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Abstract

Because tobacco use has a large negative health and financial impact on society, it is critical to
identify the factors that drive excessive use. These factors include the aversive withdrawal
symptoms that manifest upon cessation of tobacco use, and may include increases in nociceptive
processing. Corticotropin-releasing factor (CRF) signalling in the central amygdala (CeA) has
been attributed an important role in: (1) central processing of pain, (2) excessive nicotine use that
results in nicotine dependence, and (3) in mediating the aversive symptoms that manifest
following cessation of tobacco exposure. Here, we describe three experiments in which the main
hypothesis was that CRF/CRF1 receptor (CRF1R) signalling in the CeA mediates nicotine
withdrawal-induced increases in nociceptive sensitivity in rats that are dependent on nicotine. In
Experiment 1, nicotine-dependent rats withdrawn from chronic intermittent (14-h/day) nicotine
vapor exhibited decreased hindpaw withdrawal latencies in response to a painful thermal stimulus
in the Hargreaves test, and this effect was attenuated by systemic administration of the CRF1R
antagonist, R121919. In Experiment 2, nicotine-dependent rats withdrawn from nicotine vapor
exhibited robust increases in mMRNA for CRF and CRF1Rs in CeA. In Experiment 3, intra-CeA
administration of R121919 reduced thermal nociception only in nicotine-dependent rats.
Collectively, these results suggest that nicotine dependence increases CRF/CRF1R signalling in
the CeA that mediates withdrawal-induced increases in sensitivity to a painful stimulus. Future
studies will build on these findings by exploring the hypothesis that nicotine withdrawal-induced
reduction in pain thresholds drive excessive nicotine use via CRF/CRF1R signalling pathways.
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INTRODUCTION

Cigarette smoking leads to cancer, respiratory disease, and cardiovascular disease, and is
responsible for 6 million deaths annually and more than 400,000 deaths per year in the U.S.
(Cancer.gov; Who.int). Withdrawal from nicotine, the psychoactive ingredient in tobacco,
produces both somatic and affective symptoms that contribute to relapse and continued
nicotine use (Koob et al., 1993; Markou et al., 1998). This point is concerning in light of the
recent explosion in the use of electronic cigarette (e-cigarette) products, which contain
potentially harmful levels of nicotine, but whose negative health impacts have been grossly
understudied (Henningfield & Zaatari, 2010; Trtchounian & Talbot, 2011). The cessation of
nicotine use results in a number of aversive effects that include irritability, restlessness,
increased anxiety, and enhanced nociceptive processing (Bruijnzeel, 2012; Hughes and
Hatsukami, 1986; Yang et al, 1992). These aversive withdrawal symptoms, either separately
or combined, may drive subsequent excessive nicotine use and relapse to nicotine use
(Bruijnzeel, 2012; Piper et al, 2010). In the attempt to reduce abuse of tobacco products, it is
critical to identify behaviors (e.g., nociceptive processing) and neural systems dysregulated
by nicotine withdrawal that may drive subsequent use.

Under normal physiological conditions, corticotropin releasing factor (CRF) contributes to
emotional regulation via both hypothalamic and amygdalar circuits (Heilig et al., 1994).
Dysregulation of these brain CRF systems is heavily implicated in multiple psychiatric
disorders including anxiety, depression, and alcohol and drug use disorders (Arborelius et al,
1999; Bale and Vale, 2004; Koob, 2010; Risbrough, 2006). For example, alcohol withdrawal
in alcohol-dependent animals is defined by mechanical allodynia (i.e., pain in response to a
stimulus that does not normally produce pain) and increased anxiety-like behavior that are
mediated by CRF1R signalling (Edwards et al., 2012; Funk et al., 2006, 2007; Richardson et
al., 2007; Valdez et al., 2002, 2003), which is particularly interesting because antagonism of
CRF1Rs reduces excessive alcohol drinking by alcohol-dependent rats (Funk et al., 2007;
Roberto et al., 2010), an effect that is mediated by the central nucleus of the amygdala (CeA;
Funk et al., 2006). Animals that are dependent on nicotine exhibit increases in nociceptive
processing, anxiety-like behavior and nicotine self-administration (Cohen et al., 2013;
George et al., 2007; Gilpin et al., 2013; Grabus et al., 2005; Yang et al., 1992). Antagonism
of CRF1Rs attenuates nicotine withdrawal-induced mechanical allodynia, as well as
heightened anxiety-like behavior and nicotine self-administration under long-access (23-h/
day) conditions (Cohen et al., 2013; George et al., 2007). Antagonism of CRF1Rs or
reduction of CRF1R expression attenuates hyperalgesia associated with inflammatory and
neuropathic pain in mice (Hummel et al., 2010). Furthermore, CRF1Rs specifically in the
CeA have been implicated in mediating brain reward deficits associated with nicotine
withdrawal (Marcinkiewcz et al., 2009; Bruijnzeel et al., 2012). In the present investigation,
we examined thermal hyperalgesia in rats withdrawn from chronic intermittent nicotine
vapor, as well as the role of CRF1Rs in CeA in mediating this hyperalgesia.
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The CeA, a limbic region critical for converting emotionally relevant sensory information
into appropriate behavioral and physiological responses, has been identified as a potential
“on-off” switch for central transmission of pain information (Rouwette et al., 2012). In
humans, oral administration of a CRF1R antagonist dampens the amygdalar activation
produced by pain expectation (Hubbard et al., 2011). In rats, administration of exogenous
CRF into CeA promotes nociception via effects at CRF1Rs (Ji & Neugebauer, 2008). The
CeA is recruited during the transition to dependence on drugs of abuse, including nicotine,
and CRF/CRF1R signaling in CeA undergoes neuroadaptations that are particularly
important for producing the aversive aspects of drug withdrawal and driving future drug use
(Koaob, 2008). Furthermore, heightened pain processing has been cited as a potential
motivating factor for alcohol and drug abuse in humans (e.g.,Brennan et al, 2005; Riley and
King, 2009; Egli et al., 2012).

A recently published study showed that CRF1Rs in the CeA mediate mechanical allodynia
during withdrawal from long-access nicotine self-administration (Cohen et al., in press). In
the present investigation, we aimed to extend those findings by investigating the role of
CRF1Rs in the CeA in thermal hyperalgesia during withdrawal from a nicotine vapor
exposure protocol that produces nicotine dependence (George et al., 2010) and escalates
nicotine self-administration in rats (Gilpin et al., 2013). We hypothesized that nicotine
dependence would increase thermal nociception and CRF and CRF1R gene expression in
CeA, and also that antagonism of CRF1Rs, both systemically and in the CeA, would reverse
withdrawal-induced hyperalgesia.

METHODS

Animals

Specific-pathogen free adult male Wistar rats (Charles River, Kingston, NY) weighing
200-250 g at the time of arrival were pair-housed and fed a standard rat diet (Purina Rat
Chow, Ralston Purina, St. Louis, MO) with water available ad libitum except during
experimental procedures. Rats were exposed to a reverse 12-h light/12-h dark cycle (lights
off at 8 AM). All behavioral testing was conducted in the dark cycle. Animal procedures
were approved by the Institutional Animal Care and Use Committee of the Louisiana State
University Health Sciences Center (LSUHSC IACUC 2908) and were in accordance with
the National Institute of Health guidelines.

Drugs and Chemicals

The CRF-1 antagonist, R121919, was a generous gift from Neurocrine Biosciences Inc (San
Diego, CA). R121919 was dissolved in hydroxypropyl-B-cyclodextrin with a final
concentration of 20%. Vehicle-treated animals received 20% hydroxypropyl-p-cyclodextrin.
Mecamylamine hydrochloride (Sigma, St. Louis, MO) was dissolved in saline.

Nicotine Vapor Inhalation

To induce nicotine dependence, animals were housed in nicotine vapor inhalation chambers
(La Jolla Alcohol Research, Inc.; La Jolla, CA) and exposed daily to intermittent (14-h
ON/10-h OFF) nicotine vapor. Nicotine vapor was produced by bubbling air at a flow rate of
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10 I/min/cage through a gas-washing bottle containing a solution of pure nicotine (free base,
Sigma, St. Louis, MO). Nicotine vapor was produced by vaporization that is maximized by
the bubbling of air with a constant airflow. The highly concentrated nicotine vapor was then
passed through a drop-catch bottle and further diluted by the addition of 60 I/min of clean air
in a 2000 mL Erlenmeyer vacuum flask at room temperature. The final nicotine—air mixture
was homogeneously distributed between chambers at a flow rate of 15 I/min. Nicotine-air
concentrations, which can be tightly regulated by this procedure (Gilpin et al., 2013), were
adjusted by varying the flow rate at which nicotine was bubbled. Air controls were treated in
a similar manner except that air entering the cages did not contain nicotine.

Hargreaves Test

We utilized the Hargreaves method to test nociceptive processing in nicotine-dependent rats.
Animals were placed in the examination room 10 min prior to testing to allow acclimation to
the light and testing environment. After 5 min, animals were placed in Plexiglas enclosures
with glass floors (IITC Life Sciences, Inc., Woodland Hills, CA) suspended 30 cm from the
table top and allowed to habituate for 5 min prior to testing. The hind paws were
individually stimulated from below using a halogen heat source from an [ITC model 309
Hargreaves apparatus (1ITC Life Sciences, Inc., Woodland Hills, CA). The intensity of the
beam (75 A.l.) was selected to produce an average baseline threshold of approximately 8
seconds. A 20- second cut-off was employed to prevent tissue damage in non-responsive
subjects. The latency to produce a nocifensive paw withdrawal response was used to
measure thermal hypersensitivity. Each hind paw was targeted twice in alternating order,
producing 4 scores of nociception that were averaged and analyzed as described below.

Stereotaxic Surgeries

Surgical implantation of cannulae was conducted using aseptic procedures. Rats were
anesthetized via inhalation of isoflurane (IsoFlo, Abbott Laboratories, North Chicago, IL)
before and during surgery. The incision area of the scalp was shaved, the rat was placed in a
Kopf stereotaxic instrument, and a sagittal incision (approximately 2 cm long) was made in
the midline exposing the surface of the skull. Two holes were drilled through the skull
targeted above the left and right central amygdaloid nuclei according to the appropriate
stereotaxic coordinates and a guide cannula was implanted. The stereotaxic coordinates were
determined according to Paxinos and Watson (1998). The coordinates relative to bregma
were (AP-2.6, ML%4.2, DV-7.0) from skull surface. Microinjection cannulae components
(Plastics One Inc., Roanoke, VA) included guide cannulae (26 gauge), internal injection
cannulae (33 gauge), and dummy cannulae (33 gauge). The injection cannula extended 1.0
mm beyond the tip of the guide cannula when inserted. A dummy cannula, cut to the same
length as the guide cannulae, was maintained in the guide cannula at all times except during
infusions. Four stainless steel screws were inserted into the skull at positions around the
cannula implant site. Cranioplastic cement was applied over the open surface of the skull
covering both the screws and the guide cannula. The incision was closed around the
implants and the dummy cannula was inserted. Immediately after surgery, antibiotic
ointment was applied to the surgical wound area. The rats were monitored during five days
of recovery to determine that the animal had resumed normal activity such as mobility, and
consumption of liquid diet and water.
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Experiment 1

Rats were exposed to chronic intermittent (14-h/day) nicotine vapor (n=8) or ambient air
(n=8) for 6 weeks prior to the start of Hargreaves testing. Physical dependence on nicotine
was confirmed by precipitating withdrawal with mecamylamine (1.5 mg/3 ml/kg, s.c).
Animals were then tested for thermal nociception during nicotine withdrawal both 6-h and
72-h following termination of nicotine vapor exposure. Rats were then re-exposed to
nicotine vapor or control air for 4 days (14-h/day) and once again tested for thermal
nociception both 6-h and 72-h following termination of nicotine vapor exposure (i.e., testing
occurred during weeks 6 & of vapor exposure). Prior to each of the four tests, rats were
injected with either R121919 (10 mg/2 ml/kg, s.c.) or vehicle (2 ml/kg), such that each rat
was injected once with each dose at each test time point. A 60-min pre-treatment time was
used to allow the drug to reach peak efficacy (Roberto et al 2010). We chose the 10 mg/kg
R121919 dose based on preliminary Hargreaves studies conducted in our laboratory. For the
Hargreaves test, rats were placed in Plexiglas holding chambers for a 5-min acclimation
period prior to Hargreaves testing. At the completion of testing each day, animals were
returned to their home cages.

Experiment 2

The purpose of Experiment 2 was to measure CRF and CRF1R gene expression in the brains
of nicotine-dependent rats; we measured gene expression in the CeA, our brain region of
interest for this study, as well as the nucleus accumbens (NAc) shell, another component
region of the extended amygdala, used here as a control region. Rats were exposed to 3
weeks of nicotine vapor, because recent published data suggest that <3 weeks nicotine vapor
is sufficient to produce somatic withdrawal (George et al., 2010; Gilpin et al., 2013) and
escalated nicotine self-administration (i.e., motivational withdrawal; Gilpin et al., 2013), the
latter of which has been attributed to altered CRF/CRF1R signaling in amygdala (George et
al., 2007). On day 21 of nicotine vapor exposure, rats were sacrificed 16 h following
termination of vapor exposure (time point chosen based on preliminary data from our lab)
and their brains collected and stored at —80 °C until processed for quantitative real-time
PCR. Briefly, rats were anesthetized with isoflurane and decapitated; brains were quickly
removed and sliced coronally in a cryostat, with punches of the brain regions of interest
collected on an ice-cold stage. Punches were taken with 14-17 gauge needles guided by an
atlas and stored at —80°C until they were processed for quantitative real time PCR. Total
RNA was prepared from each punch using the RNeasy lipid mini kit (Qiagen, Valencia, CA)
as recommended for animal tissue. Total RNA (1 ug), quantified by Nanodrop 1000
(Thermo Scientific, Wilmington, DE), was reverse transcribed with QuantiTect Reverse
Transcription Kit (Qiagen, Valencia, CA), which included a DNA removal step. For
quantitative real-time PCR, Roche Light Cycler 480 Master-plus SYBR Green mix (Roche
Applied Science, Indianapolis, IN) was used. Reactions (10 pl) were carried out in a 96-well
plate Realplex2 machine (Eppendorf). The primers for each target (0.5 uM final
concentration, Sigma, St. Louis, MO) were synthesized with a standard desalting
purification: Targets included CRF and the CRF1 receptor. Standard curves were
constructed using sequenced PCR products. Results were analyzed by second derivative
methods and expressed in arbitrary units, normalized to Cyclophilin A expression levels.
Standards and samples were run in duplicate, and all reactions for a given brain region
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performed concurrently. Gene-specific amplification was determined by melting curve
analysis as one peak at the expected melting temperature and by agarose gel electrophoresis.

Experiment 3

Rats were exposed to chronic intermittent (14-h/day) nicotine vapor (n=8) or ambient air
(n=8) for 4 weeks, at which point nicotine dependence was confirmed by observing somatic
withdrawal signs after mecamylamine injection. All rats then underwent stereotaxic surgery
and were implanted bilaterally with cannulae aimed at the CeA. Following surgery, rats
were returned to previous housing conditions (nicotine vapor or ambient air), monitored
during five days of recovery, then tested for baseline thermal withdrawal latencies. In order
to minimize the effects of surgery and infusion procedures on thermal sensitivity, all rats
were habituated to the infusion procedure with two sham infusion days (i.e., nothing infused
into brain) and one vehicle infusion day to ensure that thermal withdrawal latencies were
representative of pre-surgery baselines, at which point R121919 infusions were conducted
during weeks 6-7 of vapor exposure.

On test days, rats were infused with either vehicle or R121919 (0.125, 0.250, or 0.500 pg) in
a within-subjects Latin-square design, and all tests occurred 6 hrs into nicotine withdrawal.
The 6-h withdrawal test time point was chosen because (1) nicotine-dependent rats exhibited
hyperalgesia at this time point in Experiment 1, and (2) to allow for behavioral testing in the
context of daily withdrawals without the need for multiple 72-h periods of nicotine
abstinence. A Harvard 33 microinfusion pump was used for all drug infusions at a rate of
0.2ul/minute for a period of 2.5 minutes, and the injection cannula was left in the guide
cannula for one additional minute to allow for adequate diffusion of the solution. Infusions
were delivered to the cannula via polyethylene tubing (PE 20) that was connected to a
Hamilton 10 pl syringe. Immediately following infusions, rats were placed directly into the
Plexiglas enclosures on the Hargreaves apparatus for 5 minutes to acclimate before testing
began. At the completion of the testing period, animals were returned to their home cages.
Each test was separated by 48 hours to avoid any residual effects of R121919 from the
previous test day.

Statistical Analysis

All behavioral data are expressed as mean = SEM with the number of animals per group
indicated in the figure legends. Statistical analysis of differences in thermal withdrawal
latencies for the Hargreaves test was determined by three-way and two-way repeated
measures (RM) analyses of variance (ANOVA) where nicotine vapor history was the
between-subjects factor, and drug dose and/or withdrawal time point were the within-
subjects factors. For Experiment 3 data, two rats were excluded from all data analyses due to
inaccurate placement of one or both cannula. Molecular data are expressed as a percentage
of control group mean with the number of animals per group indicated in the figure legends.
Statistical analysis of differences in CRF and CRF1R mRNA expression was determined by
one-way ANOVASs where nicotine vapor history was the treatment factor. Post-hoc
comparisons were conducted using the Student Newman-Keuls test and statistical
significance was set at p<0.05.
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RESULTS

Nicotine Dependence-Induced Hyperalgesia Attenuated by Systemic CRF1R Antagonist

A 3-way (Vapor condition x withdrawal time point x R121919 dose) RM ANOVA revealed
that nicotine-dependent rats exhibited significant reductions in paw withdrawal latencies in
response to a thermal nociceptive stimulus at both 6 and 72 hours withdrawal, F(1,13)=6.59,
p<0.05, indicative of hyperalgesia in those rats (Figure 1) There was also a significant main
effect of withdrawal timepoint, F(1,13)=6.21, p<0.05, such that all rats exhibited shorter
paw withdrawal latencies at 6-h v.s 72-h withdrawal. Because nicotine-dependent rats
exhibited shorter paw withdrawal latencies at 6-h withdrawal (M=6.59 + 0.41) than at 72-h
withdrawal (M=6.90 + 0.54), we decided to test rats at 6-h withdrawal in Experiment 3.
There was a non-significant trend toward a dose x vapor exposure interaction effect (p=.115;
Figure 1), suggesting the possibility of altered CRF1R number/function in nicotine-
dependent rats.

Nicotine Dependence Increases CRF and CRF1R mRNA in the CeA

As shown in Figure 2A & 2B, paired-samples t-tests revealed that nicotine-dependent rats
have higher levels of CRF (242.8 + 52.5% increase) mRNA, t(6)=—4.183, p<0.01, and
CRF1R (405.4 + 164.7% increase) mRNA, t(5)=-2.545, p=0.05, in the CeA than controls at
16-h withdrawal from nicotine vapor. Figure 2C shows that CRF mRNA expression was
significantly and positively correlated with CRF1R mRNA expression in CeA, r(11)=0.78,
p<0.01. These effects were neuroanatomically specific, as we did not observe any change in
CRF (7.2 £ 20.7% increase from controls) or CRF1R (4.6 + 7.7% increase from controls)
mMRNA in the NAc shell.

Nicotine Dependence-Induced Hyperalgesia is Attenuated by CRF1R Antagonist in CeA

To determine the effect of intracranial cannulation on thermal nociception, pre- and post-
surgery baseline Hargreaves values were compared with a two-way RM (vapor condition x
time) ANOVA that yielded no effect of surgery on baseline thermal withdrawal latencies
(Figure 3A). As shown in Figure 3B, a two-way RM (vapor condition x R121919 dose)
ANOVA indicated a significant vapor x dose interaction, F(3,30)=6.74, p=0.001, as well as
a main effect of dose on thermal withdrawal latencies, F(3,30)=5.33, p=0.01. Post-hoc
analyses revealed that nicotine-dependent rats exhibited significantly lower thermal
withdrawal latencies relative to nicotine-naive controls after intra-CeA vehicle infusions
(p<0.001). All three doses of the CRF1R antagonist R121919 rescued this effect, since
nicotine-dependent rats exhibited significantly longer latencies at all three R121919 doses
(0.125, 0.250, 0.500 pg) relative to vehicle (p<0.001 in all three cases), and also since the
paw withdrawal latencies of nicotine-dependent rats was not different from controls at any
of the three R121919 doses (p>0.05 in all cases). Intra-CeA infusion did not affect thermal
withdrawal latencies in nicotine-naive rats.

DISCUSSION

The present study examined the effects of nicotine dependence on thermal nociception
during withdrawal from nicotine vapor and the role of brain CRF/CRF1Rs in this effect.
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Nicotine-withdrawn rats exhibited a significant reduction in hindpaw withdrawal latency,
indicative of thermal hyperalgesia, which may have important implications for humans that
abuse not only traditional nicotine products (cigarettes, etc.) but also e-cigarettes, since those
products are marketed as “safe” because they deliver “only” nicotine to the user in the
absence of other harmful compounds. In our study, nicotine-withdrawn rats also exhibited
robust increases in CRF and CRF1R mRNA in CeA. Because CRF/CRF1R signaling has
been implicated in both nicotine dependence and nociceptive processing, we examined
whether systemic and brain site-specific antagonism of CRF1Rs (with R121919) would
attenuate withdrawal-induced hyperalgesia in nicotine-dependent rats. Both systemic and
intra-CeA antagonism of CRF1Rs markedly attenuated thermal hyperalgesia during nicotine
withdrawal. These data suggest that augmented CRF/CRF1R signaling in the CeA mediates
withdrawal-induced thermal hyperalgesia, in much the same way that CRF1Rs in CeA
mediate nicotine withdrawal-induced increases in mechanical allodynia, anxiety-like
behavior, and nicotine self-administration (Cohen et al., in press; George et al., 2007).

Here, we identify a role for CRF1Rs in nicotine withdrawal-induced thermal hyperalgesia.
CRF1Rs play a central role in the negative affective state produced by withdrawal from
chronic high-dose nicotine (Bruijinzeel et al., 2009), and this withdrawal state is thought to
drive subsequent excessive nicotine use (Markou et al., 2008). The hypothesis that CRF1Rs
are important in mediating escalated nicotine use driven by the aversive aspects of
withdrawal is supported by findings that CRF1R antagonism blocks the nicotine deprivation
effect (i.e., transient increase in nicotine self-administration following a period without
nicotine access) in rats with 23-h/day nicotine access, but does not affect low intake levels
by rats with 1-h/day nicotine access (George et al., 2007). Furthermore, systemic
administration or ventricular infusion of a CRF1R antagonist blocks reinstatement of
previously extinguished nicotine responding elicited by exposure to a stressor (Bruijnzeel et
al., 2009; Zislis et al., 2007). Antagonism of CRF1Rs or reduction of CRF1R expression
attenuates hyperalgesia associated with inflammatory and neuropathic pain in mice
(Hummel et al., 2010). The lack of a dose-response effect of intra-CeA R121919 in
Experiment 3 of the current report is likely due to the choice of a dose range that was too
high. Nevertheless, our finding that CRF1Rs in CeA mediate nicotine withdrawal-induced
hyperalgesia suggests that excessive nicotine use by dependent individuals may be driven in
some cases by increased nociceptive processing. These findings also identify a
neuroanatomical substrate for CRF1R effects on pain, whether it is related to drug
dependence or not (e.g., inflammatory pain).

A recent study that implanted adult male rats with osmotic nicotine mini-pumps confirms
our observed increases in CRF mRNA in CeA, but that study suggests these increases may
actually be driven by chronic nicotine exposure rather than acute withdrawal from nicotine,
since nicotine-intoxicated rats exhibit more robust increases in CRF mRNA in amygdala
than nicotine-withdrawn rats (Torres et al., 2013). The finding that synthesis of CRF and
CRF1Rs are both up-regulated in nicotine-dependent rats may seem counterintuitive, since
one might expect CRF1Rs to be down-regulated in response to elevated CRF levels.
However, this finding is not without precedent, since it has been shown previously that
nicotine-withdrawn rats exhibit increased CRF-like immunoreactivity in CeA, as well as
increased sensitivity to the behavioral effects of a CRF1R antagonist (indicative of up-
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regulated number and/or function of CRF1Rs) during nicotine withdrawal (George et al.,
2007). Furthermore, rats that are made dependent on alcohol via chronic intermittent vapor
inhalation exhibit increased CRF mRNA in CeA during withdrawal, as well as increased
sensitivity to the effects of a CRF1R antagonist on inhibitory transmission in CeA (again
suggesting up-regulated number and/or function of CRF1Rs; Roberto et al., 2010). One
potential molecular pathway for mediating nicotine effects on nociception is the
MAPKI/ERK signaling pathway, particularly since chronic nicotine alters ERK
phosphorylation in the amygdala (Brunzell et al., 2003), MAPK/ERK signaling is attributed
a role in the regulation of CRF1R expression (Meng et al., 2011), and inhibition of the
MAPKI/ERK signaling pathway attenuates both inflammatory and neuropathic pain in
various animal models (Ji et al., 2009).

The current study does not allow us to identify whether observed thermal hyperalgesia is a
consequence of chronic nicotine exposure or withdrawal associated with termination of that
exposure, however, prior work has shown that nicotine intoxication produces analgesia in
humans and animals (Fertig et al., 1986; Pomerleau et al., 1984; Tripathi et al., 1982;
Anderson et al., 2004). Smokers allowed to self-administer nicotine exhibit higher pain
thresholds and higher pain tolerance, and report reduced pain perception, relative to
nicotine-deprived smokers (Fertig et al., 1986; Pomerleau et al., 1984). Finally, prior work
in rats showed that nicotine intoxication via mini-pumps produces analgesia, that chronic
nicotine exposure produces tolerance to this effect, and that termination of nicotine exposure
(i.e., withdrawal) produces thermal hyperalgesia (Yang et al., 1992). Therefore, we attribute
our thermal hyperalgesia effects to nicotine withdrawal, but future studies should include
tests of thermal nociception during nicotine intoxication produced by chronic intermittent
nicotine vapor.

The PAG is important for descending behavioral and physiological responses to pain
(Reynolds, 1969), and this region receives dense and highly organized GABAergic
projections from CeA (Oka et al., 2008; Rizvi et al., 1991) that co-localize CRF and
substance P (Gray & Magnuson, 1992), which both play pivotal roles in nicotine withdrawal
and pain perception. These projections from CeA to PAG are important for gating the anti-
nociceptive pain response mediated by opioids in the PAG (Oliveira et al., 2001; Xu et al.,
2003). Data from fear conditioning studies show that the PAG and another amygdaloid
nucleus (lateral amygdala) are each activated by a painful stimulus, and the response by each
of these regions is dampened by signals predictive of that stimulus (Johansen et al., 2010).
Future studies will examine whether the effects of CRF1R manipulation on thermal
nociception observed here are mediated by projections from CeA to PAG.

Regardless of drug or alcohol exposure history, CRF/CRF1R brain signaling plays an
important role in both the physical and affective components of pain. For example,
implantation of corticosterone pellets into the CeA of rats increases CRF mRNA expression
in the CeA and anxiety-like behavior, and also produces mechanical allodynia (Myers &
Greenwood-Van Meerveld, 2010; Shepard et al., 2000; Tran & Greenwood-Van Meerveld,
2012). Furthermore, infusion of exogenous CRF into the CeA produces a pain-like state that
is mediated by CRF1Rs, even when hypothalamic-pituitary-adrenal axis activity is
pharmacologically suppressed (Ji et al., 2013). Systemic inflammatory pain is also mediated
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by brain CRF1Rs since antagonism of CRF1Rs in the CeA reduces anxiety-like behavior
produced by arthritic pain in rats (Ji et al., 2007). Finally, formalin-evoked pain enhances
CRF release in another constituent region of the extended amygdala, the bed nucleus of the
stria terminalis, and antagonism of CRF1Rs in this region attenuates conditioned aversion to
a context paired with pain (Ide et al., 2013). These and other empirical studies have led to a
recent review article that proposes that CRF promotes hyperalgesia via actions at CRF1Rs in
amygdala and analgesia via actions at CRF2Rs in amygdala, although that hypothesis
remains speculative at this point (Rouwette et al., 2011). Collectively, these results suggest a
role for CRF/CRF1R signaling in the extended amygdala in central processing of pain
whether or not it is originally related to drug exposure. That said, CRF1Rs in CeA are
attributed an important role in mediating the aversive state that drives excessive use of drugs
including nicotine, and the above findings strengthen the notion that pain is a part of the
symptomatology that can drive drug abuse. While CRF appears to be integral for the
development of affective symptoms (i.e. anxiety, hyperalgesia, etc.) associated with nicotine
dependence, there is also evidence for other neuromodulatory systems (e.g., neuropeptide Y
and dynorphin; Aydin et al., 2011; Jackson et al., 2010) contributing to these behaviors.

Addiction theories propose that pain drives drug use in some humans, and in the case of
opiates, this scenario is well accepted by the field (Turk et al., 2008). Recent studies have
shown in rats that alcohol and heroin withdrawal (but not cocaine abstinence) produces an
allodynic state that is mediated by CRF/CRF1R signaling (Edwards et al., 2012). Recently,
it has been suggested that alcohol dependence may be conceptualized, at least for some
individuals, as a chronic pain syndrome, and this may extend to other drugs of abuse
including but not limited to nicotine (Egli et al., 2012). Collectively, our results show that
nicotine dependence produces a hyperactive CRF/CRF1R system in the CeA that mediates
withdrawal-induced increases in sensitivity to a painful stimulus. Our findings identify a
potential therapeutic role for CRF1R antagonists in smoking cessation treatment strategies
and future work will explore the role of CRF1R-mediated hyperalgesia in driving excessive
nicotine self-administration.
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Figure 1. Nicotine-dependent rats exhibit heightened thermal sensitivity during nicotine
withdrawal
Mean (+/- SEM) hind paw withdrawal latencies in response to a thermal stimulus by

nicotine-dependent rats (n=7; black bars) and nicotine-naive rats (n=8; white bars) following
systemic administration of R121919 (10 mg/kg) or an equivalent volume of vehicle.
*p<0.05 nicotine-dependent rats vs. controls; #p<0.05 6 hrs vs. 72 hrs withdrawal time
points.
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Figure 2. Nicotine dependence increases CRF and CRF1R mRNA in CeA
(A) Mean (+/- SEM) CRF mRNA expression in CeA as percent of control for nicotine-

dependent (n=7; black bars) and nicotine-naive (n=7; white bars) rats. (B) Mean (+/- SEM)
CRF1R mRNA expression in CeA as percent of control nicotine-dependent (n=6; black
bars) and nicotine-naive (n=6; white bars) rats. (C) Scatter plot for individual rats (n=13 rats
with values for both CRF and CRF1R) shows that CRF mRNA expression in CeA is
strongly and positively correlated with CRF1IR mRNA expression in CeA. *p<0.05 nicotine-
dependent rats vs. controls.
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Figure 3. Antagonism of CRF1Rsin CeA Abolishes Nicotine Dependence-lnduced Hyperlagesia
(A) Mean (+/- SEM) baseline thermal withdrawal latencies before and after bilateral

cannulation of CeA in nicotine-dependent (n=6; black bars) and nicotine-naive (n=6; white
bars) rats. (B) Mean (+/- SEM) thermal withdrawal latencies in nicotine-dependent (n=6;
black circles) and nicotine-naive (n=6; white circles) rats. *p<0.01 nicotine-dependent rats
vs. controls; #p<0.01 R121919 dose vs. vehicle condition for nicotine-dependent rats.
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