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Summary

A negative emotional state resulting from the withdrawal of drug
addiction is thought to be an important factor that triggers and
exacerbates relapse. Since the insular cortex is a key brain
structure involved in the modulation of negative emotions, we
investigated whether the integrity of the insular cortex was
important for motivational aversion associated with morphine
withdrawal as well as whether this kind of negative emotion
induced neuroadaptation in the insular cortex. In this present
study, a sensitive mouse conditioned place aversion (CPA) model
measuring the motivational aversion of morphine withdrawal was
first established. Our results showed that bilateral insular cortex
lesions by kainic acid completely inhibited the expression of CPA.
The expression of FosB/AFosB in the insular cortex was
significantly increased 24 h after the CPA regime was performed,
but the expression of c-Fos in the insular cortex did not changed.
These findings indicate that the integrity of the insular cortex is
essential to motivational aversion associated with morphine
withdrawal, and that this kind of
neuroadaptation, observed as the increase of FosB/AFosB

aversion  induces

expression, in the insular cortex.
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Introduction

It is
a chronically relapsing mental disorder that progresses

well known that drug addiction is

from impulsivity to compulsivity in a collapsed cycle of

addiction comprised of three stages: preoccu-
pation/anticipation, binge intoxication, and withdra-
wal/negative affect (Edwards and Koob 2010, Koob
2009, Koob and Volkow 2010). A negative emotional
state resulting from withdrawal is thought to contribute to
the exacerbation of the relapse (Edwards and Koob 2010,
Koob 2009, Koob and Volkow 2010). Until now, most
neuroanatomical data and functional observations
revealed that the negative emotional state of withdrawal
engage the activation of the extended amygdala, a
neuroanatomical substrate involved in the modulation of
negative emotions. In addition to the extended amygdala,
the insular cortex is also well known as a key brain
structure involved in the modulation of negative
emotions, especially the aversive emotion (Slouzkey et
al. 2013, Stark et al. 2007). However, it is recently that
the influence of the insular cortex on the field of
addiction gradually gained more attention. Evidence
showed that dysfunction of the insular cortex led to a
profound disruption of addiction to cigarette smoking in

human (Naqvi et al. 2007) and amphetamine-induced
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conditioned place preference in rats (Contreras et al.
2007). Subsequently, accumulating evidence supported
the important role of the rat’s insular cortex in the
processes of nicotine-seeking (Abdolahi et al. 2010,
Forget et al. 2010), cocaine addiction (Di Pietro et al.
2008), and opiate affective learning (Li et al. 2013).
However, little is known about the role of the insular
cortex on the motivational aversion associated with
withdrawal in mice as well as its possible underlying
mechanism.

The Fos family transcription factors act as
initiators and markers of neuronal activation in response
to addiction drugs (Marttila et al. 2006, Nestler et al.
2001). c-Fos is a marker for postsynaptic activation after
exposure to drugs (McClung et al. 2004, Morgan and
Curran 1991, Nestler ef al. 2001). AFosB is thought to be
a type of molecular switch that gradually converts acute
responses into relatively stable adaptations that contribute

A

to the long-term neural and behavioral plasticity that
underlies chronic drug exposure (McClung et al. 2004,
Nestler et al. 2001). It is unknown however, whether the
expressions of Fos family transcription factors in the
insular cortex might be changed after the expression of
the CPA model.

In the present study, we first established
a conditioned place aversion (CPA) model, which was
induced by naloxone withdrawal in morphine-dependent
mice to measure conditioned aversion. Kainic acid was
used to lesion the insular cortex bilaterally to investigate
the influence of the integrity of the insular cortex on the
motivational aversion associated with withdrawal. The
expressions of FosB/AFosB and c-Fos in the insular
cortex were also evaluated to explore whether this kind of
aversion induced any change in expression of the Fos
family of transcription factors.
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Fig. 1. Schematic timeline of behavioral procedure. A. CPA experimental procedure indicating time of morphine injection, adaptation,
preconditioning, conditioning, and postconditioning sessions. B. Schematic timeline of insular cortex lesion and CPA experimental
procedure. C. Schematic timeline of CPA experimental procedure and immunohistochemistry for FosB/AFosB and c-Fos expressions
in the insular cortex
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Materials and Methods

Animals

Male Swiss-Kunming mice, initially weighing
between 25 and 30 g,
Experimental Animal Center of Shenyang Pharmaceutical

were obtained from the

University. Mice were housed four per cage under
a controlled 12 h light-dark cycle with ad libitum water
and food. Animal use was in accordance with the Guide
for the Care and Use of Laboratory Animals (1985), NIH,
Bethesda. All experimental procedures were approved by
our University Committee on Animal Care and Use.
Every effort was taken to minimize the number of
animals used and their suffering.

Condition place aversion model

The place conditioning apparatus was made of
opaque Plexiglas, and consisted of two rectangular-based
chambers (20x15%15 cm each) separated by a guillotine
had walls
alternating black and white horizontal stripes and a bar

door. One compartment colored with
grid floor, whereas the other compartment had walls
colored with black dots on a white background and a wire
mesh floor (Han ef al. 2014).

Eighty male mice were randomly divided into
with
naloxone-precipitated withdrawal group (MN group),

four groups: chronic morphine dependence
chronic saline injection with naloxone treatment group
(SN group), chronic morphine injection with saline
treatment group (MS group) and chronic saline injection
with saline treatment group (SS group). According to the
schedule described in Figure 1A, morphine hydrochloride
(Shenyang No.l Pharmaceutical Co., Ltd, Shenyang,
China) was injected intraperitoneally twice daily, at
8 AM and 8 PM (except last injection) in increased
progressive doses over a period of 5 days: Day 1
(10 mg/kg, 10 mg/kg), Day 2 (20 mg/kg, 20 mg/kg),
Day3 (30 mg/kg, 30 mg/kg), Day 4 (40 mg/kg,
40 mg/kg), Day 5 (50 mg/kg, 50 mg/kg at 12 PM).

On Day 1, the mice were injected with morphine
or saline without being exposed to the place conditioning
apparatus. On Days 2 (adaptation session) and 3
(preconditioning session), each mouse was allowed to
freely explore the two compartments of the apparatus for
900 s at 2 PM and the time spent in each compartment
was recorded. Mice showing strong unconditioned
preference (more than 720 s in one compartment during
the preconditioning session or a difference of more than

200 s in one compartment between the adaptation session

and the preconditioning session) were eliminated.
An unbiased conditioning design was used wherein one
compartment was chosen to be paired with naloxone and
the other with saline, taking into account that half of the
mice in each group received the treatment in one
compartment and the rest in the other compartment. On
Day 4 (conditioning session), all mice were confined to
one compartment for 60 min immediately after the
injection of saline at 2 PM. On Day 5 (conditioning
session), the mice in MN and SN groups received
hydrochloride  dihydrate USA)
0.5 mg/kg injection, while the mice in SS and MS groups

naloxone (Sigma,
were injected with saline intraperitoneally with a volume
of 0.1 ml/10 g at 2 PM, then immediately confined in the
compartment for 60 min, which was opposite to that used
on Day 4. On Day 6 (post-conditioning session), all mice
were allowed to freely explore both compartments for
900 s, and the time spent in each compartment was
recorded (Fig. 1A). The time spent in the naloxone-paired
compartment during the pre- and post-conditioning
sessions were recorded on video camera and place
aversion behavior was analyzed using a tracking program
(Computer  Technology  Center of  Shenyang
Pharmaceutical University, Shenyang, China). In total,
sixty four mice (SS group: n=17; SN group: n=16;
MS group: n=15; MN group: n=16) were used for
statistical analysis.

Kainic acid lesion and histological procedure

Forty male mice were anesthetized with chloral
hydrate (350 mg/kg, i.p.), and placed in a stereotaxic
apparatus. Kainic acid (KA) (Sigma, USA) was dissolved
in artificial cerebrospinal fluid (aCSF) [147 mM NacCl,
2.2 mM CaCl, and 4 mM KCIl] 1 pg/ul KA or aCSF was
microinjected into the insular cortex bilaterally using
a syringe connected with a microinfusion pump
(KDS310, KD Scientific, Holliston, USA) at the
following coordinates: AP +1.78 mm; ML +3.10 mm;
DV -3.10 mm, according to the mouse brain atlas of
Paxinos and Franklin (2001). KA or aCSF was
microinjected in a volume of 0.3 pl per side over a period
of 3 min with the needle subsequently left in place for at
least 5 min before retraction. All mice were allowed to
recover for about 1 week before the CPA experiment was
conducted (Fig. 1B).

After the CPA post-conditioning session, the
mice were sacrificed and the brains were rapidly
removed. Nissl staining was performed as described
previously (Sun et al. 2011) to verify the lesion area. The
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data were discarded if the lesion position was incorrect.
In total, twenty two mice (sham group: n=10; lesion
group: n=12) were used for statistical analysis.

Immunohistochemistry for FosB/AFosB and c-Fos in the
insular cortex

As shown in Figure 1C, 24 h after the CPA post-
conditioning session, four mice in each group were
transcardially perfused. The brains were removed, post-
fixed for 3 h using 4 % paraformaldehyde, then transferred
to a 30% sucrose solution. Each brain was coronally
sectioned at a thickness of 20 pm. After incubation for
30 min in 0.3 % H,0,-methanol and hyperbaric heating
antigen retrieval, all sections were blocked in normal goat
serum containing 0.3 % Triton X-100 for 30 min at 37 °C.
Sections were incubated overnight in primary anti-
FosB/AFosB (SC-48, 1:400, Santa Cruz Biotechnology,
Dallas, USA) or anti-c-Fos (SC-52, 1:400, Santa Cruz
Biotechnology, USA) at 4 °C. Thereafter, sections were
incubated with biotinylated goat anti-rabbit IgG (Wuhan
Boster Biological Technology, Wuhan, China) for 30 min
at 37 °C. c-Fos and FosB/AFosB immunoreactivity were
visualized by the streptavidin-biotin technique using DAB
as the chromogen.

The numbers of FosB/AFosB and c-Fos positive
cells were counted from four adjacent sections of the
insular cortex of each mouse using the Olympus 1X71
microscope interfaced with a CCD camera and Image-Pro
Plus 6.0 image processing & analysis software (Media
Cybernetics, Silver Spring, USA). Three visual fields on
each side of the insular cortex section were selected and
the magnification used was 400x. To avoid observer bias,
all sections were quantified by a blinded investigator.

Statistical analysis

For the CPA experiment, the difference of the
time during each session among four groups was
analyzed by one-way ANOVA followed by LSD test. For
the KA lesion experiment, the difference of the time
between the sham and KA lesion groups during each
session was analyzed by independent-samples t test. In
the above experiments, the difference between pre- and
post-conditioning sessions in each group was analyzed by
a two-tailed paired t-test. For immunohistochemistry, the
difference of the numbers of FosB/AFosB or c-Fos
among four groups was analyzed by one-way ANOVA
followed by LSD test. All data are expressed as mean +
SEM. Results were considered significant at P<0.05. All
statistical procedures were performed using SPSS 16.0

(SPSS Inc., Chicago, IL, USA).

Results

Naloxone-precipitated CPA in morphine dependent mice

One-way ANOVA analysis showed that during
the preconditioning session, the time spent in the naloxone-
paired compartment was not significantly different when
comparing the four groups (F(3,60)=0.125, P>0.05). After
the conditioning session, the time spent in the naloxone-
paired compartment among four groups was significantly
different (F(3,60)=4.156, P<0.01), the mice in the MN
group spent less time than mice in the other three groups
(P<0.05, P<0.01). Two-tailed paired t-test analysis showed
that mice in the MN group spent significantly less time in
the naloxone-paired compartment during the post-
conditioning vs. the preconditioning session (t(15)=3.458,
P<0.01, Fig. 2).

600 - [ Preconditioning session
I Postconditioning session

500
400 A *%
300
200

100

Time spent in naloxone withdrawal-paired
compartment(second)

SS SN MS MN

Fig. 2. Naloxone-induced CPA in morphine-dependent mice. Data
are expressed as mean + S.E.M. SS: saline+saline group, n=17;
SN: saline+naloxone group, n=16; MS: morphine+saline group,
n=15; MN: morphine+naloxone group, n=16. ** P<0.01,
compared to the preconditioning session of the MN group

Influence of the insular cortex lesion on naloxone-
precipitated CPA in morphine-dependent mice

The
induced by kainic acid on the CPA is shown in Figure

influence of the insular cortex lesion
3A. Mice in the sham group spent less time in the

naloxone-paired compartment during the post-
conditioning vs. the pre-conditioning  sessions
(1(9)=4.821, P<0.01, two-tailed paired t-test, Fig. 3A),
indicating that mice in the sham group generated
a significant conditioned aversion. Although the time
spent in the naloxone-paired compartment during the

preconditioning session was not different between the
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sham and KA
independent-samples

lesion groups
t test),
session, however, the time spent in the naloxone-paired

(t=—0.477, P>0.05,
after the conditioning

compartment was significantly increased in the KA lesion
vs. sham group (t=—4.346, P<0.01, independent-samples
t test, Fig. 3A). Two-tailed paired t-test analysis also
showed that the time spent in the naloxone-paired
in the KA
significantly different between the pre-

compartment lesion group was not

and post-
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conditioning sessions (t(11)=—2.063, P>0.05). Bilateral
insular cortex lesions completely inhibited the CPA.

Histological results showed that the mice that
were given KA infusion into the insular cortex bilaterally,
exhibited moderate to extensive damage around the KA
injection site. Schematic representation of the KA lesion
showed that there was no obvious extra-structural damage
(Fig. 3B). The loss of neuron in the insular cortex is
shown in Figure 3C.
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Fig. 3. Influence of insular cortex lesion on CPA in morphine-dependent mice. A. Changes in the time mice stayed in the naloxone-
paired compartment. (Sham group: n=10; KA lesion group: n=12). B. Schematic representation of bilateral insular cortex lesions.
Shaded areas represent the smallest (black) and largest (gray) extent of neuronal damage. The number indicates the distance (mm)
anterior to bregma. C. Nissl staining of the insular cortex after KA lesion in the mice (x400). ** P<0.01 compared to the
preconditioning session of the sham group. ## P<0.01 compared to the postconditioning session of the KA lesion group

Expressions of FosB/AFosB in the bilateral insular cortex
after the expression of CPA model

As shown in Figure 4A, the expression of
FosB/AFosB in the insular cortex was significantly
different 24 h after the CPA was
(F(3,12)=15.082, P<0.001). The
FosB/AFosB in the MN group were significantly
increased compared with the other three groups (P<0.001,
Fig. 4A). Figure 4B
photomicrographs of FosB/AFosB-positive nuclei in the

performed
expressions  of

shows  representative

insular cortex.

Expressions of c-Fos in the bilateral insular cortex after
the expression of CPA model

c-Fos expression in the insular cortex was not
significantly  different 24 h  following CPA
(F(3,12)=0.544, P>0.05). c-Fos expressions in the insular

cortex in the MN group were not significantly changed
compared to the other three groups (P>0.05) (Fig. 5A).
Figure 5B shows representative photomicrographs of
c-Fos-positive nuclei in the insular cortex.

Discussion

CPA is a form of Pavlovian conditioning used to
measure the motivational aversion associated with opioid
withdrawal. It is thought to be a more sensitive index of
withdrawal than the somatic signs of opiate withdrawal
(Li et al. 2007). In this study, we first established
a mouse CPA model with an unbiased conditioning
paradigm revised according to the method described
previously (Hikida et al. 2003, Olson et al. 2006, Sato et
al. 2005). Our result proved that the mice in the MN
group showed significant conditioned aversion, while the
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Fig. 4. Expression of FosB/AFosB in the insular cortex after the expression of CPA model. A. Number of FosB/AFosB positive cells in the
insular cortex. B. Representative photomicrographs of FosB/AFosB in the insular cortex (x400). *** P<0.001 compared to the SS
group. SS: saline+saline group, n=4; SN: saline+naloxone group, n=4; MS: morphine+saline group, n=4; MN: morphine+naloxone

group, n=4
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Fig. 5. Expression of c-Fos in the insular cortex after the expression of CPA model. A. Number of c-Fos positive cells in the insular
cortex. B. Representative photomicrographs of c-Fos in the insular cortex (x400). SS: saline+saline group, n=4; SN: saline+naloxone
group, n=4; MS: morphine+saline group, n=4; MN: morphine+naloxone group, n=4

mice in other control groups did not. The data suggest
that the formation of conditioned aversion was dependent
on the repeated morphine administration combined with
naloxone-precipitated withdrawal.

By using this established CPA model, we
investigated the integrity of the insular cortex on
associated with naloxone-

motivational aversion

precipitated withdrawal in morphine dependent mice. KA
is widely used to damage the specific brain region as
a chemical neurotoxin, which can destroy cell bodies
without disrupting fibers of passage and axon terminals
(Pazo et al. 1993). Our results show for the first time that
the expression of CPA was completely inhibited after KA
was bilaterally injected into the insular cortices in mice.
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A previous study reported that reversible inactivation of
the insular cortex by a mixture of GABAg agonist and
GABA, receptor agonist impaired the acquisition of CPA
in rats (Li ef al. 2013). Although the impairment methods
of neuronal activity in the insular cortex and the species
of animals are different, the impairment of CPA in mice
after the insular cortex lesion reported here is consistent
with the previous report that reversible inactivation of the
insular cortex can disrupt the acquisition of CPA in rats.
Our results together with a previous study, suggest that
the integrity of the insular cortex is necessary for
exhibiting the motivational aversion associated with
opiate withdrawal.

In the present study, FosB/AFosB and c-Fos
levels in the insular cortex were investigated 24 h after
CPA was performed. FosB and AFosB are members of the
Fos family, and are implicated in neural plasticity in
2011). The highly stable
35-37 kDa isoforms of AFosB — truncated splice variant of
full-length FosB that lacks a portion of the C-terminal
domain presented in other Fos proteins (Marttila et al
2006) — are thought to be the initial step of the process that
leads to alteration of synaptic organization and mediation

addiction (Kaplan et al

of long-lasting plasticity (Conversi et al. 2006). Unlike
full-length FosB that is expressed rapidly and transiently,
AFosB gradually accumulates over a relatively long period
after repeated stimuli because of its very long half-life and
extraordinary stability (McClung et al. 2004, Nestler ef al.
2001). Our result found that the expression of FosB/AFosB
in the insular cortex was significantly increased 24 h after
the CPA  was FosB-like
immunoreactivity observed 24 h after drug withdrawal has

performed.  Since
been proved to mainly represent the stable 35-37 kDa
isoforms of AFosB (Wang et al. 2005), our results indicate
that besides the classic addiction-related brain areas
(Nunez et al. 2010, Wang et al. 2005), long-lasting neural
plasticity is also induced in the insular cortex, the largely
overlooked structure in the field of addiction. Also,
overexpression of AFosB was found to increase rewarding
responses (Muschamp et al. 2012), whereas mice lacking
fosB were less sensitive to rewarding properties (Solecki et
al. 2008). Therefore, we suggest that the increase in
FosB/AFosB expression in the insular cortex may be
related with CPA behavioral outcomes. Although the
present results do not prove a causal relationship between
the motivational aversion associated with morphine
withdrawal and the increase in FosB/AFosB expression, it
is possible that the two events may be linked. As another

prototypical transcription factor of the Fos family, c-Fos is
usually used as a marker for postsynaptic activation
(Morgan and Curran 1991). Most studies reported that the
expression of c¢-Fos was rapid and transient after chronic
addiction drug administration and withdrawal (Larson et
al. 2010, Veinante et al. 2003). However, Marttila et al
(2006) reported that the number of c-Fos positive nuclei in
the caudate-putamen was higher in nicotine-treated mice
than that in the control mice on the 50th day of the 7-week
nicotine treatment. Another study also showed that the
expression of c-Fos in the ventral tegmental area after 24 h
of naltrexone-precipitated opiate withdrawal was lower
than that after 6 h of withdrawal, but still higher compared
with the control group (Nye and Nestler 1996). Under our
experimental protocol and withdrawal severity, the
expression of c-Fos in the insular cortex was not changed
24 h after CPA was performed. These differences might
result from the experimental protocol used, the methods of
inducing addiction and its severity, and the species of
animals utilized.

Converging evidence have reported that the
expression of FosB/AFosB is dependent on activation of
the D; type of dopamine receptors (Muller and Unterwald
2005). Because the insular cortex contains a high density
of D,

dopaminergic innervation (Naqvi and Bechara 2009), the

dopamine receptors and receives strong
increase of FosB/AFosB expression in the insular cortex
may be modulated by the D, receptor and related to
downstream transcriptional pathway. Further studies are
needed to understand the detailed mechanisms involved.
In conclusion, our results suggest that the integrity
of the insular cortex is important in regulating motivational
aversion associated with opiate withdrawal in mice. This
type of aversion induces neuroadaptation, observed as the

increase of FosB/AFosB expression in the insular cortex.
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