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Abstract
A recent clinical study demonstrated that damage to the insular cortex can disrupt tobacco
addiction. The neurobiological mechanisms for this effect are not yet understood. In this study we
used an animal model of nicotine addiction to examine the possibility that changes in insular
cortex levels of dopamine (DA)- and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32), a
phosphoprotein enriched in DA neurons containing DA D1 receptors, may be associated with
changes in vulnerability to nicotine addiction. Once rats acquired self-administration, they were
given unlimited access to nicotine (0.01 mg/kg/infusion) for 23 h/day for a total of 10 days. Each
infusion was paired with a visual cue (stimulus light) and auditory cue (sound of pump). Nicotine
seeking, as assessed under a cue-induced reinstatement paradigm, and markers of DARPP-32
signaling, as assessed using western blot analysis, were examined in separate groups of rats at two
different abstinent intervals: 1 and 7 days. Consistent with findings with other drugs of abuse, rats
in the 7-day abstinence group took longer to extinguish and responded at higher levels during
reinstatement testing as compared with rats in the 1-day reinstatement group. Relative to saline
controls, rats in the 7-day but not the 1-day abstinence group had higher levels of DARPP-32
phosphorylated at the protein kinase A site in the insular cortex. These results demonstrate
incubation of drug seeking following extended access to nicotine self-administration and suggest
that enhanced protein kinase A signaling in the insular cortex via phosphorylation of DARPP-32
at Thr34 is associated with this effect.
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Introduction
It was recently reported that smokers who have suffered damage to the insular cortex,
usually from a stroke, were more likely to experience a decrease in, and in some
circumstances elimination of, tobacco addiction (Naqvi et al., 2007). This result suggests
that changes in the insular cortex may underlie changes in vulnerability to tobacco addiction,
although very few studies have examined the role of the insular cortex in addiction studies.
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Results from imaging and inactivation/lesioning studies implicate the orbital and insular
cortex in modulating the incentive value of reinforcers (Gallagher et al., 1999), including
drugs of abuse (Volkow & Fowler, 2000; Fuchs et al., 2004; Contreras et al., 2007; Wang et
al., 2007), and recent results show a strong association of insular cortex activation and
abstinence-induced cravings to smoke (for review see Naqvi & Bechara, 2009). Parallel
findings have recently been reported in a preclinical study on nicotine addiction with results
showing that hypocretin transmission in the insula regulates nicotine reward and thus may
be a potential neurobiological substrate for maintaining tobacco addiction (Hollander et al.,
2008).

Another potential substrate is dopamine (DA)- and cAMP-regulated phosphoprotein of 32
kDa (DARPP-32). DARPP-32 is a bifunctional signal transduction molecule that is critical
for the amplification of dopaminergic signaling. When phosphorylated by protein kinase A
(PKA) at Thr34 it acts as a potent protein phosphatase-1 (PP-1) inhibitor which in turn can
enhance or prolong the phosphorylation state of several other phosphoproteins and
ultimately alter dopaminergic transmission (for review see Nairn et al., 2004). When
phosphorylated at Thr75 [the brain-specific serine/threonine kinase-cyclin-dependent kinase
5 (CDK5)-site], it has an inhibitory effect on the phosphorylation of Thr34 by PKA that
appears to serve as a negative feedback modulator of DA signaling through the DARPP-32/
PP-1 signaling cascade. Although the majority of the work on DARPP-32 has been
conducted on studies with cocaine, an accumulating body of evidence indicates that
DARPP-32 is a major target for all drugs of abuse, including nicotine, and is known to be
critically involved in other brain regions (e.g. nucleus accumbens) in mediating both drug-
taking and drug-seeking behaviors (for review see Svenningsson et al., 2005). We do know
that the insular cortex contains DARPP-32 (Berger et al., 1990; Ouimet et al., 1992) and
recent work with cocaine suggests that PKA/DARPP-32 signaling in the insular cortex may
play a key role in modulating drug seeking in response to drug-associated stimuli (Di Pietro
et al., 2006, 2008). The possibility that alterations in DA PKA-regulated signaling of
DARPP-32 in the insular cortex are associated with persistent changes in tobacco addiction
is not yet certain.

Tobacco addiction has been modeled in animals using the self-administration paradigm.
Self-administration of nicotine, the primary reinforcing component of tobacco, is an animal
model with good face validity for human tobacco use (Perkins, 1999). When animals are
allowed unrestricted access to nicotine, the levels that are self-administered are comparable
to those observed in human smokers (Valentine et al., 1997). Importantly, after chronic
nicotine self-administration, drug-abstinent animals, like humans, exhibit drug-seeking
behaviors in response to cues that were formerly associated with the drug, a measure that is
thought to correspond to relapse vulnerability (Shaham et al., 2003). Like the human
situation where craving for the drug is reported to increase over the first few weeks of
abstinence (Gawin & Kleber, 1986), drug seeking or reinstatement responding also
increases, or incubates, over an abstinence period in animals (Grimm et al., 2001). Although
numerous studies have been conducted describing the ‘incubation effect’ for cocaine- and
heroin-seeking behavior (for review see Bossert et al., 2005), very little is known with
regard to the neurobiological mechanisms of nicotine relapse.

The goals of the present study were to determine whether incubation of drug seeking occurs
following extended access to nicotine self-administration and to determine whether changes
in PKA-regulated signaling of DARPP-32 may be associated with this incubation effect.
Changes were examined in the insular cortex and in two other brain regions implicated in
drug addiction, the medial prefrontal cortex and nucleus accumbens. These mesolimbic
structures are of particular interest in the long-lasting neurobiological alterations that may
underlie vulnerability to relapse. Imaging studies in cocaine- and tobacco-dependent humans
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have associated changes in the prefrontal cortex and nucleus accumbens with abstinence-
induced craving (Kalivas et al., 2005; Volkow et al., 2005; Wang et al., 2007) with parallel
findings from rodent studies examining reinstatement and the incubation effect (Grimm et
al., 2003; Conrad et al., 2008; Freeman et al., 2008; Koya et al., 2009). Based on previous
work on the incubation effect with cocaine and heroin self-administration, changes were
examined at two different abstinence intervals (1 and 7 days). We hypothesized that cue-
induced nicotine seeking would be higher in rats in the 7-day abstinence group as compared
with rats in the 1-day abstinence group and that PKA-regulated signaling of DARPP-32
would be associated with this behavioral effect.

Materials and methods
Subjects and surgery

Thirty-five adult male Sprague Dawley rats (Charles River Laboratories, Portage, ME,
USA) weighing approximately 325 g at the start of the study were used as subjects. Upon
arrival at the facility, rats were housed in individual operant conditioning chambers
(ENV-018M; Med Associates, St Albans, VT, USA) with free access to food and water, and
maintained on a 12-h light/dark cycle (room and houselights on from 07:00 to 19:00 h).
After a 2-day acclimation period, rats were trained to lever-press for sucrose pellets (45 mg)
during daily 23-h sessions beginning at 12:00 h. using methods previously described by
Lynch (2008). Briefly, training sessions were initiated by the introduction of the left lever
into the operant chamber and responding was reinforced under a fixed-ratio 1 schedule with
sessions continuing until rats obtained a minimum of 50 pellets in a session (this typically
occurred within the first three sessions). At this point, the left lever was retracted and
remained retracted until self-administration training began. Each rat was then prepared with
an indwelling jugular catheter (Silastic tubing; 0.51 and 0.94 mm o.d.; Dow Corning
Corporation, Midland, MI, USA) in the right jugular vein under ketamine (60 mg/kg) and
pentobarbital (5 mg/kg) anesthesia using methods previously described by Lynch & Carroll
(2000). Upon recovery, rats were replaced in their individual operant chambers and, once
grooming and eating behaviors resumed, behavioral testing was initiated (typically after 24 h
of recovery). Rats were weighed every Monday, Wednesday and Friday, and for two
consecutive days after surgery, and health was monitored daily. Catheter patency was tested
for two consecutive days following surgery and thereafter every Monday, Wednesday and
Friday by flushing the catheter with a small amount of heparinized saline and then pulling
back until blood appeared in the line. If a catheter was not patent (i.e. no blood appeared in
the line), a new one was implanted into the left jugular vein and testing resumed a minimum
of 24 h later. The experimental protocol was approved by the University of Virginia Animal
Care and Use Committee and was conducted in accordance with the Guide for the Care and
Use of Laboratory Animals, set by the National Institutes of Health.

Drugs
Nicotine bitartrate was purchased from Sigma-Aldrich (St Louis, MO, USA) (dose
expressed as free base weight). Nicotine was mixed in sterile 0.9% saline (pH adjusted to
7.4 ± 0.5 with NaOH) and then passed through a microfilter. Nicotine infusions (0.01 mg/
kg) were delivered at a rate of 0.1 mL/s and the infusion duration was adjusted according to
the body weight of each rat. This dose of nicotine was selected based on previous research
showing that, under extended access conditions, this dose of nicotine maintained high levels
of self-administration with daily levels comparable to those observed in human smokers
(Valentine et al, 1997). Nicotine solutions were made weekly and refrigerated but they were
added to the drug syringes at room temperature (68–72°F).

Abdolahi et al. Page 3

Eur J Neurosci. Author manuscript; available in PMC 2013 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Experimental procedures
Nicotine self-administration training—Because extinction and reinstatement
responding can in itself produce changes in the brain (Sutton et al, 2003), the behavioral and
molecular components of this study were conducted in independent groups of rats (see Fig.
1). The first group was examined for behavioral changes after either 1 or 7 days of
abstinence and the second group was examined for molecular changes at these same time-
points. The second group was treated in exactly the same manner as the first group except
that they were not subjected to extinction and reinstatement testing. A third group of rats
was given access to saline infusions and used as a control group for the molecular
component of this study. This group was trained at the same time as the rats given access to
nicotine and matched with rats in the nicotine groups for the total number of self-
administration training sessions prior to testing under extended access conditions (as
described below).

Rats were trained to self-administer nicotine infusions (0.01 mg/kg/infusion) under a fixed-
ratio 1 schedule of reinforcement during daily sessions beginning at 12:00 h. At the start of
each training session, the nicotine-associated lever (left lever) was extended into the operant
chamber and each response on it produced an infusion of nicotine and the illumination of the
stimulus light above the lever for the duration of the infusion (approximately 2.4 s). Each rat
received one ‘priming’ infusion at the initiation of each training session. Sessions were
terminated and the left levers retracted once rats had obtained all 20 infusions that were
available. The right lever (inactive lever) was extended into the chamber for the duration of
the experiment and responses on it were recorded but produced no consequence. Responding
was assessed daily under the fixed-ratio 1 schedule until rats acquired nicotine self-
administration, which was defined as two consecutive sessions where 20 infusions were
delivered.

Extended access nicotine self-administration—Once rats acquired nicotine self-
administration under the restricted access training conditions (e.g. the total number of
infusions was capped at 20), they were given unrestricted access to nicotine infusions (under
a fixed-ratio 1 schedule) for 23 h each day for a total of 10 days. At the beginning of each
session, the left lever was extended into the operant chamber and remained extended until 1
h before the next extended access session. As in the training phase, a ‘priming’ infusion of
nicotine was given at the beginning of each extended access session and, during the session,
each infusion was paired with a stimulus light and the sound of the pump.

Following the 10th extended access nicotine self-administration session, rats were detached
from their self-administration tethers but remained in their individual operant chambers.
Rats in the behavioral groups were tested under the extinction/cue-induced reinstatement
paradigm after either 1 day (N = 7) or 7 days (N = 8) of forced abstinence and rats in the
molecular groups were killed after either 1 day (N = 8) or 7 days (N = 6) of forced
abstinence without undergoing additional behavioral testing. Another group of rats was
given access to saline infusions (N = 6) using the same training and extended access testing
conditions that were used for nicotine self-administration with tissue obtained following 1 or
7 days of forced abstinence.

Extinction and cue-induced reinstatement following a 1- or 7-day forced
abstinence period—After either a 1- or 7-day forced abstinence period, rats assigned to a
behavioral group underwent extinction and reinstatement testing. These time-points were
selected based on previous research with cocaine showing that cue-induced reinstatement
responding is initially low following1 day offorced abstinence but increases significantly
over a 7-day abstinence period (Grimm et al., 2001). Extinction testing consisted of a

Abdolahi et al. Page 4

Eur J Neurosci. Author manuscript; available in PMC 2013 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



minimum of five 1-h sessions in which the left lever extended into the operant chamber for
60 min and retracted for 5 min before the start of the next session. Lever responses during
these extinction sessions were recorded but did not produce any consequence. These
extinction sessions continued until rats reached the extinction criterion of fewer than 15
responses per hour on the previously active lever (all rats reached the criterion within six
sessions).

The 1-h cue-induced reinstatement session was initiated at 5 min after the last extinction
session. At the beginning of the reinstatement session, the left active lever extended into the
operant chamber and one non-contingent presentation of the cues formerly associated with
nicotine (the light above the formerly active lever and the sound of the infusion pump) was
given for 5 s to act as a prime. During this session, each response on the formerly active
lever led to a 5-s presentation of these same cues.

Western blot analysis—Following either 1 or 7 days of forced abstinence, rats assigned
to a molecular group were killed by decapitation. Brains were quickly removed and placed
in a prechilled brain slicer for dissection. The insular cortex and nucleus accumbens core
and shell were dissected from 2-mm-thick coronal brain slices based on coordinates from
Paxinos & Watson (1998) (see Fig. 2). Brain tissue was rapidly frozen in liquid nitrogen and
stored in a freezer at −80°C until further processing.

Tissue punches were sonicated for 20–30 s while on ice in a cold solution of l× Radio
Immuno Precipitation Assay (RIPA) Lysis Buffer (Upstate-Millipore, Bedford, MA, USA),
1 : 100 protease inhibitor (Thermo Scientific, Rockford, IL, USA) and phosphatase
inhibitors (Cocktails 1 and 2; Sigma-Aldrich). Samples were centrifuged at 15 000 r.p.m.
(16 g) for 10 min at 4°C and the supernatant (total protein lysate) was transferred to a new
tube. Protein concentrations were calculated using the bicinochoninic acid protein assay kit
(Pierce, Rockford, IL, USA) and diluted in 2× Laemmli sample buffer to achieve the
equivalent final protein concentrations. Protein (15 μg) was loaded onto a 12% Tris–HCl
gel, electrophoresed and transferred to a nitrocellulose membrane by electroblotting (10 V,
overnight at 4°C) in a l× transfer buffer (BioRad, Hercules, CA, USA). Membranes were
blocked in 50% Odyssey blocking buffer (LiCor, Lincoln, NE, USA) and 50% l× phosphate-
buffered saline for 1 h at room temperature before being incubated with their respective
primary antibodies overnight at 4°C [rabbit DARPP-32 #2302, phospho-DARPP-32 (Thr34)
#2304 and phospho-DARPP-32 (Thr75) #2301; Cell Signaling Technology Boston, MA,
USA]. Primary antibodies were diluted with 50% Odyssey blocking buffer and 50% wash
buffer (1 : 1000, DARPP-32 antibodies; 1 : 500, phospho-DARPP-32 antibodies).
Membranes were then incubated with red fluorescent Alexa Fluor 680 dye anti-rabbit
secondary antibody (1 : 5000; Invitrogen, Carlsbad, CA, USA) for 1.5 h at room temperature
covered in foil. Protein bands were visualized on an Odyssey Infrared Imaging System
(LiCor). After the membranes were scanned, the same membranes were then reprobed with
mouse monoclonal neuronal tubulin antibody (1 : 15 000; Upstate-Millipore) and using
green fluorescence IRDye800 anti-mouse secondary antibody (1 : 10 000; Rockland,
Gilbertsville, PA, USA) each for 30 min at room temperature. Samples from saline and
nicotine self-administration groups were analyzed on the same immunoblots.

Data analysis—The mean number of infusions and responses on the active lever over the
10-day extended access period were compared between the nicotine self-administration
groups and the saline group using repeated-measures ANOVA with group as the between-
subjects factor and day as the within-subjects factor. Responses on the inactive lever were
compared with responses on the active lever using the paired t-test. The mean number of
responses on the active and inactive levers and daily nicotine intake (mg/kg) were averaged
over the extended access period and compared between the four nicotine self-administration
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groups using ANOVA. The dependent measures for rats assigned to a behavioral group were
active and inactive lever responses during each of the 1-h extinction tests and during the 1-h
reinstatement test. Repeated-measures ANOVA was used to compare the number of
responses during the five 1-h extinction sessions and to compare the number of responses
during the last extinction session with those observed during the reinstatement session
between the two abstinence groups. Posthoc comparison of extinction and reinstatement
responding was made using an unpaired t-test.

The total and phosphorylated levels of DARPP-32 were quantified on an Odyssey Infrared
Imaging System (LiCor). Values for each subject were obtained after removal of outliers
(defined as > 2 SDs from the mean) and were expressed relative to the quantity value for
tubulin, which was measured in the same sample on the same membrane. This value was
used for subsequent ANOVA statistical analysis. One of the saline control rats did not have
usable bands for DARPP-32 in the insular cortex and the data from this animal were not
included in the insular cortex analysis. All statistical analyses were conducted using SPSS
17.0 and findings were considered statistically significant if P-values were < 0.05.

Results
Nicotine self-administration

Under extended access conditions, rats self-administered high levels of nicotine and intake
was relatively constant throughout the 10-day access period (Fig. 3, left panel). The number
of infusions obtained by rats in the saline control group was minimal throughout the testing
period. A repeated-measures ANOVA comparing the number of infusions between the
saline and nicotine groups revealed a significant overall effect of group (F1,33 = 87.3, P <
0.001) but a non-significant effect of day (F9,297 = 0.45, P = 0.91). Levels of inactive lever
responding in the nicotine groups were similar to levels of responding for saline (data not
shown) and were significantly lower than levels of active lever responding for nicotine (t27 =
15.6, P < 0.001). Importantly, prior to subsequent behavioral and molecular testing, each of
the nicotine groups was similar with regard to average nicotine intake (Fig. 3, right panel)
and levels of active and inactive lever responding (data not shown; P-values > 0.05).

Extinction/reinstatement testing
Rats in the 7-day abstinence group responded at higher levels under extinction conditions
and took longer to extinguish as compared with rats in the 1-day abstinence group (Fig. 4,
left panel). Repeated-measures ANOVA comparing the number of responses during the five
1-h extinction sessions revealed a significant mean effect of hour (F4,54 = 9.8, P < 0.001)
and group (F1,13 = 8.1, P = 0.01) and a significant interaction of hour by group (F4,54 = 2.6,
P = 0.04). Posthoc comparison of responding within each hour revealed a significant group
difference for hours 1 and 2 (t13 = 2.4, P = 0.02; t13 = 2.2, P = 0.03, respectively) and a trend
for a difference for hour 3 (t13 = 1.5, P = 0.08) but no difference for hours 4 and 5 (P-
values> 0.05). Thus, prior to reinstatement testing, the two groups did not differ significantly
on levels of extinction responding.

Similarly, under reinstatement testing conditions, rats in the 7-day abstinence group
responded at higher levels on the formerly active lever as compared with rats in the 1-day
abstinence group (Fig. 4, right panel). In fact, only three of the seven rats in the 1-day
abstinence group responded one or more times during the reinstatement test as compared
with seven out of eight rats in the 7-day abstinence group (Fig. 4, far panel). A repeated-
measures ANOVA comparing the number of responses in the last extinction session with
those observed in the last reinstatement test revealed significant main effects of hour (F1,13 =
7.2, P = 0.02) and group (F1,13 = 13.0, P = 0.003). Subsequent comparison within each
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group revealed an increase in responding from the last extinction session to the
reinstatement session for the 7-day abstinence group (t7 = 6.3, P = 0.03) and a trend for an
increase for the 1-day abstinence group (t6 = 4.1, P = 0.09). Thus, rats in the 7-day
abstinence group took longer to extinguish and responded at higher levels under both
extinction and reinstatement conditions as compared with rats in the 1-day abstinence group.

Changes in phosphorylation of dopamine- and cAMP-regulated phosphoprotein of 32 kDa
Cortex—Although total levels of DARPP-32 in the insular cortex did not differ between
the saline and nicotine groups (Fig. 5, left panel; F2,16 = 1.1, P = 0.38), phosphorylated
levels of DARPP-32 at Thr34 were regulated following extended abstinence from nicotine
self-administration (Fig. 5, middle panel; F2,16 = 4.4, P = 0.03). Subsequent pairwise
comparison revealed that phospho-Thr34 levels were significantly higher in the 7-day
abstinence group as compared with the saline group (t9 = 2.4, P = 0.01) with a trend for a
difference between the 7- and 1-day abstinence group (t12 = 1.2, P = 0.06). Levels of
phospho-Thr34 did not differ significantly between the saline group and the 1-day
abstinence group (t9 = 0.4, P = 0.24). Phosphorylated levels of DARPP-32 at Thr75 were
also regulated following abstinence from nicotine self-administration (Fig. 5, right panel;
F2,16 = 4.2, P = 0.03). However, in contrast to phospho-Thr34, levels of phospho-Thr75
were higher in both the 1- and 7-day abstinence groups as compared with the saline control
group (t11 = 5.5, P = 0.02 and t9 = 5.3, P = 0.02, respectively). Thus, relative to controls,
levels of phospho-Thr34 in the insular cortex were higher at 7 days but not 1 day of
abstinence, whereas levels of phospho-Thr75 were higher at both 1 and 7 days of abstinence.
Notably, total and phosphorylated levels of DARPP-32 did not differ between groups in the
medial prefrontal cortex (see Table 1).

Nucleus accumbens—Although total levels of DARPP-32 in the nucleus accumbens
core did not differ between groups (Fig. 6, left panel; F2,17 = 0.02, P = 0.98),
phosphorylation of DARPP-32 at Thr75 (Fig. 6, right panel) but not Thr34 (Fig. 6, middle
panel) was regulated following extended abstinence from nicotine self-administration (effect
of group, F2,17 = 4.3, P = 0.03). Specifically, relative to saline controls, phospho-Thr75 was
decreased in the 7-day (t10 = 2.3, P = 0.05) but not the 1-day (t12 = 0.6, P = 0.55) abstinence
group. Levels of phospho-Thr75 were also significantly different between the 7- and 1-day
abstinence groups (t12 = 3.2, P = 0.009). Thus, relative to controls, levels of phospho-Thr75
in the nucleus accumbens core were lower at 7 days but not 1 day of abstinence. Total and
phosphorylated levels of DARPP-32 did not differ between groups in the nucleus
accumbens shell (see Table 1).

Discussion
The goals of this study were to determine whether drug seeking incubates over an abstinence
period following extended access nicotine self-administration and to determine whether
changes in DARPP-32 signaling in the insular cortex may be associated with this effect.
Consistent with our hypothesis, rats in the 7-day abstinence group had higher levels of
extinction responding, took longer to extinguish and responded at higher levels during
reinstatement testing as compared with rats in the 1-day abstinence group. Relative to saline
controls, rats in the 7-day but not the 1-day abstinence group had higher levels of
DARPP-32 phosphorylated at the PKA site in the insular cortex. This effect is unlikely to be
due to global alterations in DARPP-32 signaling throughout the cortex in that DARPP-32
was not regulated by nicotine in other cortical regions (e.g. the medial prefrontal cortex).
Taken together, these results demonstrate incubation of drug seeking following extended
access nicotine self-administration and suggest that enhanced PKA signaling in the insular
cortex via phosphorylation of DARPP-32 at Thr34 is associated with this incubation effect.
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The finding that nicotine-seeking behavior increased over an abstinence period is consistent
with previous research with other drugs of abuse (for review see Bossert et al., 2005). This
finding is also consistent with recent work with nicotine showing that levels of cue-induced
reinstatement responding persist at high levels throughout an extended abstinence period
when responding was assessed at 11, 26 and 41 days after nicotine self-administration (Liu
et al., 2008). Although this previous study did not demonstrate an increase in reinstatement
responding over an abstinence period, it is possible that the incubation effect would have
been observed if early abstinence time-points had been included. It is also possible that
extended access to nicotine is required to observe the increase in reinstatement responding
over time. Indeed, Liu et al. (2008) found that the persistence of the reinstatement response
depended on the level of access during the self-administration phase (i.e. the effect was
persistent with rats that had access to high unit doses of nicotine but was not persistent in
rats that had access to low unit doses of nicotine during short daily sessions).

The results from this study also reveal molecular changes in the insular cortex that were
associated with abstinence from nicotine self-administration, a finding consistent with the
idea that the insular cortex plays a critical role in addiction. In addition to the recent results
from human smokers with lesions to the insular cortex, there is also preclinical evidence
showing that hypocretin transmission in the insular cortex regulates nicotine's reinforcing
effects (Hollander et al., 2008). The insular cortex has long been regarded as an area of the
brain responsible for conscious urges and the results from this study suggest that it may be
involved in modulating long-term changes in nicotine-seeking behavior during abstinence.
This idea is consistent with recent work with cocaine self-administration in rats showing that
intra-insular cortex infusion of DA D1 receptor agonists, which would stimulate PKA and
increase phosphorylation of DARPP-32 at Thr34 (Hamada et al., 2005), modulates the
motivational influence of drug-associated stimuli (Di Pietro et al., 2008). Thus, the results of
this study extend previous findings from the insular cortex to include a role for PKA-
regulated signaling of DARPP-32 in nicotine addiction.

Although the role of DARPP-32 in the insular cortex has not yet been examined in addiction
studies, this signaling pathway is known to be regulated in other brain regions following
exposure to drugs of abuse, including nicotine (Hamada et al., 2005; for review see
Svenningsson et al., 2005). Most of the research in this area has been conducted with
cocaine and the results from these studies have shown that repeated drug administration can
increase the activity of PKA and subsequent phosphorylation of DARPP-32 at Thr34 in
striatal and cortical areas (Nishi et al., 2000). Chronic drug exposure can also increase levels
of CDK5 and subsequent phosphorylation of DARPP-32 at Thr75 that may act as a negative
feedback modulator of PKA signaling. Consistent with this idea, inhibition of PKA
signaling via intra-accumbens infusion of PKA inhibitors has been shown to attenuate drug-
induced conditioned place preference (Cervo et al., 1997; Beninger et al., 2003) and
conditioned locomotion (Sutton et al., 2000), and produce long-term decreases in motivation
for drug (Lynch & Taylor, 2005; but see Self et al., 1998). Moreover, mice with a knock-in
mutation that abolishes the Thr34 PKA phosphorylation site of DARPP-32 show a reduced
sensitivity to the reinforcing effects of drugs of abuse (Zhang et al., 2006). In contrast,
upregulation of this pathway via intra-accumbens infusion of PKA activators or infusion of
CDK5 inhibitors has been shown to enhance the locomotor-activating and incentive
motivational effects of drugs of abuse (Lynch & Taylor, 2005; Taylor et al., 2007).
Although we did not observe changes in phosphorylated levels of Thr34 in the nucleus
accumbens in the current study, we did find decreased levels of phospho-Thr75 at 7 days of
abstinence, which is consistent with enhanced PKA-DARPP-32 signaling at a time when
drug seeking is enhanced. The fact that we found this change in the nucleus accumbens core,
but not the shell, is consistent with an emerging literature that suggests that, although DA
signaling in the shell is preferentially activated over core regions during initial drug
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exposure, with repeated exposure, the shell : core ratio reverses such that DA signaling in
the core is preferentially activated (Lecca et al., 2007). We also found that, in the insular
cortex, phosphorylated levels of DARPP-32 at Thr75 were enhanced at both 1 and 7 days of
abstinence, and that phosphorylated levels of DARPP-32 at Thr34 were enhanced at 7 days
but not 1 day of abstinence. These findings suggest that signaling at phospho-Thr75 may be
associated with abstinence from nicotine self-administration in general but that enhanced
signaling at Thr34 may be associated with the heightened drug-seeking behavior that is
observed following extended abstinence.

Conclusions
Nicotine dependence is the most common type of addiction in adults. Neuroadaptations
caused by addictive drugs such as nicotine underlie changes in behavior and motivation that
occur in addiction. The results from this study suggest that enhanced PKA signaling in the
insular cortex via phosphorylation of DARPP-32 at Thr34 and in the nucleus accumbens
core via decreased phosphorylation of DARPP-32 at Thr75 is associated with enhanced
nicotine-seeking behavior following extended abstinence from nicotine self-administration.
Thus, damage to PKA-DARPP-32 signaling in the insular cortex may, at least in part,
explain the clinical findings of disruption of tobacco addiction in smokers with damage to
this brain region.
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Fig. 1.
Schematic of the time-line of experimental events for the behavioral and molecular groups.
The behavioral groups included nicotine self-administering rats that were tested at either 1
or 7 days of abstinence and the molecular groups included nicotine and saline self-
administering rats from which tissue was obtained at either 1 or 7 days following the last
self-administration session.
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Fig. 2.
Schematic illustration of brain regions used for molecular studies. The insular cortex and
nucleus accumbens core and shell were identified and dissected from 2-mm-thick coronal
brain slices as shown. mPFC, medial prefrontal cortex; NAc, nucleus accumbens.
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Fig. 3.
Extended access nicotine self-administration. (Left panel) Mean (±SEM) number of
infusions self-administered as a function of day during the extended access self-
administration period averaged across the four nicotine self-administration groups and the
saline control group. *Significant difference between nicotine and saline (P < 0.05). (Right
panel) Mean (±SEM) nicotine intake (g/kg) averaged over the 10-day extended access
period for each of the four nicotine self-administration groups.
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Fig. 4.
Incubation of nicotine-seeking behavior. (Left panel) Extinction. Mean (±SEM) number of
responses on the lever formerly associated with nicotine for each of the five 1-h extinction
sessions for rats in the 1- and 7-day abstinence groups. *Significant difference between the
1- and 7-day abstinence groups (P < 0.05). (Right panel) Reinstatement. Mean (±SEM)
number of responses made during the 1-h reinstatement session as compared with the last
extinction session for rats in the 1- and 7-day abstinence groups. *Significant difference
between the number of responses made during the reinstatement session as compared with
the number made during the last extinction session (P < 0.05). +Significant difference
between the 1- and 7-day abstinence groups (P < 0.05).
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Fig. 5.
Effect of abstinence length on total and phosphorylated levels of DARPP-32 in the insular
cortex. Total DARPP-32 (left panel) and phosphorylated levels of DARPP-32 at Thr34
(middle panel) and Thr75 (right panel) were quantified by densitometry, and the data were
normalized to tubulin. Immunoblots for the detection of total DARPP-32 and phospho-
Thr34 and phospho-Thr75 are shown above each respective panel. *Significant difference as
compared with saline (P < 0.05). Data represent means ± SEM. A.U., arbitrary unit.
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Fig. 6.
Effect of abstinence length on total and phosphorylated levels of DARPP-32 in the nucleus
accumbens core. Total DARPP-32 (left panel) and phosphorylated levels of DARPP-32 at
Thr34 (middle panel) and Thr75 (right panel) were quantified by densitometry, and the data
were normalized to tubulin. Immunoblots for the detection of total DARPP-32 and phospho-
Thr34 and phospho-Thr75 are shown above each respective panel. *Significant difference as
compared with saline and the 1-day abstinence group (P < 0.05). Data represent means ±
SEM. A.U., arbitrary unit.
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Table 1
No effect of nicotine abstinence on total and phosphorylated levels of DARPP-32 in the
medial prefrontal cortex or nucleus accumbens shell

Saline controls 1 day abstinent 7 days abstinent P-value

Medial prefrontal cortex

 Total DARPP-32 0.157 ± 0.040 0.134 ± 0.015 0.111 ± 0.016 > 0.05

 Phospho-Thr34 0.026 ± 0.003 0.020 ± 0.002 0.019 ± 0.002 > 0.05

 Phospho-Thr75 0.058 ± 0.004 0.083 ± 0.010 0.071 ± 0.008 > 0.05

Nucleus accumbens shell

 Total DARPP-32 0.037 ± 0.009 0.029 ± 0.008 0.031 ± 0.006 > 0.05

 Phospho-Thr34 0.012 ± 0.003 0.013 ± 0.001 0.012 ± 0.001 > 0.05

 Phospho-Thr75 0.018 ± 0.002 0.014 ± 0.001 0.017 ± 0.002 > 0.05

Values are presented as mean ± SEM.
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