine-solution out of the total volume
consumed. The rats’ consumption was compared between the saline exposed rats and the
nicotine exposed rats using a Komolgorov-Smirnov test. There was no significant difference (p =
0.4255) in consumption between saline and nicotine exposed groups. A histogram of the saline
and nicotine-exposed groups is shown in Figure 0—2 in Appendix B.
The relationship between EPM scores and consumption for the saline and nicotine
exposed groups was assessed using linear regression. For the nicotine-exposed group, the linear
regression between consumption and EPM demonstrated a significant relationship (p=0.004)
between EPM score and consumption (Figure 2—5).
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Figure 2—5 EPM score with respect to consumption for the nicotine-exposed group had a
significant relationship (p = 0.004), while EPM score with respect to consumption for the salineexposed group had an insignificant relationship (p = 0.716).

For the saline-exposed group, the linear regression between consumption and EPM demonstrated
an insignificant relationship (p = 0.716) between EPM score and consumption (Figure 2—5).

Imaging Data Results
The imaging data was correlated with the behavioral measures in order to identify regions
related to anxiety (measured by EPM following an abstinence preiod) or nicotine consumption.
The FC correlated with a behavior (either EPM or consumption) are presented by the regions of
interest (ROI’s) on a glass brain and grouped by brain system. The ROI’s were separated among
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the following systems: sensory-motor, polymodal association, retro-hippocampal areas,
hippocampus, amygdala complex, striatum, pallidum, thalamus, hypothalamus, and a
miscellaneous category (termed not included).
The nicotine group’s behavioral results for EPM were correlated with their FC at
baseline, after exposure to nicotine or saline, and after more than twenty-four hours of
abstinence. The glass brain plot for baseline FC correlated with EPM demonstrated FC among all
systems (Figure 2—6). The hippocampus had functional connections correlated with EPM with
all systems except for the sensory motor area and striatum. The amygdala had functional
connections correlated with EPM between all systems, except for the polymodal association
system.

Figure 2—6 The glass brain plot shows the p-map (p <0.01) of the baseline functional
connectivity correlated with the nicotine group’s EPM scores.
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The glass brain plot for FC correlated with EPM showed significant functional
connections from all systems, except for the hypothalamus, after exposure to nicotine (Figure
2—7). The hippocampus had FC correlated with EPM with the polymodal association, pallidum,
thalamus, amygdala, retrohippocampal striatum, and sensory motor systems after exposure. The
amydala demonstrated FC correlated to EPM with the pallidum, thalamus, sensory motor, and
hippocampus systems after exposure.

Figure 2—7 The glass brain plot shows the p-map (p <0.01) of the exposed subjects’
functional connectivity correlated with the nicotine group’s EPM scores.

The glass brain plot for abstinent FC correlated with EPM showed significant functional
connections from all systems (Figure 2—8). During abstinence, the hippocampus shared
functional connections correlated to EPM with the polymodal association, pallidum, thalamus,
and hypothalamus systems following abstinence. The retrohippocampal area had functional
connections correlated with EPM to systems, except for the hippocampus and polymodal
association systems. The amygdala had functional connections correlated to EPM with the
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polymodal association, hypothalamus, sensory motor, retrohippocampal and miscellaneous
systems after abstinence.

Figure 2—8 The glass brain plot shows the p-map (p <0.01) of the abstinent functional
connectivity correlated with the nicotine group’s EPM scores.

The nicotine group’s behavioral results for consumption were correlated with their FC at
baseline, after nicotine exposure, and following abstinence. The glass brain plot for FC
correlated with consumption showed connections from all systems at baseline, after exposure to
nicotine, and following abstinence (Figure 2—9, 2—10, and 2—11). In Figure 2—9, the glass
brain plot for baseline FC correlated with consumption showed connections with all systems.
The striatum demonstrated connectivity correlated to consumption with the polymodal
association, sensory motor, pallidum, retrohippocampal, thalamus, hypothalamus, and
miscellaneous systems at baseline. The hippocampus shared connectivity correlated to
consumption with the sensory motor system, retrohippocampal system, and polymodal
association area at baseline.
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Figure 2—9 The glass brain plot shows the p-map (p <0.01) of the baseline functional
connectivity correlated with the nicotine group’s consumption scores.

In Figure 2—10, the glass brain plot for FC correlated with consumption after nicotine
exposure showed connections similar to baseline for the striatum and sensory motor systems.
However, the striatum after exposure did not demonstrate connectivity correlated with
consumption with the hypothalamus as it did at baseline. After exposure, the striatum
demonstrated connectivity correlated to consumption with the polymodal association, sensory
motor, pallidum, thalamus, and miscellaneous systems. The sensory motor system after exposure
did not demonstrate connectivity correlated with consumption with the thalamus as it did at
baseline. After exposure, the sensory motor system had FC correlated with consumption between
the polymodal association, hippocampus, pallidum, striatum, retrohippocampal and amygdala
systems. The hippocampus shared connectivity correlated to consumption with the sensory motor
system, retrohippocampal system, and polymodal association area after exposure.
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Figure 2—10 The glass brain plot shows the p-map (p <0.01) of the functional connectivity
correlated with the nicotine group’s consumption scores after nicotine exposure.

In Figure 2—11, the glass brain plot for FC correlated with consumption during
abstinence demonstrated connections from all systems. The striatum shared FC correlated to
consumption with the sensory motor area, thalamus, hypothalamus, amygdala, retrohippocampal
and miscellaneous systems following abstinence. The hippocampus demonstrated FC correlated
with consumption with the polymodal association, retrohippocampal, pallidum, thalamus, and
hypothalamus systems.
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Figure 2—11 The glass brain plot shows the p-map (p <0.01) of the functional connectivity
correlated with the nicotine group’s consumption scores following abstinence.

Because the behavioral results suggested that not all subjects exposed to nicotine
demonstrated the same consumption or anxiety behaviors, we sought to verify if FC differed
between high nicotine-solution consuming and low nicotine-solution consuming subjects.
Therefore, we compared the results of seed-based analysis between high consuming and low
consuming subjects. High consuming groups were defined as consuming greater than 50%
nicotine-solution with respect to the total volume consumed. The two groups’ seed maps for the
nucleus accumbens (Figure 2—12), insula (Figure 2—13) demonstrated FC patterns pertinent to
the nicotine addiction literature.
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Figure 2—12 Accumbens seed map for high consuming and low consuming group, as separated by
consumption measures, following a period of abstinence. The seed map presents t-test versus zero
for each group, separately.

Following abstinence, the group with high nicotine-solution consumption (high NC)
demonstrated less functional connections with the accumbens when compared to the accumbens’
number of connections for the group with low nicotine consumption (low NC) (Figure 2—12).
For the low NC group, the accumbens had FC with the caudate putamen and prelimic area. For
the high NC group, the accumbens demonstrated no FC.
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Figure 2—13 Seed map for the insula after exposure and during abstinence for the high NC and
low NC groups, as separated by consumption measures. The seed map presents t-test versus zero
for each group, separately.

Figure 2—13 compares the seed map for the insula for the high NC and low NC groups
after nicotine exposure and following abstinence. The low NC group demonstrated insula FC
with the caudate putamen, primary motor cortex, and cingulate after exposure to nicotine. The
high NC group had insula FC with the periaqueductal gray, accumbens, and thalamic nuclei after
exposure to nicotine. After a period of abstinence, the low NC group seed map of the insula
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demonstrated FC with similar areas, as well as the accumbens, and primary somatosensory area.
However, the high NC group has no FC with the insula after a period of abstinence.

2.4 Chronic Nicotine Discussion
Using EPM and measuring consumption following a seven-day pre-exposure period, we
identified an interesting pattern among our subjects. Namely, not all rats previously exposed to
nicotine demonstrated high consumption levels, and there was variability in consumption among
saline and nicotine exposed groups (Figures 0—2). This result demonstrates the importance of
characterizing the severity of addiction due to variability in consumption patterns in rodents, as
well as humans.
Despite the variability across subjects, nicotine did have a significant effect on the
exposed animals. Nicotine-exposed rats were significantly more anxious than saline rats as
demonstrated by a skewed distribution of EPM scores and a KS test (Figure 2—4). Interestingly,
nicotine-exposed rats also demonstrated a significant correlation between anxiety measured by
EPM and consumption levels. The demonstrated correlation between anxiety and consumption
implies that anxiety may be a critical factor in driving nicotine addiction.
These interesting behavioral results were then correlated separately to the imaging data.
For the hypothalamus system, there were functional connections at baseline and during
abstinence, but not after exposure (seen in Figure 2—7). The role of the hypothalamic-pituitaryadrenal (HPA) axis in addiction poses some controversy in the addiction field: some evidence
suggests nicotine activates the HPA axis, while other studies imply HPA hypoactivity following
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drug exposure (Lovallo, 2006). Our finding that FC correlated to EPM of the hypothalamus
occurs at baseline and during abstinence, but not after chronic exposure, may provide some
additional context for further study of the HPA’s complex role in addiction.
The amygdala and hippocampus, two systems also implicated in addiction and anxiety,
also had interesting changes across conditions of their FC correlated with EPM (Shin &
Liberzon, 2010). The amygdala had FC correlated to EPM with the pallidum, thalamus,
hippocampus, and sensory-motor system after exposure (Figure 2—7). However, after a period
of abstinence, only the thalamus and sensory-motor system connections correlated with EPM
remained from those present after exposure. After abstinence, the amygdala also had new
functional connections correlated with EPM with the polymodal association, hypothalamus,
striatum, retrohippocampal and miscellaneous systems (Figure 2—8). The systems having
connections with the amygdala during withdrawal all align with systems previously implicated
by anxiety (Shin & Liberzon, 2010).
The hippocampus also demonstrated changes in FC correlated with EPM between the
exposed and abstinent conditions. After exposure, the hippocampus had connections correlated
to EPM with all systems but the hypothalamus and miscellaneous systems (Figure 2—7). During
abstinence, many of these correlated connections disappeared. The only connections correlated
with EPM that remained for the hippocampus were the polymodal association, pallidum,
thalamus, and hypothalamus. Given that abstinence induces affective symptoms, the changes in
hippocampal connections correlated with EPM between chronic exposure and abstinent
conditions may have some provide some context for these symptoms, particularly anxiety and a
lack of concentration (Jackson et al., 2015).
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The imaging data were also correlated to consumption levels across conditions. For all
conditions, the glass brain plots demonstrated FC correlated to consumption for all systems
across all conditions (Figures 2—9, 2—10, and 2—11). Both the hippocampus and striatum
demonstrated interesting FC correlated to consumption. The hippocampus demonstrated FC
correlated to consumption with the sensory-motor, retrohippocampal, and polymodal association
systems after nicotine exposure (Figure 2—10). Connections correlated to consumption from
after nicotine exposure between the hippocampus and the polymodal association area was
maintained following a period of abstinence. Additionally, the hippocampus had FC correlated to
consumption with the retrohippocampal, pallidum, thalamus, and hypothalamus systems after
abstinence (Figure 2—11).
The striatum also had significant changes of FC correlated to consumption between
exposure and abstinence conditions. After nicotine exposure, the striatum had FC correlated to
consumption with the polymodal association area, sensory-motor system, pallidum, thalamus,
and miscellaneous systems (Figure 2—10). Following abstinence, the striatum maintained the
FC correlated to consumption with the sensory-motor, thalamus, and miscellaneous systems and
no longer demonstrated FC with the pallidum or polymodal association systems (Figure 2—11).
The striatum also demonstrated FC correlated with consumption following abstinence with the
amygdala, hypothalamus, and retrohippocampal systems (Figure 2—11). The described results
for FC correlated with consumption are of interest, given that the hippocampus and striatum are
both systems that are associated with levels of consumption and dependence (Gould, 2006;
Yager, Garcia, Wunsch, & Ferguson, 2015).
Comparing the glass brain plots correlated separately with EPM scores or consumption
levels, there appear to be distinct patterns of changes associated with the separate behaviors.
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There was a greater number of functional connections were correlated with EPM than
consumption for each conditions. Further neuroimaging studies may continue to study these
behaviors’ relationship to changes within the whole brain. Using functional imaging has allowed
for the identification of these changes in systems’ signaling across conditions that may prove
important for distinguishing features of the exposed or abstinent states in addiction.
Although significant FC was found for the seed-based analysis of the nicotine group,
these significant functional connections did not pass false discovery correction methods. This
result may be due to the number of subjects included in this study. However, we were able to
produce results that passed family-wise error (FWE) correction by performing seed-based
analysis on groups separated by behavioral data. The seed maps for the high NC and low NC
groups were presented for the nucleus accumbens and the insula. Interestingly, the accumbens
had FC with regions in the striatum for the low NC group during abstinence, whereas the high
NC group did not have this FC (Figure 2—12). Indeed, the high NC group demonstrated no FC
following a period of abstinence (Figure 2—12). These findings may indicate that in high NC
groups, there is some lack of signaling from the nucleus accumbens, an important reward center,
to other regions in the brain.
Insula FC also differed between the high NC and low NC groups (Figure 2—13). For the
high NC group, there was FC between the insula and periaqueductal gray (PAG) after exposure
to nicotine, while the low NC group did not demonstrate this FC. This PAG FC may be
important for understanding the relationship between anxiety and greater consumption, given
that the PAG is involved in processing fear and anxiety (Behbehani, 1995). Furthermore, the
PAG has been implicated in other motivated appetitive behaviors, such as hunting (Y. Li et al.,
2018; Park et al., 2018). Consumption of a rewarding drug may be considered an appetitive
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behavior. Given our results and previous evidence identifying the PAG’s role in appetitive
behaviors, circuits involving the PAG may have an important relationship to motivated drug
appetitive behaviors.
For the low NC group, there were more functional connections with the insula following
a period of abstinence. The low NC group demonstrated no FC during abstinence. This
difference may align with previous evidence where damage to the insula may disrupt
consumption of an addictive substance (Droutman, Read, & Bechara, 2015). Our findings that
distinguish insula signaling among high and low consuming groups may provide particular
regions of interest for further study to elucidate their role in governing nicotine addiction.

Chapter 3
Acute Functional Connectivity Changes in the Rat Brain Following Nicotine
Administration

3.1 Acute Nicotine Background

Self-Medication: Acute Nicotine as an Enhancer of Cognition
Acute nicotine administration has been shown to enhance cognition in animals and in
humans (Edward D. Levin, 2013). Specifically, it has been shown to improve attention, memory,
and learning. Various regions, such as the limbic system, thalamus, habenula, and cortex, play
roles in nicotine’s cognitive enhancements (Edward D. Levin, 2013). However, a neural account
of the improvements in cognition due to nicotine has remained elusive. A systems-level
evaluation of circuit interactions between regions involved in nicotine performance enhancement
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may allow for a more comprehensive understanding of nicotine’s diverse effects on cognition
(Bressler & Menon, 2010).
The high correlation between neuropsychiatric disorders and nicotine use has implicated
nicotine’s cognitive enhancement as a self-medicating method for neuropsychiatric patients.
Individuals with neuropsychiatric diseases (i.e. schizophrenia, major depression disorder, posttraumatic stress disorder, attention deficit hyperactivity disorder, or bipolar disorder) have higher
rates of smoking than the general population’s rate of smoking. Although only 30% of
Americans have a history of a neuropsychiatric disorder, these individuals consume 46% of all
cigarettes in the United States (Dome et al., 2010).
Because of the relationship between neuropsychiatric disease and nicotine use, nicotine
has been explored as a therapeutic method for various cognitive impairments. Specifically, the
potential of nicotine as a therapy for schizophrenia, Alzheimer’s Disease, and attention deficit
hyperactivity disorder have been reviewed. Nicotine treatment has improved cognition of
patients with Alzheimer’s (White & Levin, 1999), schizophrenia (E. D. Levin, Wilson, Rose, &
McEvoy, 1996), and attention deficit hyperactivity disorder (Conners et al., 1996). Given the
significance for addicted and cognitively impaired populations, an evaluation of acute nicotine’s
effects through functional MRI proves promising for better characterizing substrates involved in
nicotine’s cognitive enhancement. These substrates may also better explain neuropsychiatric
patients’ greater propensity for nicotine dependence.
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Studies of Neural Circuits Involved in Acute Nicotine Response
fMRI has been previously used to study the effect of acute nicotine exposure in humans
and rodents. A meta-analysis of studies in humans implicate global changes; decreases were seen
in the ventromedial prefrontal cortex, posterior cingulate cortex, parahippocampus, insula, and
parietal cortex, whereas increases were found in the anterior cingulate cortex, thalamus,
frontoparietal cortices, and cuneus (Sutherland et al., 2015). However, the meta-analysis by
Sutherland, et al. analyzed studies of smokers, nonsmokers, and various delivery methods of
nicotinic acetylcholine receptor agonists. Unsurprisingly, they found that these different
subgroups and pharmacological methods yielded different results (Sutherland et al., 2015). The
abstinent smokers’ neural circuits may have underlying changes to neural circuits after chronic
exposure to nicotine.
Therefore, the delivery of the drug to naïve subjects, or nonsmokers, may best simulate
the real events of addiction initiation. Sutherland et al. reviewed the evidence for the effect of
nicotine in nonsmokers, but the evidence thus far remains inconclusive. However, given the
ethical concerns of exposing human subjects to an addictive and carcinogenic substance (in the
case of cigarettes) through a research study, animal models serve as an important avenue to study
the initial events after acute nicotine exposure in naïve subjects.
Rodents have previously been used to study nicotine using pharmacologic fMRI. In
anesthetized animals, acute nicotine administration had a dose-dependent response in striatothalamo-orbitofrontal circuits (Bruijnzeel et al., 2014). As described previously in section 1.3,
however, these results may not appropriately describe nicotine’s effect because of the use of
anesthesia during fMRI experiments. Another study evaluated the activation of the brain using
fMRI following pretreatments of either nicotine or saline (Z. Li, DiFranza, Wellman, Kulkarni,
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& King, 2008). However, this study is limited in its study size (n=4), as well as only presented
regions of activation within this group (Z. Li et al., 2008). The previous literature has not fully
explored the effect of acute nicotine administration in naïve human or animal subjects.

Aims for study of acute nicotine exposure in rats
As a persistent global health epidemic, nicotine addiction requires further study to
illuminate its underlying mechanisms. The FC changes within the awake rat brain following
acute nicotine will be discussed in chapter two of this thesis. The acute functional changes may
provide information about the changes within neural substrates that may govern the beginning of
addiction. Moreover, the acute FC changes may explain the improvements in attention and
cognition associated with acute nicotine exposure. This study may impact the development of
therapeutics for nicotine addiction, as well as cognitive disorders.

3.2 Acute Nicotine Methodology

Animals and Materials
Thirty Long Evans rats (130-150 grams) were obtained from Charles River Laboratories.
Animals were housed two per cage in Plexiglass cages. The environment was maintained at
ambient temperature (22-24 °C) on a 12 hour light: 12 hour dark cycle. Food and water were
provided ad libitum. All animals received an injection and were imaged.
The nicotine-solution (0.4 mg/mL), expressed as the free base, was prepared with sterile
saline and nicotine hydrogen tartrate (Sigma Aldrich). Its pH was neutralized to 7.2 with diluted
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sodium hydroxide. This concentration fit within the range of doses that induce a plasma
concentration similar to human smokers without inducing adverse effects, such as weight loss
(Murrin et al., 1987). This dose also exceeds the amount of nicotine shown to induce significant
changes in EPM tests (Zarrindast et al., 2010). The solution was stored in a sterile injection vial
and administered with a sterile syringe. Sterile physiological saline (0.9% NaCl) was obtained
and administered with a sterile syringe. The methods described in section 3.2 were approved by
the Pennsylvania State University Institute for Animal Care and Use Committee (IACUC
#43583).

Acclimation
A seven-day acclimation to the restrainers (shown in Figure 2—3) was performed as was
described for the chronic nicotine experiment in section 2.1.

Imaging Methods
All MRI experiments were completed using the same equipment and parameters as
described for the chronic experiment imaging (see section 2.2). Animals underwent three echo
planar imaging (EPI) scans. The first EPI consisted of six hundred repetitions; the second
consisted of eighteen hundred repetitions; the third EPI consisted of twelve hundred repetitions.
The 1mL/kg intravenous injection of either saline or nicotine (0.4 mg/kg) was administered
during the second EPI (Figure 3—2). The functional imaging following the injection
encompassed most of the fifty-two minute half-life time of nicotine (Ghosheh, O., et. al., 1999).
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Figure 3—1 Scanning regimen for all rats in acute nicotine exposure experiment.

Immediately after the completion of scanning, all animals were sacrificed, and blood was
taken directly from the heart. Samples were removed from the heart of the sacrificed animals to
verify the presence of nicotine in the blood.

Imaging Data Analysis
Conventional techniques were used to process the imaging data. To only include volumes
with a steady state magnetization of the brain, the first ten volumes were removed. Alignment to
a template structural image was also performed to the EPI data. Using SPM12, despiking and
motion correction was performed. Volumes with frame-wise displacement greater than 0.06 mm
were discarded. Demeaned motion parameters and averaged signals from white matter and
ventricle were regressed. Spatial smoothing was performed (FWHM= 1 mm). A band pass filter
was applied to isolate low fluctuating BOLD signal (0.01-0.1 Hz).
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After the raw data were processed, FC was calculated using seed based correlation
analysis. The brain was divided into Y seeds based on anatomical regions (See Appendix A).
The Pearson cross-correlation coefficients between regions of interest (ROIs) and all other brain
seeds were calculated for each animal. The averaged cross-correlation coefficients were used to
create t-maps of differences between saline and nicotine groups post-injection. These t-maps
were mapped to the template brain. The maps were then false discovery rate (FDR) corrected and
thresholded at a value of p = 0.05. The results of the seed based correlation analysis are
presented in section 3.3.
Independent component analysis (ICA) was also used to analyze the acute nicotine fMRI
data. ICA was performed using the GIFT toolbox and used the infomax algorithm. The stability
analysis type used was ICASSO with Boostrap. Ten runs were completed. The other parameter
settings were set as the default within the GIFT toolbox. The results of the ICA of the acute
nicotine data are presented in section 3.3.

3.3 Acute Nicotine Results
Rats were imaged using rsFMRI prior to injection and following an injection of nicotine
(0.4 mg/kg) or saline via a tail vein catheter. FC t-maps of differences between groups postinjection from seeds associated with reward processing regions interest (ROIs) showed
connections with memory and sensory regions.

The ventral tegmental area (VTA) was significantly correlated with the preculminate
fissure (PCUF), presubiculum (PrS), dentate gyrus (DG), habenula (Hb), CA1, CA3, primary
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somatosensory cortex(S1), dysgranular insular cortex (DI), insular cortex, caudate putamen (CP),
accumbens (Acb), prelimic cortex (PrL), and supplementary motor cortex (M2) (Figure 3—2).

Figure 3—2 Ventral tegmental area (VTA) seed map

The insula was significantly correlated with the visual cortex (VC), temporal association
cortex (TEA), periaqueductal gray (PAG), global pallidus (GP), mediodorsal thalamus (MDT),
CA1, VTA, Hb, CP, S1, and DI (Figure 3—3).
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Figure 3—3 Insula seed map

Independent component weight maps showed increases between prefrontal sensory and
orbital areas with reward and memory centers following injection. Independent components two
(IC2) and four (IC4) are presented here. In Figure 3 —4 on the right, IC2 from the nicotine group
prior to nicotine exposure contains the caudate putamen (CP), piriform (Pir), secondary
somatosensory cortex (S2), lateral septal complex (LS), insula, cingulated (Cg), accumbens
(Acb), prelimbic area (PrL), infralimbic area (IL), and orbital area (OA). On the left in Figure 2
—6, IC2 from the nicotine group following to nicotine exposure contains dysgranular insula
(DI), suprageniculate thalamic nucleus (SG), subparaventricular hypothalamus (SPa), pyramidal
tract of hippocampus (py), paranigral nucleus (PN), ventral tegmental area (VTA), CP, CA1,
CA3, S2, GI, LS, Cg, Acb, PrL, and OA.
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Figure 3—4 Independent component two on the right prior to nicotine injection and on the
left following nicotine injection for the nicotine group only.

Figure 3—5 on the right presents IC4 from the nicotine group prior to nicotine exposure.
IC4 prior to exposure contains the primary and secondary somatosensory cortex (S1, S2),
primary motor cortex (M1), dorsolateral orbital area (DLO), and CA3.

Figure 3—5 Independent component four on the right prior to nicotine injection and on the
left following nicotine injection for the nicotine group only.
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Figure 3—5 on the left presents IC4 from the nicotine group after nicotine exposure. IC4
prior to exposure contains preculminate fissure (PCF), visual cortex (VC), paranigral nucleus
(PN), retrosplenial cortex (Rsp), habenula (Hb), CA3, VTA, S1, S2, M1, and DLO.

3.4 Acute Nicotine Discussion
Both seed based analysis and ICA were used to evaluate the acute nicotine exposure data.
Seed based analysis was performed on the t-maps of differences between groups post-injection.
There were significant correlations between various regions associated with reward, memory,
and sensory experiences. In particular, the VTA and AI had interesting FC across these regions.
Our results also identified distinctive functional connections for the core and shell of the nucleus
accumbens. These FC changes indicate the broad effect of nicotine across the brain in circuits
associated with reward, memory, and sensory experiences.
In Figure 3—2, the seed map of the VTA highlighted significant FC with the accumbens,
habenula, and dysgranular and insula. The connection seen in our results between the VTA and
Acb concurs with previous evidence that nicotine stimulates the VTA, which in turn stimulates
the accumbens. The VTA also had significant FC with the habenula and insula. These circuits
have been implicated in modulating the aversive and rewarding effects of nicotine to promote or
demote consumption.
The insula had significant functional connections with reward, memory, and sensory
experience regions (Figure 3—3). The insula shared FC with the VTA, CP, GP, and habenula,
which are associated with reward processing in chronic addiction (see section 2.1). The insula
also shared FC with regions associated with processing memories and sensory experiences, such
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as the CA1, CA3, TEA, and DI. CA1 has been identified in encoding the reward contextual
memories of nicotine (Xia, Nygard, Sobczak, Hourguettes, & Bruchas, 2017). Nicotine also
boosts CA1-CA3 long-term potentiation (Rosato-Siri, Cattaneo, & Cherubini, 2006). The region
also had functional connections with sensory processing areas, such as the VC and S1. Nicotine
is known to improve performance on visual attention tasks (Lawrence, Ross, & Stein, 2002). Our
results provide substrates, such as the CA1, CA3, AI, and VC, that may explain nicotine’s effect
on visual attention.
The acute nicotine data was also analyzed using ICA, two components of which are
presented in Figure 3—4 and 3 —5. IC2 pre- and post- injection is presented in Figure 3 —4.
IC2 initially only contains more prefrontal regions. Following nicotine injection, IC2 expands to
regions associated with memory, such as CA1, CA3 and py, and to the VTA, which is strongly
associated with nicotine addiction. Similarly, IC4 initially contains prefrontal regions,
specifically sensory cortices, and the CA3 (Figure 3—5). Following nicotine injection, this
component expands to include the visual cortex, memory regions (CA3 and Rsp), and rewardprocessing regions (Hb and VTA). The integration of prefrontal and sensory areas with reward
and memory regions following nicotine injection may describe a brain state that underlies the
initiation of addiction.
Our results from the acute nicotine study demonstrate nicotine’s widespread effect on the
brain. Functional connections between regions associated with reward, sensory, and memory
were implicated following acute nicotine exposure. Interestingly, regions associated with chronic
reward had significant functional connections after a single exposure to nicotine in drug-naïve
rats.
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Chapter 4
Conclusions and Future Directions
The experiments presented herein evaluated the FC changes following acute and chronic
nicotine exposure. The results of the chronic study (presented in section 2.3) found that, indeed,
there is variability in consumption levels in subjects pre-exposed to nicotine. The high
consuming, highly anxious group requires further study to better understand its potentially
inherent vulnerabilities to addiction.
The behavioral measures were correlated separately to the imaging data using seed-based
analysis. The imaging data correlated to EPM identified unique patterns of connectivity
correlated to EPM with the amygdala and hippocampus after exposure and after abstinence.
These circuits may have some relationship with anxiety during withdrawal experienced by
human smokers. The imaging data correlated to consumption suggested that there are patterns of
connectivity correlated with consumption among the hippocampus and striatum following either
exposure or during abstinence. In total, these results presented a whole brain picture of system
FC changes that may be related to nicotine exposure and symptoms of abstinence.
From the consumption measures, high and low nicotine-solution consuming groups (high
NC and low NC, respectively) were selected by setting a threshold at fifty percent average
nicotine-solution consumption. These groups were also used to analyze the fMRI data. The high
NC group and low NC group demonstrated unique FC patterns for the nucleus accumbens and
insula from seed-based analysis. The accumbens demonstrated FC with the striatum for the low
NC group and no FC for high NC group. This discrepancy may represent some lack of signaling
from the nucleus accumbens, an important reward center, to other regions in the brain in the high
NC group.
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Intra-connectivity of the insula with regions associated with reward and sensory
experience, seen in the low NC group following abstinence, may serve as a mechanism for
resilience to addictive consumption behaviors. Moreover, FC between the insula and the PAG
after exposure to nicotine for the high NC group may be representative of a vulnerability to
anxiety-like behaviors. Because of the significant relationship between anxiety and consumption
patterns found in our study, this vulnerability to anxiety may also have a relationship to a
propensity for addiction.
The differing results between high NC and low NC groups demonstrate the importance of
incorporating knowledge of nondaily smokers into nicotine addiction studies. By studying low
consuming groups, research may further elucidate mechanisms of resilience to addiction.
Similarly, by studying high consuming groups, research may further identify biomarkers of
vulnerability to addiction that may improve the efficacy of therapeutic interventions, as well as
provide new targets for medical interventions for addiction.
The seed-based analysis for acute nicotine exposure, presented in Section 3.3, found that
the VTA and the insula had significant functional connections. These connections identified
potential circuits that may contribute to the rewarding effects of nicotine, as well as the cognitive
enhancing effects of nicotine. In particular, the insula had functional connections that spanned
the reward, memory, and sensory regions associated with acute nicotine. In the future, an
optogenetic model, controlling the insula, may allow for further study of this region’s role in the
rewarding and cognitive enhancing effects of acute nicotine.
Overall, the work presented in this thesis has expanded the use of awake imaging to study
the FC changes following acute and chronic nicotine exposure. Our findings demonstrate this
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technique’s potential to connect disparate cellular or regional findings within the context of the
whole brain in pursuit of a more comprehensive understanding of nicotine addiction.

Appendix A: Seed-Based Analysis ROI Table and Atlas

Region of Interest
anterior cingulate cortex
prelimbic area
orbital area
insula
retrosplenium complex
posterior parietal cortex
ventral temporal association areas
ectorhinal area
perirhinal area
CA1
CA2
CA3
dentate gyrus
entorhinal area
presubiculum
postsubiculum
parasubiculum
subiculum
main olfactory bulb
anterior olfactory nucleus
accesory olfactory bulb
nucleus lateral olfactory tract
taenia tecta
infralimbic area
piriform area
gustatory area
visceral area

Region of
Interest
Abbreviation
ACA
PL
ORB
AI
RSP
PTL
TEv
ECT
PER
CA1
CA2
CA3
DG
ENT
PRE
POST
PAR
SUB
MOB
AON
AOB
NLOT
TT
ILA
PIR
GU
VISC

System
Polymodal association
Polymodal association
Polymodal association
Polymodal association
Polymodal association
Polymodal association
Polymodal association
Polymodal association
Polymodal association
Hippocampal region
Hippocampal region
Hippocampal region
Hippocampal region
Retrohippocampal region
Retrohippocampal region
Retrohippocampal region
Retrohippocampal region
Retrohippocampal region
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
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postpiriform transition area
pimary motor cortex
secondary motor cortex
primary somatosensory cortex
supplemental somatosensory cortex
auditory cortex
visual cortex
lateral septum complex
medieum septum complex
caudoputamen
accumbens
olfactory tubercle
fundus of the striatum
globus pallidus
ventral pallicum
substantia nigra
anterior amygdaloid area
basolateral nucleus amygdala
basomedial nucleus amygdala
lateral nucleus amygdala
medial nucleus amygdala
centeral nucleus amygdala
posterior nucleus amygdala
piriform amygdaloid area
cortical nucleus of amygdala
endopiriform nucleus/endopiriform
claustrum of rodents
Claustrum
anterodorsal nucleus thalamus
anteromedial nucleus thalamus
anterioventral nucleus thalamus
ventral anterio-lateral complex
thalamus
ventral medial nucleus thalamus
ventral posterolateral nucleus thalamus
ventral posteromedial nucleus thalamus
lateral dorsal nucleus of thalamus
lateral posterior nucleus of thalamus
central lateral nucleus of thalamus

TR
Mop
Mos
SSp
SSs
AUD
VIS
LSC
MSC
CP
ACB
OT
FS
GP
VP
SN
AAA
BLA
BMA
LA
MEA
CeA
PA
PAA
COA

Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor
Sensory-motor

Amygdala complex
Amygdala complex
Amygdala complex
Amygdala complex
Amygdala complex
Amygdala complex
Amygdala complex
Amygdala complex
Amygdala complex

EP
CLA
AD
AM
AV

Thalamus
Thalamus
Thalamus

VAL
VM
VPL
VPM
LD
LP
CL

Thalamus
Thalamus
Thalamus
Thalamus
Thalamus
Thalamus
Thalamus

Striatum
Striatum
Striatum
Striatum
Pallidum
Pallidum
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medial dorsal thalamus
midline thalamic nuclei
lateral geniculate complex
zona incerta
reticular nucleus thalamus
habenula

MD
MID
LG
ZI
RT
LH

Thalamus
Thalamus
Thalamus
Thalamus
Thalamus
Habenula

Table 0—1 The brain was divided into regions of interest for the seed-based correlation
analysis. See Figure 0—1 for a map of these regions onto a template brain.

Figure 0—1 An atlas for the regions of interest used for the seed-based analyses presented
in this thesis. See Table 0—1 for a list of regions included.
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Appendix B: Supplementary Figures for Chronic Study

Figure 0—1 Distribution of EPM scores, presented as the ratio between time spent on the
open arm to time spent on the open and closed arms, for all rats.
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Figure 0—2 A histogram of the consumption patterns, presented as median nicotine water:
median total nicotine water and water consumed, for both saline and nicotine-exposed rats.
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