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k Opioid Receptors in the Nucleus Accumbens Shell Mediate
Escalation of Methamphetamine Intake
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Given that the k opioid receptor (KOR) system has been implicated in psychostimulant abuse, we evaluated whether the selective KOR
antagonist norbinaltorphimine dihydrochloride (nor-BNI) would attenuate the escalation of methamphetamine (METH) intake in an
extended-access self-administration model. Systemic nor-BNI decreased the escalation of intake of long-access (LgA) but not short-
access (ShA) self-administration. nor-BNI also decreased elevated progressive-ratio (PR) breakpoints in rats in the LgA condition and
continued to decrease intake after 17 d of abstinence, demonstrating that the effects of a nor-BNI injection are long lasting. Rats with an
ShA history showed an increase in prodynorphin immunoreactivity in both the nucleus accumbens (NAc) core and shell, but LgA animals
showed a selective increase in the NAc shell. Other cohorts of rats received nor-BNI directly into the NAc shell or core and entered into ShA
or LgA. nor-BNI infusion in the NAc shell, but not NAc core, attenuated escalation of intake and PR responding for METH in LgA rats.
These data indicate that the development and/or expression of compulsive-like responding for METH under LgA conditions depends on
activation of the KOR system in the NAc shell and suggest that the dynorphin-KOR system is a central component of the neuroplasticity

associated with negative reinforcement systems that drive the dark side of addiction.
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Introduction

Methamphetamine (METH) abuse is characterized by a range of
compulsive behaviors, including a preoccupation with and repet-
itive seeking of the drug and a loss of control over intake. These
compulsive aspects of METH abuse are highly treatment resistant
and represent a major barrier to the treatment of human METH
abusers. Based on the concept that addiction is characterized
by a compulsion to take drugs and a loss of control over intake
(American Psychiatric Association, 2000), an animal model of
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extended-access METH self-administration that results in a pro-
gressive increase in drug intake (escalation) has been developed.
Compulsive-like responding in these rodent models is hypothe-
sized to be reflected in the escalation of drug intake, elevated
breakpoints on a progressive-ratio (PR) schedule of reinforce-
ment, and increased levels of drug seeking (Ahmed and Koob,
1998; Kitamura et al., 2006; Wee et al., 2007; Mandyam et al.,
2008; Rogers et al., 2008; Schwendt et al., 2009; Orio et al., 2010;
Rocha and Kalivas, 2010; Hadamitzky et al., 2011; Parsegian et al.,
2011; Reichel et al., 2011).

Dynorphins are opioid peptides derived from the prodynor-
phin precursor that are endogenous ligands for k opioid recep-
tors (KORs; Chavkin et al.,, 1982; Watson et al., 1982).
Prodynorphin expression is regulated by dopamine D, receptor
activation of cyclic adenosine monophosphate (cAMP) response
element-binding protein (CREB) phosphorylation in the termi-
nal regions of the mesocorticolimbic and nigrostriatal dopamine
systems (Cole et al., 1995; Hyman et al., 1995; Simpson and
McGinty, 1995; Carlezon et al., 1998). Dynorphins produce
dysphoric-like effects and are thought to mediate negative emo-
tional states associated with withdrawal from drugs of abuse
(Mucha and Herz, 1985; Pfeiffer et al., 1986; Shippenberg et al.,
2007; Wee and Koob, 2010). KORs are located on striatal dopa-
minergic and glutamatergic terminals (Svingos et al., 1999; Me-
shul and McGinty, 2000). Dynorphin—KOR interactions lead to
receptor phosphorylation and extracellular signal-regulated ki-
nase and p38 signaling (Bruchas et al., 2006; Bruchas and



Whitfield et al. @ KOR Mediates METH Escalation

Chavkin, 2010). KOR blockade decreases basal and stimulant-
induced extracellular levels of dopamine and glutamate in the
nucleus accumbens (NAg; Gray et al., 1999).

Our central hypothesis is that KOR signaling during METH
withdrawal leads to negative emotional states that drive
compulsive-like METH craving and seeking when rats are al-
lowed extended access to the drug. This hypothesis was tested
using the selective, long-acting KOR antagonist norbinaltorphi-
mine dihydrochloride (nor-BNI). Previous studies have shown
that singular high doses of nor-BNI can produce long-lasting
antagonism of KOR opioid signaling (Horan et al., 1992; Jones
and Holtzman, 1992; Knoll et al., 2007; Wee and Koob, 2010;
Chartoff et al., 2012) that can last from 1 to 3 months (Potter et
al., 2011). nor-BNI was administered systemically and intra-NAc
shell and core to test the hypothesis that dynorphins have a key
role in the development (i.e., nor-BNI was given before
extended-access sessions began) and/or expression (i.e., nor-BNI
was still active during daily extended-access sessions) of escala-
tion of METH intake and elevated PR breakpoints in extended-
access animals. We showed that extended access to METH causes
upregulation of prodynorphin in the NAc shell and that activa-
tion of dynorphin—KOR interactions in the shell but not core of
the NAc plays a critical role in the development and/or expression
of escalation of METH intake and elevated PR breakpoints.

Materials and Methods

Animals. All animal use procedures were approved by the The Scripps
Research Institute Animal Care and Use Committee and were in accor-
dance with National Institutes of Health guidelines (publication 85-23,
revised 1996). Sixty-eight male Wistar rats (Charles River Laboratories),
weighing 250300 g at the start of the experiment, were housed three per
cage in a temperature-controlled vivarium under a reverse light/dark
cycle (lights off 8:00 A.M. to 8:00 P.M.). All of the experimental proce-
dures were performed during the dark phase of the cycle. Three rats died
during surgery, two rats did not acquire METH self-administration, two
rats were excluded because of catheter failure, and one rat was excluded
because of incorrect injector placement. Fifty-nine animals completed
the study.

Surgical procedure. All of the rats were implanted with chronic indwell-
ing intravenous catheters (0.3 mm inner diameter X 0.64 mm outer
diameter; Dow Corning) into the right external jugular vein as described
previously (Wee et al., 2007). In anesthetized rats (1-3% isoflurane in
oxygen mixture), the catheter was passed subcutaneously from the back
of the animal to the right external jugular vein. Catheters were flushed
daily with ~0.2 ml of sterile saline solution that contained heparin (30
USP U/ml) and Timentin (ticarcillin disodium and clavulanate potas-
sium in 3.0 g/100 mg proportion, 100 mg/ml; GlaxoSmithKline).

METH self-administration. The rats were subsequently trained to self-
administer 0.05 mg/kg per infusion of METH during daily 1 h sessions
under a fixed-ratio (FR) 1 schedule of reinforcement, in which one lever
press resulted in a drug delivery. The National Institute on Drug Abuse
provided methamphetamine hydrochloride. METH self-administration
sessions were conducted in an operant chamber placed in a light- and
sound-attenuating cubicle (28 X 26 X 20 cm; Med Associates). The
chamber had two retractable response levers mounted on a sidewall, and
a stimulus light was mounted above each lever. At the start of a session,
two response levers were presented in the chamber, and one response on
the right lever resulted in the delivery of 0.1 ml of a drug solution over 4 s.
The stimulus light above the active lever was illuminated at the onset of
each infusion and remained illuminated throughout the infusion and 20
s timeout period, during which responses were recorded but had no
programmed consequences. The offset of the cue light signaled the
availability of the next infusion. This has been our standard intrave-
nous self-administration procedure (Roberts et al., 1980). Pressing
the left (inactive) lever was recorded but had no programmed conse-
quences. The session ended by the withdrawal of the levers from the
chamber.
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In Experiment 1, the rats were trained to self-administer METH on
this FR1 schedule of reinforcement for 10 d. The National Institute on
Drug Abuse generously provided nor-BNI. When stable responding was
achieved, the rats received a single systemic injection of nor-BNI (30
mg/kg dissolved in sterile H,0), which has been shown to have long-
lasting effects on psychostimulant-mediated behaviors (Potter et al.,
2011; Chartoffetal., 2012) or vehicle (sterile H,0) and were split into two
groups: (1) long access (LgA; 6 h sessions, which produces escalation of
drug intake) and (2) short access (ShA; 1 h sessions, which produces
stable levels of drug intake). The rats then entered the escalation phase of
the experiment, which consisted of 10 consecutive days of METH self-
administration under ShA or LgA conditions. All of the rats were then
tested under a PR schedule of reinforcement. In this test, the workload to
receive a drug infusion increases progressively, which can be used to
evaluate the motivation for METH. For the PR schedule, the response
requirement began at one response per injection and increased according
to the following equation: responses/injection = [5 X e(injection num-
ber X 0.2)] — 5 (Richardson and Roberts, 1996). When a rat failed to
achieve the response requirement within 1 h, the session ended. The rats
were then subjected to 2 weeks of abstinence. After abstinence, all of the
rats were tested again under a PR schedule of reinforcement and eutha-
nized 24 h later.

Immunohistochemistry. In Experiment 2, a separate cohort of rats was
trained as described above. When stable responding was achieved, the
rats were split into ShA and LgA groups and entered the escalation phase
of the experiment, along with a drug-naive group of littermate controls
that were handled regularly but did not receive catheterization surgery
and were not exposed to the operant chambers. Thus, we cannot com-
pletely rule out the possibility that surgery and other potentially stressful
procedural variables may have contributed to the alterations in dynor-
phin levels. After 10 consecutive days of METH self-administration, the
rats were anesthetized 24 h after the final escalation session with chloral
hydrate (35%, 3 ml/450 g body weight, i.p.) and transcardially perfused
with cold 0.1 M PBS and then 4% paraformaldehyde in 0.1 M PBS, pH 7.4,
for 20 min at a rate of 15 ml/min. The brains were cryoprotected in 30%
sucrose and coronally sectioned on a cryostat (Leica) at 40 wm, and the
sections were stored in 0.1% NaNj; in 0.1 M PBS at 4°C before being
processed for immunohistochemistry.

Prodynorphin immunostaining was measured in the NAc core and
shell with a rabbit polyclonal anti-prodynorphin antibody (1:1000; cat-
alog #ab11137; Abcam). All incubations were performed at room tem-
perature unless indicated otherwise. Free-floating sections were rinsed in
0.1 M PBS and incubated with 0.3% H,O, for 30 min to remove any
endogenous peroxidase activity. Nonspecific binding was blocked with
5% donkey serum and 0.5% Tween 20 in 0.1 M PBS for 60 min and
incubated with the primary antibody (in 5% donkey serum and 0.5%
Tween 20) for 48 h at room temperature. After washing with 0.1 m PBS,
the sections were incubated with ImmPRESS Anti-Rabbit immunoglob-
ulin (peroxidase) polymer detection reagent for 1 h (Vector Laborato-
ries). After incubation with the secondary antibody, the sections were
stained using the VECTASTAIN ABC reagent (Vector Laboratories) for 8
min until specific staining in the ventral striatum was visible. Omission
or dilution of the primary antibody resulted in a lack of specific staining,
thus serving as a negative control for antibody experiments.

The analysis was performed with the experimenter blinded to the
group analyzed to localize and quantify immunoreactivity. DAB staining
of the coded slides was visualized and quantified with a Zeiss Axiophot
photomicroscope. Staining was examined and determined to be present
in both neurons and presynaptic terminals in the ventral striatum; there-
fore, integrated immunoreactivity density measures were obtained in six
serial sections per animal. Specific staining in the NAc core and shell
(anteroposterior, +2.28 to +1.28 mm; Paxinos and Watson, 2005) from
both the left and right hemispheres was quantified, normalized to back-
ground staining in the same slide, and expressed as normalized inte-
grated density (integrated gray density divided by the selected area) in
each rat and averaged across rats within a group using NIH Image] soft-
ware. A difference in the normalized integrated density across groups was
found using one-way ANOVA, followed by Student-Newman-Keul’s
post hoc test (Prism 4.0; GraphPad Software).
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Intracranial infusions. In Experiment 3, sep-
arate cohorts of rats were trained to self-
administer METH for 10 d under baseline
conditions as described above and were subse-
quently given a single, bilateral intracranial in-
fusion of nor-BNI the day after the final
baseline training session (i.e., before the start of
self-administration sessions). A custom 33

10d Baseline .
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30mg/kg
Systemic
NorBNI

!

11d Escalation | PR1 |

Experiment 1 |
gauge hypodermic injector, connected via Ty-

gon tubing to a 10 ul syringe (Hamilton) and
protected with a 26 gauge guide, was inserted
bilaterally into the NAc. After infusions, the
injector was removed, the skull was sealed with

Thr Sessions I 1 or 6hr Sessions I
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17d Abstinence | PR2 |
1 1

11d Escalation | Rats Euthanized for PDYN IHC |
1

bone wax (Ethicon), and the incision was su-  EXperiment 2 |
tured. The rats were treated with bilateral in-
tracranial injections of nor-BNI [4 ug/0.5 ul
per side in artificial CSF (aCSF)] or vehicle
(aCSF) into the NAc shell (anteroposterior,
+1.7 mm; mediolateral, =£0.8 mm; dorsoven-
tral, —7.0 mm from dura; Paxinos and Watson,
2005) or core (anteroposterior, +1.7 mm; me-
diolateral, =1.3 mm; dorsoventral, —7.0 mm
from dura; Paxinos and Watson, 2005) and
split into LgA and ShA groups. Rats self-

administered METH as described in Experi- Experiment3 }
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Thr Sessions : 1 or 6hr Sessions '
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Intracranial
NorBNI

!

10d Escalation | PR1

17d Abstinence  PR2 |
1

ment 1 for the duration of the experiment.
After the final PR test, the rats were euthanized,
and the brains were removed, frozen, and cryo-
sectioned for the histological detection of in-
jector tracks in the NAc shell and core.

Data analysis. The data are expressed as the mean number of injections
per session and mean number of injections during the first hour of the
session in each group of rats. METH self-administration was compared
across daily sessions over the initial 10 escalation sessions using a two-
way repeated-measures ANOVA, followed by Bonferroni’s-corrected
pairwise comparison tests (access X daily session; Prism 4.0; GraphPad
Software). Responding for METH under a PR schedule is expressed as the
number of injections per session and was compared between LgA and
ShA rats using a two-way repeated-measures ANOVA (access X session).
When significant interaction and main effects of access and session were
found, Student’s ¢ test was performed on the number of injections per
session between LgA and ShA groups under the PR schedule. The effect of
nor-BNI on METH self-administration was compared using a two-way
repeated-measures ANOVA, followed by Bonferroni’s-corrected pair-
wise comparison tests (access X treatment; Prism 4.0; GraphPad Soft-
ware). Immunohistochemical data were analyzed with a one-way
ANOVA, followed by pairwise comparisons. For NAc shell prodynor-
phin level data, we also performed a Spearman’s rank correlation on the
ordinal data between prodynorphin and METH intake (last three
sessions).

Figure 1.

Results

Experiment 1: systemic administration of the KOR antagonist
nor-BNI attenuates the escalation of METH intake associated
with extended-access self-administration

Figure 1 shows a schematic diagram of all of the experimental
procedures, beginning with those used in Experiment 1. METH
self-administration significantly increased in LgA rats over 11 daily
sessions during the escalation phase of the experiment. A two-way
repeated-measures ANOVA revealed a significant interaction be-
tween access and daily session for METH intake in the first hour
(F(10,100) = 2475, p < 0.05) and a significant interaction between
nor-BNI treatment and daily session for the total 6 h session
(F10,100) = 4409, p <0.001) for LgA animals. Pairwise comparison tests
determined that vehicle-treated rats significantly escalated their intake
by session 9 and maintained escalated intake until the final ses-
sion for first hour intake (Fig. 2A) and escalated their intake in

Thr Sessions : 1 or 6hr Sessions '

Schematic representation of experimental procedures used in Experiments 1-3.

sessions 5 and 6 and maintained escalated intake from session 8
until the final session for the entire 6 h session (Fig. 2B). LgA
animals pretreated with nor-BNI showed an attenuation of
METH intake and significant blockade of the escalation of METH
intake during the first hour of self-administration (Fig. 2A), as
well as over the course of the entire 6 h session (Fig. 2B). A
two-way repeated-measures ANOVA revealed a significant main
effect of nor-BNI treatment on METH intake in the first hour
(F1,00) = 12.24,p < 0.001) and total 6 h session (F(; g5y = 9.857,
p < 0.05) for LgA animals. Pairwise comparison tests determined
that nor-BNI-treated rats failed to exhibit significant escalation of
intake over 11 consecutive sessions in either the first hour or total 6 h
of the session. METH self-administration in ShA rats was stable over
11 sessions.

Systemic pretreatment with nor-BNI also attenuated the ele-
vated PR breakpoints associated with extended-access self-
administration (Fig. 2C,D). Rats were tested under the PR
schedule immediately after escalation (PR1) and again after 17 d
of abstinence (PR2) to evaluate their motivation to receive
METH injections. For PR1, the two-way ANOVA revealed a sig-
nificant main effect of access (F; ;5, = 20.24, p < 0.001) and a
significant main effect of nor-BNI treatment (F; 4y = 30.4, p <
0.001), with no significant interaction between the two variables.
Pairwise comparison tests indicated that LgA rats showed in-
creased PR breakpoints compared with both ShA vehicle- and
nor-BNI-treated rats, and nor-BNI significantly decreased PR
breakpoints under both ShA and LgA conditions compared with
vehicle-treated rats (Fig. 2C). For PR2, the two-way ANOVA
revealed a significant main effect of access (F(; ,,, = 7.898, p <
0.05), a significant main effect of nor-BNI treatment (F, ;5 =
20.61, p < 0.001), and a significant interaction between the two
variables (F(, ,;) = 6.361, p < 0.05). Pairwise comparison tests
indicated that LgA rats showed increased PR breakpoints com-
pared with ShA vehicle-pretreated rats, and nor-BNI significantly
decreased PR breakpoints selectively in the LgA condition com-
pared with vehicle-treated rats (Fig. 2D).
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A, Rats that received pretreatment with nor-BNI showed an attenuation of METH intake and a significant blockade of escalation of METH intake during the first hour of self-

administration during the escalation phase of the experiment. Pairwise comparison tests determined that vehicle-pretreated rats significantly escalated their intake by session 9 and maintained
escalated intake until the final session (session 1 compared with session 9, 10, or 11, ***p < 0.001). nor-BNI-treated rats failed to demonstrate significant escalation of intake over 11 consecutive
sessions. B, Pretreatment with nor-BNI decreased initial METH intake and significantly blocked the escalation of METH intake during LgA sessions. Pairwise comparison tests indicated that
vehicle-treated rats escalated intake by session 5 (session 1 compared with session 5, *p << 0.05) and continued to escalate their intake until the final session (session 1 compared with session 9, 10,
or 11, ***p < 0.001), but nor-BNI-treated rats failed to demonstrate escalation of intake over 11 consecutive sessions. Systemic administration of the KOR antagonist nor-BNI attenuated the
elevated PR breakpoints associated with extended-access self-administration. nor-BNI-treated (30 mg/kg) rats were tested under a PR schedule after escalation (C) and after abstinence (D) to
evaluate their motivation to work for METH injections. €, During PR1, rats with a history of extended access showed increased PR breakpoints, whereas nor-BNI decreased PR breakpoints. Pairwise
comparison tests indicated that both nor-BN|-treated and vehicle-treated rats with a history of LgA exhibited increased PR breakpoints compared with ShArats ( *p < 0.05, *p <<0.01), and nor-BNI
decreased the motivation for METH in both ShA and LgA conditions (**p << 0.01, ***p << 0.001). D, In PR2, nor-BNI decreased the motivation for METH only in the LgA condition, demonstrating a
selective effect in rats with an escalated PR breakpoint. Pairwise comparison tests indicated that only vehicle-treated rats with a history of LgA demonstrated increased PR breakpoints compared

with ShA rats (**p << 0.01), and nor-BNI decreased the motivation for METH only in the LgA condition (***p << 0.001, n = 5—6 per group).

Experiment 2: extended access to METH self-administration
increases prodynorphin immunoreactivity in both the core
and shell subdivisions of the NAc

Figure 1 shows a schematic diagram of the experimental proce-
dures used in Experiment 2. METH self-administration signifi-
cantly increased in LgA rats over 13 daily sessions during the
escalation phase of the experiment. A two-way repeated-
measures ANOVA revealed a significant interaction between
access and daily session for METH intake in the first hour
(F12,108) = 2-869,p < 0.01) and in the total 6 h session (F,, ;4g) =
11.51, p < 0.0001). The post hoc tests revealed that LgA rats sig-
nificantly escalated their intake by session 11 and maintained
escalated intake until the final session for first hour intake (Fig.
3A) and escalated their intake in session 9 and maintained esca-
lated intake until the final session for the entire 6 h session (Fig.
3B). Twenty-four hours after the final session, all of the rats were
euthanized, and brain tissue was prepared for the immunohisto-
logical detection of prodynorphin. Figure 3C illustrates represen-
tative photomicrographs of prodynorphin immunoreactivity in
the ventral striatum. Figure 3D shows the designated boundaries
used for the analysis of immunoreactivity in striatal subregions as
determined by Paxinos and Watson (2005). Figure 3E shows a
high-resolution representative image of prodynorphin immuno-
reactivity in the dorsal NAc shell subregion for the LgA condition.
A one-way ANOVA revealed a significant main effect of access

condition on normalized optical densities of prodynorphin im-
munoreactivity in the NAc core (F(, ;5, = 10.72, p < 0.01) and
shell (F, 5 = 6.11, p < 0.05). Pairwise comparison tests indi-
cated that rats with either an ShA or LgA history showed an
elevation in prodynorphin immunoreactivity in the NAc core
(Fig. 3F) but that only rats with an LgA history showed an eleva-
tion in prodynorphin immunoreactivity in the NAc shell (Fig.
3E) compared with drug-naive littermate controls. A Spearman’s
rank correlation between prodynorphin level and METH intake
revealed a significant correlation in the NAc shell (p < 0.001, r =
0.75).

Experiment 3: intra-NAc shell, but not core, administration of
the KOR antagonist nor-BNI attenuates the escalation of
METH intake associated with extended-access
self-administration

Figure 1C shows a schematic diagram of the experimental proce-
dures used in Experiment 3. Based on the results of Experiment 2
that demonstrated significantly elevated prodynorphin immuno-
reactivity in the NAc shell in LgA animals, an additional group of
rats was trained as described previously and tested for local effects
of intracranial nor-BNI in this area. METH self-administration
significantly increased in LgA rats over 10 daily sessions during
the escalation phase of the experiment. A two-way repeated-
measures ANOVA revealed a significant interaction between ac-
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Figure 3.  Extended access to METH self-administration increases prodynorphin immunoreactivity in both the core and shell subdivisions of the NAc. 4, Rats with a history of extended access
exhibited escalation of METH intake during the first hour of self-administration. Post hoc tests indicated that LgA rats escalated intake by session 11 (***p << 0.0001) and continued to escalate their
intake until the final session. B, Rats with a history of extended access exhibited escalation of METH intake during the entire 6 h sessions. Post hoc tests indicated that LgA rats escalated intake by
session 9 (***p << 0.0001) and continued to escalate their intake until the final session. €, Representative photographs of prodynorphin immunoreactivity in the ventral striatum. D, Representative
illustration that shows the designated boundaries used for the analysis of immunoreactivity in striatal subregions as determined by Paxinos and Watson (2005). E, Photograph that shows a
high-resolution representative image of prodynorphin immunoreactivity in the dorsal NAc shell subregion for the LgA condition. F, Rats with a history of either ShA or LgA showed an elevation in
prodynorphin immunoreactivity (IR) in the NAc core (*p << 0.05, **p << 0.01), whereas only extended access to METH self-administration selectively increased prodynorphin immunoreactivity in
the NAcshell (*p << 0.05, n = 6 per group). aca, anterior part of anterior commissure; CPu, caudate—putamen; Ctx, cortex; LNAcSh, lateral nucleus accumbens shell subregion for the LgA condition;

LV, lateral ventricle; NAcSh, NAc shell subregion; PDYN, prodynorphin.

cess and daily session for METH intake in the first hour (F(o 4, =
3.587, p < 0.001) and a significant interaction between nor-BNI
treatment and daily session for the entire 6 h session (Fq 4, =
2.156, p < 0.05) in LgA animals. Pairwise comparison tests indi-
cated that vehicle-treated rats significantly escalated their intake

by session 7 and maintained escalated intake until the final ses-
sion for first hour intake (Fig. 4A) and escalated their intake in
session 8 and maintained escalated intake until the final session
for the entire 6 h session (Fig. 4B). LgA animals that were pre-
treated with intra-NAc shell nor-BNI (4 ug/0.5 ul per side)



Whitfield et al. @ KOR Mediates METH Escalation J. Neurosci., March 11, 2015 - 35(10):4296 — 4305 « 4301

Methamphetamine Intake/ 1hr Methamphetamine Intake/ 6hr
o ShAACSF 151 o AcsF
5 -o- ShA NorBNI -# NorBNI -
2 O LgA ACSF ® | e—
% = LgA NorBNI g 100
& ]
2 +1.70mm
£ 10
012 3 4 56 7 8 9 10 01 2 3 4 56 7 8 8 10
Escalation Session Escalation Session
HHt
o 15 ekl 95 w
S 5 +1.60mm
g O ACSF ] O ACSF
o 1 - NorBNI 32 o2 10 - NorBNI
£ 5 ?
b b :%
8 & 9 g 5 3
K<} Qo
E 3
-] 3
4 z
0 T : 0
& < 5}3
PR1 PR2
Figure4. Intra-NAcshell administration of nor-BNI attenuated the escalation of METH intake associated with extended-access self-administration. 4, Pretreatment with intra-NAc shell nor-BNI

(4 1£9/0.5 ul per side) blocked the escalation of METH intake during the first hour of self-administration in LgA rats during escalation. Pairwise comparison tests indicated that aCSF-infused rats
escalated intake by session 7 (**p << 0.001) and continued to escalate their intake until the final session (**p << 0.01), but nor-BNI-pretreated rats failed to exhibit escalation of intake over 10
consecutive sessions. B, Pretreatment with intra-NAc shell nor-BNI blocked the escalation of METH intake during the 6 h sessions. Pairwise comparison testsindicated that aCSF-infused rats escalated
intake by session 8 and continued to escalate their intake until the final session (**p << 0.01), but nor-BNI-pretreated rats failed to exhibit escalation of intake over 10 consecutive sessions. Intra-NAc
shell administration of nor-BNI attenuated the elevated PR breakpoints associated with extended-access self-administration. nor-BNI-pretreated (4 .g/0.5 .l per side) rats were tested on a PR
schedule after escalation (€) and after abstinence to evaluate their motivation to work for METH injections. €, During PR1, rats with a history of extended access showed increased PR breakpoints,
whereas nor-BNI decreased PR breakpoints. Pairwise comparison tests indicated that aCSF-infused rats with a history of LgA exhibited increased PR breakpoints compared with ShA rats (*#p <
0.001), and nor-BNI decreased the motivation for METH selectively in the LgA condition (***p << 0.001). D, In PR2, nor-BNI decreased the motivation for METH only in the LgA condition, exhibiting
aselective effectin rats with an escalated PR breakpoint. Pairwise comparison tests indicated that aCSF-infused rats with a history of LgA demonstrated increased PR breakpoints compared with ShA
rats (**p << 0.001), and nor-BNI decreased the motivation for METH only in the LgA condition (***p << 0.001, n = 5— 6 per group). E, lllustration shows cannula placements for Experiment 3, in
which black lines represent successful placements within the NAc shell subregion, and black XX symbols represent missed placements outside the region of interest (range, +1.70 —1.60 mm relative

to bregma).

showed an attenuation of METH intake and significant blockade
of escalation of METH intake during the first hour of self-
administration (Fig. 4A), as well as over the course of the entire
6 h session (Fig. 4B). A two-way repeated-measures ANOVA
revealed a significant main effect of nor-BNI treatment on METH
intake in the first hour (F(, 4,, = 8.335, p < 0.05) and a significant
interaction between nor-BNI treatment and session (Fg4,) =
9.857, p < 0.001) in LgA animals. Pairwise comparison tests in-
dicated that nor-BNI-pretreated rats failed to exhibit significant
escalation of intake over 10 consecutive sessions in either the first
hour or total 6 h of the session. METH self-administration in ShA
rats was stable over 10 sessions.

Intracranial pretreatment with the KOR antagonist nor-BNI
also attenuated the elevated PR breakpoints associated with
extended-access self-administration (Fig. 4C,D). Rats were tested
under a PR schedule immediately after escalation (PR1) and im-
mediately after 17 d of abstinence (PR2) to evaluate their moti-
vation to receive METH injections. For PRI, the two-way
ANOVA revealed a significant main effect of access (F, ;;) =
23.31,p <O0. 001), a significant main effect of nor-BNI pretreat-
ment (F(, ;) = 12.17, p < 0.01), and a significant interaction
between the two variables (F(, ,,, = 6.169, p < 0.05). Pairwise
comparison tests indicated that LgA rats showed increased PR
breakpoints compared with ShA vehicle-treated rats, and nor-
BNI significantly decreased PR breakpoints selectively in the LgA
condition compared with vehicle-treated rats (Fig. 4C). Similarly
for PR2, the two-way ANOVA revealed a significant main effect
ofaccess (F; ;7 = 32.44, p < 0.0001), a significant main effect of
nor-BNI treatment (F, ,,) = 18.25, p < 0.001), and a significant

interaction between the two variables (F, ,,, = 8.109, p < 0.05).
Pairwise comparison tests again indicated that LgA rats showed
increased PR breakpoints compared with ShA vehicle-treated
rats, and nor-BNI significantly decreased PR breakpoints selec-
tively in the LgA condition compared with vehicle-treated rats
(Fig. 4D). Figure 4E shows the cannulae placements for Experi-
ment 3, in which black circles represent successful placements
within the NAc shell subregion, and black X symbols represent
missed placements outside the region of interest.

A separate cohort of rats received intracranial injections of
nor-BNI (4 ug/0.5 ul per side) into the NAc core subregion ex-
actly as described above. METH self-administration significantly
increased in LgA rats over 10 daily sessions during the escalation
phase of the experiment. A two-way repeated-measures ANOVA
revealed a significant main effect of daily session for METH in-
take (F(g,,) = 8.061, p < 0.0001), but there was no 51gn1ﬁcant
interaction between nor-BNI treatment and daily session for the
entire 6 h session (Fy ,,) = 1.185, p > 0.05) in LgA animals (Fig.
5A). Figure 5B shows the cannulae placements for core-injected
animals, in which black lines represent successful placements
within the NAc core subregion.

Discussion

The present study demonstrated that dynorphin—KOR interac-
tions are critically involved in the initiation and/or expression of
escalation of intake resulting from extended-access METH self-
administration. Long-lasting KOR antagonism with nor-BNI
persistently decreased the motivation to take METH. These stud-
ies identified the NAc shell subregion as both an area that is
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influenced by extended access to METH and the local site of
action for the suppressive effect of nor-BNI on METH escalation.
These results indicate that the NAc shell dynorphin—KOR system
is critically involved in compulsive-like METH intake.

Dynorphin-KOR interactions drive drug seeking

We report that nor-BNI administered before the beginning of LgA
sessions fully blocked escalation of METH self-administration in
LgA rats, without changing drug intake in ShA rats. nor-BNI also
blocks the development and/or expression of escalation of intra-
venous heroin intake with extended access, and these effects are
localized to the NAc shell (Schlosburg et al., 2013). Moreover,
excessive alcohol self-administration is blocked by KOR antago-
nism (Walker et al., 2011), and this effect is mediated by KOR
activity in the NAc shell (Nealey et al., 2011). Future studies using
reversible, shorter-acting KOR antagonists will identify which of
these processes (i.e., development or expression) may be affected
specifically by KOR manipulation.

Repeated bouts of extended-access METH self-administration
and withdrawal may create a chronic stress state that is driven by
elements of an anti-reward system. Although we do not here
provide direct evidence for a dysphoric-like state, Jang et al.
(2013) reported elevated intracranial self-stimulation thresholds
and depressive-like behaviors in METH LgA rats that paralleled
the escalation in METH self-administration. Increased thresh-
olds correlated highly with METH intake, suggesting that METH
intake in LgA rats may be driven by a concomitant dysphoric-like
state. Consistent with these results, Schindler et al. (2012) dem-
onstrated that stress-induced potentiation of cocaine-induced
conditioned place preference depended on local KOR signaling
in the ventral striatum. Moreover, KORs are necessary for stress-
induced reinstatement of heroin seeking (Zhou et al., 2013).
Given that KOR agonists have been shown consistently to induce
dysphoric-like states in rodents and humans, our hypothesis is
that increased dynorphin—KOR activity in the ventral striatum
may be driving escalation of intake via a negative reinforcement
mechanism.

Activation of KOR in LgA animals during abstinence would
thus be hypothesized to contribute to a “between-system” neu-
roadaptation (Koob and Bloom, 1988) before an extended access
session that increases METH self-administration in a form of
functional tolerance—taking more drug to oppose the aversive

effects of KOR activation. The increased self-administration then
results in homeostasis “misregulation” whereby the animal at-
tempts to reverse a putatively low dopamine tone by self-
administering a drug that acutely releases dopamine but in turn
drives upregulation of the dynorphin—KOR system and increases
the deficit state (Koob et al., 2014). We have argued that this
process is an allostatic mechanism leading to an altered set point
for drug reward that progressively worsens (Koob and Le Moal,
2001). This hypothesis is consistent with recent work by Willuhn
etal. (2014) who demonstrated that escalation of cocaine intake is
driven by decreases in phasic dopamine release in the ventral
striatum and that normalization of this state by the dopamine
precursor L-DOPA can eliminate the escalation of cocaine intake.
Thus, KOR acts as a presynaptic regulator of dopamine release,
and, when the KOR system becomes sensitized by repeated psy-
chostimulant use, it creates a state of deficient presynaptic dopa-
mine release.

KOR antagonism selectively blocks the escalation of

METH self-administration

nor-BNI attenuated escalation of drug-taking behavior in ani-
mals allowed extended access to METH but did not alter intake in
rats with limited access. This result suggests that nor-BNI is not
causing motor effects that disrupt operant behavior. However,
one cannot totally rule out sedation as contributing to the effects
in LgA rats. Nevertheless, nor-BNI had no effect on inactive lever
responding in any of the experiments, further supporting that
nor-BNI was not producing nonspecific effects.

Studies with limited-access self-administration models
have demonstrated that KOR agonists decrease cocaine self-
administration and reinstatement (Glick et al., 1995; Schenk et
al., 1999). Frequently, KOR agonists are administered directly
before drug self-administration. Because KOR agonists have been
shown to be strongly dysphoric, we suggest that acute activation
of KOR systems can suppress behavior via punishment-like ef-
fects (possibly via decreased dopamine function) and that the
KOR system modulates acute reinforcing actions by feedback
suppression (Carlezon et al., 1998; Chartoff and Carlezon, 2014).
Acute stimulation of KOR can antagonize the reinforcing effects
of cocaine, morphine, heroin, and ethanol, whereas KOR
blockade has no consistent effect (Wee and Koob, 2010).
However, when drug dependence has been reached, a hyper-
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active dynorphin system decreases dopamine function suffi-
cient to set up the learning of compulsive-like responding (via
negative reinforcement). At this point, the inhibition of KOR
is effective in selectively attenuating escalated drug intake
(Wee et al., 2009).

We further hypothesize that the escalation of METH intake
could be a response to a chronically active dynorphin system in
the ventral striatum, in which excessive drug taking becomes a
consequence of a KOR-dependent anti-reward state. nor-BNI
persistently blocks dynorphin—-KOR interactions during with-
drawal, keeping METH-seeking and -taking behaviors at persis-
tently stable levels. An alternative explanation is that nor-BNI
prolongs the reward-facilitating effects of METH and thus less
METH is self-administered. However, because the nor-BNI effect
was selective to LgA animals, it is unlikely that nor-BNI is poten-
tiating the rewarding effects of METH. nor-BNI also decreased
PR responding, in which the higher breakpoint is hypothesized to
reflect higher reward efficacy. Therefore, if nor-BNI was promot-
ing the effects of METH, the breakpoints should increase in all
groups.

The effects of a single nor-BNI infusion were long lasting

In the current model, nor-BNI had behavioral effects that lasted
>4 weeks. This finding is consistent with other work that has
shown persistent behavioral effects using this and other similar
KOR antagonists (Bruchas et al., 2006; Potter et al., 2011). Given
the unique long-lasting properties of nor-BNI, we were able to
persistently block the escalation of METH intake with a single
pretreatment. Similarly, Chartoff et al. (2012) used nor-BNI pre-
treatment to block the ability of cocaine to increase reward
thresholds in an intracranial self-stimulation model. Consistent
with our hypothesis, nor-BNI was able to prevent the emergence
of an anti-reward state after repeated treatments with cocaine.
The choice of nor-BNI pretreatment in our model was made to
assess the role of dynorphin—KOR interactions in the emergence
ofthe escalation of intake. We identified a role for KOR activation
in the transition from limited-access stable patterns to escalated
patterns of drug taking and drug seeking.

Prodynorphin immunoreactivity was upregulated in the NAc
shell in LgA rats

Psychostimulant-mediated dopamine receptor activation in the
NAc shell stimulates a cascade of events that leads to CREB phos-
phorylation and alterations in gene expression, notably the ex-
pression of prodynorphin. Cocaine self-administration and acute
METH injection have been shown to increase prodynorphin
mRNA in the striatum (Hurd et al., 1992; Daunais et al., 1993;
Smith and McGinty, 1994; Adams et al., 2003). Activation of
dynorphin systems has been shown to feedback to decrease do-
pamine release and contribute to the dysphoric syndrome asso-
ciated with cocaine dependence (Gray et al., 1999; Pliakas et al.,
2001; Mague et al., 2003; Nestler, 2004; Todtenkopf et al., 2004;
Knoll and Carlezon, 2010). The current work demonstrated that
extended access to METH self-administration has similar activat-
ing effects on prodynorphin expression in the NAc shell. We
cannot completely rule out the possibility that surgery and other
procedural variables contributed to changes in dynorphin levels.
Nevertheless, a positive correlation linking METH intake to
dynorphin expression suggests an association between escalated
METH intake and dynorphin—KOR signaling.
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nor-BNI injection directly into the NAc shell, but not the
core, reproduced the behavioral effects of systemic
pretreatment

To test the functional role of KOR signaling in the NAc in LgA
animals, we directly injected nor-BNI into the NAc shell and core
(control region) and tested for escalation of METH self-
administration. The finding that intra-NAc shell but not core
infusion of nor-BNI prevented the emergence and/or expression
of the escalation of METH intake demonstrates that dynorphin—
KOR interactions in the NAc shell are critically involved in
METH-associated escalation. Presently, very little evidence exists
to pinpoint the neurocircuits directly responsible for driving
compulsive-like taking and seeking behaviors, particularly for
METH. METH engages overlapping neurocircuits similarly to
other psychostimulants, such as cocaine and amphetamine.
METH seeking during cue- and METH-primed reinstatement
can be blocked by selective inactivation of the prelimbic cortex
and NAc (Roca and Kalivas, 2010). However, few studies have
addressed how the neuroplasticity underlying escalation in an
extended-access model may be distinct from other psychostimu-
lants and limited-access models, leaving an essentially unex-
plored area of research.

The current work contributes to these questions by establish-
ing dynorphin—KOR signaling in the NAc shell as an essential
contributor to the emergence of these behaviors. The NAc core
and shell have been implicated in different aspects of drug self-
administration. The NAc shell has been hypothesized to mediate
the rewarding effects of drugs and the associative learning that
contributes to the enhancement of the reinforcing effects of psy-
chostimulants, whereas the NAc core is involved in the motor
expression of motivated behavior, goal-directed behavior, and
incentive habits (Di Chiara et al., 1999; Ito et al., 2004; Larson et
al., 2011). The present results indicate that the KOR system in the
NACc shell, but not the NAc core, is required for escalation of
METH self-administration.

In summary, the current study identified an essential role for
NAc shell dynorphin—KOR signaling in the emergence and/or
expression of compulsive-like METH seeking and taking. Pro-
dynorphin was upregulated selectively in the NAc shell in which
local nor-BNI infusion had its behavioral effects, suggesting that
dynorphin—KOR systems in the NAc shell become sensitized dur-
ing extended-access METH self-administration to help drive in-
creased drug seeking via negative reinforcement processes.
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