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Abstract

Rationale—The recruitment of the stress circuitry contributes to a shift from positive to negative
reinforcement mechanisms sustaining long-term cocaine addiction. The kappa opioid receptor
(KOPr) signaling is upregulated by stress and chronic cocaine exposure. While KOPr agonists
induce anhedonia and dysphoria, KOPr antagonists display antidepressant and anxiolytic
properties. Most of the knowledge on KOPr antagonism is based on drugs with unusual
pharmacokinetic and pharmacodynamic properties, complicating interpretation of results. Here we
characterized /n vivobehavioral and neuroendocrine effects of the novel relatively short-acting
KOPr antagonist LY 2444296. To date, no study has investigated whether systemic KOPr blockade
reduced anxiety-like and depressive-like behaviors in animals previously exposed to chronic
extended access cocaine self-administration.

Objectives—We tested the effect of LY2444296 in blocking KOPr-mediated aversive and
neuroendocrine effects. Then, we tested acute systemic LY2444296 in reducing anxiety- and
depression-like behaviors, as well as releasing the stress hormone corticosterone (CORT),
observed after chronic extended access (18 h/day for 14 days) cocaine self-administration.

Results—LY2444296 blocked both U69,593-induced place aversion and reduced motor activity,
as well as U69,593-induced release of serum CORT, which confirmed its major site of action,
without exerting an effect per se. Acute systemic administration of LY 2444296 reduced anxiety-
like and depressive-like behaviors, as well as CORT release, in rats tested after chronic extended
access cocaine self-administration, but not in cocaine naive rats.

Conclusions—Results suggest that acute blockade of KOPr by a relatively short-acting
antagonist produces therapeutic-like effects selectively in rats with a history of chronic extended
access cocaine self-administration.
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Introduction

Cocaine addiction is a chronic relapsing disease characterized by compulsive drug intake
and dysregulation of brain reward and stress systems. Addicted patients typically undergo a
cycle with periods of active drug use, abstinence and relapse (Kreek and Koob 1998).
Addiction is often comorbid with other psychiatric diseases, especially anxiety and
depression, and considerable evidence supports the hypothesis that stress and depression are
triggers for relapse and a reason for failure of patients to remain abstinent (Lalanne et al.
2014; Sinha et al. 2006). Indeed, the recruitment of stress-activated circuitries is thought to
contribute to a “shift” from positive to negative reinforcement mechanisms, in the context of
cocaine abuse (Kreek and Koob 1998; Picetti et al. 2013).

Currently, there are no approved medications for cocaine addiction, and classical
antidepressants are usually ineffective treatments (Schmitz et al. 2001); therefore new
pharmacological approaches are needed. A potential pharmacological target to improve
quality of life and eventually reduce the vulnerability to relapse is the kappa opioid receptor
(KOPr) (Butelman et al. 2012).

KOPr signaling tone is upregulated in depressive states, following both stress (Donahue et
al. 2015; Land et al. 2008; Lucas et al. 2011; Reed et al. 2012) and chronic cocaine
exposure, largely through increased mRNA transcription and activity of its endogenous
peptides, the dynorphins (Fagergren et al. 2003; Sivam 1996; Spangler et al. 1996;
Unterwald et al. 1994; Valenza et al. 2016). Activation of KOPr induces dysphoria in
humans, as well as place aversion and depressive-like behaviors in preclinical models
(Bruchas et al. 2009; Carlezon et al. 2006; Chefer et al. 2013; Land et al. 2008; Mucha and
Herz 1985; Pfeiffer et al. 1986a; Todtenkopf et al. 2004). By contrast, KOPr antagonists
alleviate anxiety-like and depressive-like behavior in rodents and can reduce stress-induced
potentiation of cocaine conditioned place preference (CPP) as well as stress-induced
reinstatement of cocaine CPP (Al-Hasani et al. 2013; Beardsley et al. 2005; Carr et al. 2010;
Knoll et al. 2007; Mague et al. 2003; McLaughlin et al. 2003; Polter et al. 2014; Reed et al.
2012). However, most of the current knowledge on pharmacotherapeutic potential of KOPr
antagonism is based on molecules (e.g. norBNI, JDTic) with extremely unusual
pharmacokinetic and pharmacodynamic properties, including slow onset, delayed
development of KOPTr selectivity, and extended durations of action (approximately 2
months)(Butelman et al. 1993; Carroll et al. 2004; Zhou et al. 2015). These features
complicate experimental designs, interpretation and translation of results into clinical
investigations (Chavkin and Martinez 2015). Therefore, novel selective compounds with
“medication-like” durations of action (<24 h) are useful to expand the understanding of
dynorphin-KOPr involvement in the neurobiology of addiction (Carlezon and Krystal 2016;
Rorick-Kehn et al. 2015; Rorick-Kehn et al. 2014). Several molecules have been recently
synthetized for this purpose. Among them, LY 2444296 ((S)3-fluoro-4-(4((2(3-
fluorophenyl)pyrrolidin-1-yl)methyl)phenoxy)benzamide, known also as FP3FBZ)
demonstrated high /n vitro receptor binding affinity and selectivity for KOPr versus mu and
delta opioid receptors (MOPr and DOPr, respectively). In the present study, we characterized
in vivo, for the first time, the effectiveness of LY2444296 in blocking behavioral (aversion
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and locomotor activity) and neuroendocrine (serum corticosterone concentration)
measurements induced by systemic administration of U69,593, a reference KOPr agonist.

KOPr signaling plays a crucial role in regulating reinforcing, dysphoric and anhedonic
effects of chronic drugs of abuse, including cocaine. The long-acting KOPr antagonist
norBNI, when administered during the self-administration period (sc, 30 min before test)
attenuates intake and reduces progressive-ratio responding for cocaine in long-access
sessions (Wee et al. 2009). However, in non-human primates, nor-BNI was ineffective in
reducing cocaine intake in an extended access self-administration procedure of drug versus
food choice (Hutsell et al. 2016). Chartoff et al. (2012) showed that in rats exposed to
experimenter-administered “binge” cocaine (3 systemic cocaine injections/day for 14 days),
intracerebroventricular (/.c.v.) pretreatment with norBNI attenuates the development of
anhedonia, measured as increased intracranial self-stimulation threshold. In the same study,
norBNI (7.c.v, 5 days before test) reduced the latency to immobility in the Forced Swim test.

To date, no study has demonstrated the effectiveness of systemic KOPr blockade
administered as a pharmacotherapeutic-like intervention in tests performed after chronic
extended access cocaine self-administration. Therefore, we tested the potential effect of
LY2444296 in reducing anxiety-like and depressant-like responses, as well as its effect on
stress hormone release (serum corticosterone), in rats previously exposed to chronic
extended access cocaine self-administration (18 h/day for 14 days). Extended access self-
administration protocols are translational models for the advanced stages of addiction seen
in humans, where dysregulated drug intake and compulsivity drive behaviors (Ahmed and
Koob 1998; Everitt and Robbins 2005; Kreek and Koob 1998). Rats that escalate cocaine
intake over the 14 days of 18 h/day self-administration show higher striatal gene expression
of Oprk1, encoding for KOPr, compared to their respective yoked-saline rats, and compared
to rats that do not escalate intake (Valenza et al. 2016). Here, we also confirmed the
activation of dyn/KOPr system in the dorsal striatum under these experimental conditions by
gene expression analysis of prodynorphin.

Adult male Sprague Dawley rats (240 — 250 g on arrival; Charles River, Wilmington, MA)
were group-housed in a 12-h reverse light/dark cycle (lights OFF at 1PM, ON at 1AM) in an
AAALAC-approved humidity-(60%) and temperature-(22°C) controlled stress-minimized
behavioral facility. Rats had ad /ibitum access to food and water at all times. All experiments
were carried out during the rodent active phase (dark). Rats were always group-housed (/7=3/
cage), except in self-administration experiments, in which they were single-housed after
surgery until sacrifice, as well as in comparative experiments, in which cocaine naive rats
were single-housed for 8-9 weeks prior to behavioral experiments until sacrifice.

All procedures adhered to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and the Principles of Laboratory Animal Care and were approved by
the Institutional Animal Care and Use Committee of The Rockefeller University.
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LY 2444296 (kind gift of Eli Lilly and Co.) was dissolved in 5% ethanol/5% cremophor EL/
saline and injected intraperitoneally (7.0, 1 ml/kg). U69,593 and cocaine hydrochloride
(Sigma Aldrich, St. Louis, MO) were dissolved in sterile physiological saline. Doses were
selected based on pilot studies and published data (Chefer et al. 2013; Melief et al. 2011;
Picetti et al. 2010).

Conditioned Place Aversion

Intravenous

The conditioned place aversion assay was conducted in eight sound-attenuated three-
compartment boxes (Med Associates, Georgia, VT). Each box consisted of two equal sized
outer chambers (27.5x20.6x21.5 cm), differing in color and floor texture, connected by a
smaller center chamber (11.9%20.6x21.5 cm), and separated by manual guillotine doors.

A 10-day unbiased procedure was used. Conditioning in the black or white compartment
was counterbalanced among animals and treatment groups. On day 1 the pre-conditioning
test was performed, allowing rats to freely explore the entire box for 30 min. During eight
consecutive conditioning days rats received either U69,593 or vehicle and were confined
respectively in the U69,593-paired compartment or vehicle-paired one for 30 min.
LY2444296 (3 mg/kg or vehicle) was injected 7,0. 30 min before U69,593 (0.32 mg/kg or
vehicle; s.c.) and immediately placed in the testing chamber. On day 10 the post-
conditioning test was performed just like the preconditioning day. Aversion was measured as
the difference of time spent in the drug-paired compartment between post-conditioning and
pre-conditioning tests.

During the four conditioning sessions, locomotor activity was measured by photocell beam
breaks, and analyzed.

extended-access cocaine self-administration

Surgery for cannula implantation—Construction of catheters and surgery were
performed as previously published (Windisch et al. 2014) with minor modifications. The
analgesic (NSAIDs) Rimadyl (5 mg/kg) and Cefazolin (20 mg/kg) were administered
immediately before surgery and 24 h later. Rats were anesthetized with isoflurane (2-5% in
air). An indwelling catheter was implanted in the right jugular vein and secured on the back
of the rat. The catheter was flushed daily with 0.1 ml sterile saline solution containing 0.13
mg/ml Gentamicin and 20 U/ml Heparin.

Apparatus and Procedure—Operant conditioning chambers consisted of twelve
standard sound-attenuated air-ventilated self-administration boxes (Med-Associates),
equipped with retractable levers mounted on a side wall. Water and food were provided ad
libitum at all times. Programming and data collection were performed using a computer
system running MED-PC® |V software (Med-Associates).

The operant procedure was carried out as previously published with some modifications
(Valenza et al. 2016). Rats were initially trained in the intravenous (/.v.) self-administration
procedure (2 h/day). Then, the duration of sessions was increased to 18 h/day, and rats were
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run for 14 sessions. Rats were allowed to press two levers (one active and one inactive;
evenly randomly assigned). Pressing the active lever resulted in 7 v. delivery of a 0.5 mg/kg
cocaine infusion in a fixed-ratio 1 schedule of reinforcement with a Time out = 40 s and the
illumination of a light cue above the active lever. Sterile cocaine solution was delivered from
syringes mounted on syringe pumps (PHM-100, Med-Associates) placed outside the box.
Yoked-saline rats were similarly tested; they received sterile physiological saline instead of
cocaine once their paired cocaine rat pressed the active lever. Volume and duration of
infusion depended on the rat’s body weight, which was measured daily right before the
session. Responding on the inactive lever was recorded, but had no consequences.

The operant session started 3 h after the onset of the dark cycle (at 4PM). At conclusion
(10AM), rats were returned to the home cage for 6 h. The light/dark cycle in the operant
chambers was synchronized with the housing room; therefore rats always lived in the same
12 h reverse light/dark cycle.

Behavioral experiments in rats exposed to chronic extended-access self-
administration—All tests were performed at the same time of the day (4 PM). Due to
the high amount of cocaine self-injected in the 18h/day protocol, we chose not to test rats in
the hours immediately following their cocaine session, to avoid an effect of the residual
cocaine-induced motor alteration on rats’ performance in the subsequent behavioral tests.
Further, to avoid influence of altered circadian rhythm and minimize stress, we kept constant
the time of testing. Therefore, we tested rats at a time in which they were typically placed in
the operant boxes for self-administration, which corresponded to 30 h after their last self-
administration session.

Two cohorts of cocaine self-administering rats (7=20) were tested in the EPM and FST as
described below. After the last operant session, rats were returned to the home cage (day 14,
10AM). On the same day at 4PM, rats were exposed to the day 1 forced swimming session.
After 15 min they were dried and returned to the home cage and left undisturbed until the
following test day (day 15, at 4PM) on which they received LY 2444296 (0, 3 mg/kg, /7.p.) 30
min before being tested in the EPM, and then, 5 min later, in the FST. Separate groups of
cocaine-naive yoked-saline rats (/7=5/treatment group), cocaine naive group-housed and
single-housed rats (7=8-12/treatment group) were tested in the EPM and FST under the
same conditions.

A separate cohort of yoked-saline and cocaine rats (/7=12) was used to measure baseline
serum corticosterone (CORT) and striatal Pdyrn gene expression as described in detail below.
Rats were sacrificed 30 h after the end of the last cocaine self-administration session,
without exposing them to any additional behavioral manipulations.

A further cohort of yoked-saline and cocaine rats (/7=16) was administered LY 2444296 (0, 3
mg/kg, 7.p, treatment groups were matched for total cocaine intake) 30 h after the end of the
last cocaine self-administration session and trunk blood was collected 30 min later, to
measure serum CORT as described below, without exposing rats to any additional behavioral
manipulations.
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Elevated Plus Maze (EPM)

The apparatus was an elevated (50 cm) cross-shaped platform, in which two “closed” arms
(50X10 cm) were protected by black walls and the other “open” arms were illuminated. The
maze was placed at the center of a dark room, with two lights illuminating the open arms;
Lux was measured at the beginning and end of the experiment as 0 lux in the dark
compartments, 1+1 lux in the center, and 3£1 lux in the open arms. The test was carried out
during the dark phase, approximately at the same time of the day at which cocaine rats
usually initiated their daily operant sessions. LY2444296 was administered 7p. 30 min
before test. Rats were placed at the center of the maze, facing one of the black walls. An
anxiety-like response was measured as an inhibition of exploration behavior of the open
arms; the number of entries in the two closed arms was counted to monitor for nonspecific
locomotor responses.

Forced Swim Test (FST)

A two-day forced swimming test was performed (lemolo et al. 2012; Porsolt et al. 1979). On
day 1, rats were exposed to a 15-min pre-swim in 23 £1 °C water in a clear Plexiglas
cylinder (20X50 cm; Harvard Apparatus, MA), from which they could not escape and/or
touch the bottom. This assay was carried out during the dark phase, approximately at the
same time rats usually initiated their daily operant session. After 24 h, rats received
LY2444296 (0 or 3 mg/kg), and 30 min later they were placed in the swimming cylinder for
5 min. Time spent immobile and latency to show immobility behavior were analyzed.

Quantitative Polymerase Chain Reaction

Procedures were carried out as previously published (Valenza et al. 2016; Valenza et al.
2015). About 30 h after the end of the last self-administration session, cocaine and yoked-
saline rats were briefly anesthetized with carbon dioxide and decapitated. The brain was
rapidly extracted, sliced on an ice-cold brain matrix, and both ventral and dorsal striata were
dissected following a rat brain atlas (Paxinos and Watson 1986). Tissue collected was
immediately frozen in dry ice and stored at =70 C.

All samples from a given brain region were always processed concurrently. Samples were
homogenized in Qiazol solution (Qiagen, Valencia, CA) and the total mRNA extraction was
performed using the miRNeasy Kit (Qiagen). Following RNA isolation, all samples were
treated with the RNAse-free DNAse Set (Qiagen) and quantified with the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). Single-stranded cDNA was
synthesized using the same amount of RNA (1 ug) for each sample of a given brain region,
using the RT2 First Strand Kit (Qiagen), which includes an additional genomic DNA
removal step. Samples were then stored at —70 C until further processing.

cDNA (1 ul) was amplified in a 10-pl solution containing RT2 SYBRGreen ROX qPCR
Master Mix and 0.5 uM of RT2 qPCR Primer Assay for rat Pdyn (Qiagen). Gene sequences
were amplified using a two-temperature protocol, which included an initial step at 10 min at
95 °C to activate the polymerase, followed by 40 denaturation cycles at 95 °C for 15 sec,
annealing and extension at 60 °C for 1 min. Experimental samples were amplified
simultaneously with a standard curve constructed using serial 10-fold dilutions of purified
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fragments (QIAquick PCR purification Kit, Qiagen) of the target gene (Valenza et al. 2016).
Standards and samples of both the target gene and the housekeeping gene of a given brain
region were run in duplicate concurrently in the same plate, in the ABI Prism 7900HT
Sequence Detection System (Applied Biosystem, Carlshad, CA). The copy number of cDNA
of the target and the housekeeping gene was determined by interpolating the threshold cycles
(Ct) of an experimental sample to those in standard curves for the corresponding gene using
the SDS 2.3 software (Applied Biosystem). Gene-specific amplification was determined by
melting curve analysis corresponding to one peak at the expected melting temperature.

Results were analyzed as the ratio between copy numbers of the target gene and the
housekeeping gene, beta-2-microglobulin (B2m). BZ2m was selected as the housekeeping
gene for tissue normalization since it was not affected by Treatment in both brain regions
analyzed (Bustin et al. 2010).

Corticosterone RadiolmmunoAssay

Statistics

Results

Rat blood was collected approximately at the same time of the day in all experiments, 30
min after LY 2444296 (or vehicle) and/or U69,593 (or saline) systemic administration.
Serum was separated by centrifugation for 15 min at 2000 rpm at 4 C. Serum CORT samples
were assayed in duplicate following a Corticosterone 1251-RIA kit protocol (MP
Biomedicals, Solon, OH).

A two-way ANOVA was performed in all data where co-administration of two treatments
occurred (LY2444296 and U69,593; or yoked-saline/cocaine self-administration and
LY2444296) as between-subject factors. A repeated-measures ANOVA was used when a
within-subject factor was present (e.g. conditioning day or self-administration session).
Upon detection of a significant main effect, post-/1oc comparisons were carried out using the
Student Newman-Keuls (SNK) test, while the Dunnett’s test was used to compare data to
one control group. Comparisons between two groups were analyzed by Student’s ftest. p
value < 0.05 was considered statistically significant. Correlation analysis was analyzed as
Pearson’s correlation between the relative gene expression (mean Pdyn copy numbers/mean
B2M copy numbers) and the sum of cocaine intake across 14 operant sessions.

The Statistical software used was Statistica 7.0 (StatSoft. Inc., Tulsa, OK). The graphical
software used was SigmaPlot 12.5 (Systat Software Inc., San Jose, CA).

LY2444296 prevents behavioral and neuroendocrine effects caused by the reference kappa
agonist U69,593 in cocaine naive rats

Systemic administration of 0.32 mg/kg U69,593 induced place aversion (Figure 1A) and
reduced locomotor activity (Figure 1B). Pretreatment with 3 mg/kg LY 2444296, 30 min
before each U69,593 conditioning session, significantly prevented the development of
U69,593-conditioned aversion and blocked the U69,593-induced reduction in motor activity.

Psychopharmacology (Berl). Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Valenza et al.

Page 8

The two-way ANOVA on the conditioned-place aversion data revealed a significant main
effect of U69,593 [A1,20)=9.8, p<0.01], but not LY 2444296 [A1,20)=0.9, NS], and an
interaction between the two drugs [AH1,20)=8.6, p<0.01]. Rats conditioned with LY 2444296
alone did not establish either place aversion or preference.

A two-way repeated measures ANOVA on locomotor activity during the four conditioning
days revealed a significant main effect of U69,593 treatment [ H1,20)=5.05, p<0.05] and an
interaction between U69,593 and LY 2444296 [ A1,20)=5.4, p<0.05]. No effect of the
conditioning day was found [A3,60)=2.5, NS; not shown], nor any interaction between
either of the drugs and conditioning day. Post-/0c comparisons showed that U69,593
decreased rat locomotor activity, and that pretreatment with LY 2444296 significantly
blocked this U69,593-induced effect (Figure 1B). Of note, LY 2444296 given alone did not
alter rat motor activity.

Systemic administration of the KOPr agonist U69,593 induced an elevation in serum CORT
level, measured 30 min after acute injection, compared to vehicle. Pretreatment with

LY 2444296 significantly attenuated the U69,593-induced increase in serum CORT (Figure
1C). A two-way ANOVA revealed a significant main effect of U69,593 [H1,62)=47.7,
p<0.0001], LY2444296 [A3,62)=23.7, p<0.0001] and an interaction between U69,593 and
LY 2444296 [A3,62)=9.0, p<0.0001]. Post-Aoc comparisons showed that pretreatment with
LY2444296 (1 mg/kg or 3 mg/kg) significantly prevented the U69,593-induced increase in
serum CORT. Given alone, LY 2444296 did not significantly affect serum CORT level. A
separate one-way ANOVA on serum CORT data obtained after LY2444296 administration
alone (0, 0.3, 1 and 3 mg/kg LY2444296; without U69,593 injection) revealed a main effect
of Treatment [H3,32)=3.2, p<0.05]. However, post-hoc analysis did not reveal a statistically
significant difference of any LY2444296 dose compared to vehicle.

LY2444296 failed to block the KOPr agonist-induced rise in serum CORT level when
injected 24 h before U69,593 [419)=1.9, NS, not shown], confirming a duration of action
<24 h.

LY2444296 does not alter anxiety-like behaviors in cocaine naive rats, whether group-
housed or individually housed

Cocaine naive rats singly housed during adulthood showed anxiety-like behavior, measured
by shorter time spent in the open arms and longer latency to enter in the open arms of an
EPM than group-housed rats (Figure 2). Acute systemic pretreatment with LY2444296 did
not affect these measures of anxiety-like behavior in either single- or group-housed rats.

A two-way ANOVA on the time spent in the open arms revealed a main effect of the
Housing Condition [A1,48)= 9.9, p<0.003], no effect of the Treatment [ H2,48)=1.0, NS]
and no interaction [A2,48)=0.2, NS]. The two-way ANOVA on data of latency to enter in
the open arms gave similar results [Housing Condition: AH1,48)=21.7, p<0.0001; Treatment:
F(2,48)= 0.7, NS; Housing Condition* Treatment: A2,48)=0.1, NS].
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A two-way ANOVA on data on the number of entries in the closed arms showed a trend in
the Housing Condition [A1,48)=3.7, p=0.08], but no effect of Treatment [ A2,48)=1.0, NS],
and no interaction between the two effects [ A2,48)=0.1, NS].

LY2444296 does not alter depressive-like behavior in cocaine naive rats, whether group-
housed or individually housed

Cocaine naive rats singly housed during adulthood showed depressive-like behavior,
measured by longer time spent immobile in the water and shorter latency to show
immobility in a FST than group-housed rats (Figure 3). Systemic pretreatment with
LY2444296 did not significantly affect these behavioral measures of depressive-like
behavior in cocaine naive rats, either group- or single-housed.

A two-way ANOVA on immobility data revealed a main effect of the Housing Condition
[A(1,54)=24.3, p<0.0001], no effect of the Treatment [ A2,54)=0.3, NS], and a significant
interaction Housing Condition*Treatment [ H2,54)=4.4, p<0.05]. Post-/oc comparisons
showed a significant difference only between vehicle-injected rats in the two housing
condition (p<0.01). Separate one-way ANOVAS revealed a significant main effect of
Treatment in group-housed rats [A2,26)=4.9, p<0.05], and not in single-housed rats
[A2,28)=1.9, NS]. However, post-hoc comparisons did not detect a statistically significant
difference between the three doses in group-housed rats.

Analysis of latency data by two-way ANOVA did not show main effects of Housing
Condition [A1,54)=2.2, NS], Treatment [H2,54)=1.0, NS] or an interaction [H2,54)=2.6,
NS].

Rats exposed to chronic 18 h/day cocaine self-administration progressively escalate intake
and show increased striatal dynorphin expression

Rats trained for 2 h/day for six days acquired the operant behavior and reached a stable
baseline intake of cocaine (percent coefficient of variation over the last 3 days =15%; Figure
4A). Rats progressively escalated cocaine intake over 14 sessions of extended access (18 h/
day) intravenous self-administration (Figure 4B). The repeated measure one-way ANOVA
analysis showed a significant main effect of the Session [A13,273)=3.1, p<0.0005]. Post-
hoc comparison by Dunnett’s test revealed a statistically significant increase in the amounts
of cocaine self-injected from the 6! to the last day compared their first extended access
session. By the 12! session, rats showed a mean 53 % increase of their cocaine intake
compared to their first extended access session. Responses on the inactive lever were
relatively infrequent and did not escalate [ Mean 15'session +SEM=24.3 +10.2;
H13,260)=0.9, NS; not shown].

The level of serum CORT measured 30 h after the last extended access self-administration
session was lower in cocaine rats than in yoked-saline rats [{11)=7.4, p<0.01; Figure 4C].

In the dorsal striatum, cocaine rats showed higher Payn gene expression [{17)=2.5, p<0.03]
than yoked-saline rats (Figure 4D). Moreover, Pdyn mRNA expression was positively
correlated with the total amount (mg/kg) of cocaine self-injected over the 14 operant

Psychopharmacology (Berl). Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 10

sessions (Figure 4E). No statistical difference in Pdyn mRNA was found between cocaine
and yoked-saline rats in the ventral striatum [{17)=0.3, NS; not shown].

Behavioral and neuroendocrine effects of acute LY2444296 administration in rats exposed
to chronic extended access cocaine self-administration

Acute pre-treatment with 3 mg/kg LY 2444296, compared to vehicle, reduced measures of
anxiety-like and depressive-like behaviors, as well as serum CORT concentration, in rats
observed 30 h after their last cocaine self-administration session (Figure 5). Indeed, cocaine-
exposed rats, acutely pre-treated with LY 2444296 before exposure to an EPM, showed
longer time spent in the open arms [{17)=2.7, p<0.05; Figure 5A] and shorter latency to
enter in the open arms [{17)=4.8; p<0.001; Figure 5B] than vehicle-injected rats.

LY 2444296 treatment did not affect motor behavior, as measured by number of entries in the
closed arms, compared to vehicle [{17)=0.1, NS; Figure 5C].

In a separate group of rats exposed to chronic extended access yoked-saline self-
administration, 3 mg/kg LY 2444296 did not show any significant anxiolytic-like effects
compared to vehicle [Time in open: 8)=0.9, NS; Mean vehicle +SEM=7.3 +2.2; Mean LY
+SEM=11.5 +3.7. Latency to open: {8)=1.2, NS; Mean vehicle +SEM=108.9 £55.8; Mean
LY +SEM=193.5 +£42.0; not shown].

Results obtained in the forced swim test (FST), performed 30 h after the last operant session,
revealed that cocaine-exposed rats pre-treated with acute LY2444296 spent less time
immobile in the water [{17)=2.2, p<0.05; Figure 5D] and showed longer latency to
immobility [(17)=3.3, p<0.01; Figure 5E] than vehicle-injected rats. LY2444296 did not
show any significant effects in cocaine naive rats exposed to yoked-saline extended access
self-administration [Immobility: 48)=0.3, NS; Mean vehicle +SEM=29.9 £14.9; Mean LY
+SEM=36.2 +11.7. Latency to immobility: {8)=1.5, NS; Mean vehicle +SEM=24.8 +6.4;
Mean LY +SEM=50.4 +15.6; not shown].

A two-way ANOVA on serum CORT data, performed in a separate group of cocaine
exposed rats and their respective yoked-saline counterparts pretreated with LY 2444296,
showed a significant main effect of LY 2444296 treatment [ A1,12)=7.5, p<0.02]. Post-hoc
tests revealed that cocaine-exposed rats acutely treated with LY 2444296 had lower serum
CORT level than vehicle-treated rats (p<0.05). No statistically significant difference was
found between vehicle- and LY 2444296-treated yoked-saline rats (Figure 5F).

Discussion

The main novel findings presented in this study show that I) acute systemic administration of
the novel, selective, relatively short-acting kappa opioid receptor antagonist LY 2444296
blocks KOPr agonist-induced conditioned place aversion and KOPr agonist-induced release
of corticosterone. LY 2444296 alone does not cause place aversion or preference, locomotor
effects, nor CORT release; I1) rats escalate cocaine intake over 14 days of 18 h/day cocaine
self-administration and show an increased Pdyn gene expression in the dorsal striatum
compared to yoked-saline rats; I11) acute systemic pre-treatment with 3 mg/kg LY 2444296
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reduces anxiety-like and depressive-like behaviors in rats observed 30 h after the last
extended access cocaine self-administration session, but not in cocaine naive rats.

The recent characterization of novel selective KOPr antagonists with a shorter duration of
action than compounds used so far (e.g. norBNI, JDTic) has opened new opportunities for
studies of translational relevance addressing the neurobiology of dynorphin-KOPr signaling.
Our results on the establishment of U69,593-conditioned place aversion are in line with
several previous reports demonstrating that KOPr agonists administration induces dysphoria/
aversion in animal models and humans (Butelman et al. 2012; Chefer et al. 2013; Mucha and
Herz 1985; Pfeiffer et al. 1986a; Todtenkopf et al. 2004) and increases the release of stress
hormones, including cortisol in non-human primates and humans (Adamson et al. 1991;
Magqueda et al. 2016; Marco et al. 2005; Pascoe et al. 2008; Pfeiffer et al. 1986b;
Ranganathan et al. 2012; Ur et al. 1997). Here we demonstrate for the first time, to the best
of our knowledge, that acute pretreatment with LY 2444296 blocks U69,593-induced place
aversion and -reduced locomotor activity. We also show the first available data on the
effectiveness of acute LY2444296 administration in blocking KOPr agonist-induced release
of the stress hormone CORT. LY 2444296 was effective when administered 30 minutes, but
not 24 hours, prior to U69,593, demonstrating that it has a rapid onset and moderate duration
of action (i.e. <24 h), in contrast to most reference KOPr antagonists studied to date. This is
consistent with previous findings showing LY 2444296 in vivo effect to have an onset of 30
min after oral administration in rats, and a duration of action < 24 h in an analgesia test in
mice (Melief et al. 2011; Mitch et al. 2011). Of note, LY 2444296 alone did not cause place
aversion or preference and did not affect locomotor activity or corticosterone levels,
suggesting limited dynorphin/KOPr baseline activity “tone” in neurobiological systems
underlying these endpoints, in cocaine naive rats.

In line with previous findings, cocaine naive single-housed rats exhibited greater anxiety-
like and depressive-like behaviors than group-housed rats (Das et al. 2015; Wallace et al.
2009), however acute LY 2444296 administration (1 or 3 mg/kg) did not ameliorate their
behavior. Previous studies showed a reduced latency to immobility and increased open arm
exploration induced by long-acting KOPr antagonists, in cocaine naive rats (Knoll et al.
2007; Mague et al. 2003; Pliakas et al. 2001). In line with our results, two recent studies
reported that systemic administration of norBNI, but not 3 mg/kg LY 2444296, reduced
anxiety-like and depressive-like behaviors in cocaine naive mice (Huang et al. 2016a; Huang
et al. 2016b). Long-acting KOPr antagonists have complex pharmacokinetics and
pharmacodynamic properties. Their timing of administration affects the selectivity of action,
as well as the interpretation of results (Carlezon and Krystal 2016; Knoll and Carlezon
2010). Therefore, findings obtained through LY 2444296 in vivo administration might not
completely overlap with the ones obtained using norBNI. Of note, differential effects of
KOPr antagonists in specific behavioral assays could be due to different downstream
systems (Melief et al. 2011). These issues further underscore the need for studies on the
neurobiology of dynorphin-KOPr signaling using selective relatively short-acting KOPr
antagonists, like LY2444296. However, we cannot exclude that higher doses of LY 2444296
would have been effective in our experimental condition, although this could also result in a
potential loss of KOPr selectivity (Huang et al. 2016b; Melief et al. 2011).
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Rats exposed to our protocol of chronic 18 h intravenous cocaine self-administration show a
daily intake considerably greater than protocols already published, with peaks of intake
reaching 150-200 mg/kg/session. Quantitative gene expression analysis revealed that rats
exposed to this protocol show higher Pdyn mRNA in the dorsal striatum compared to their
respective cocaine naive yoked-saline rats. Moreover, Pdyn expression in the dorsal striatum
was positively correlated with the total cocaine intake self-injected in the 14 days of
exposure. By contrast, Pdyn mRNA levels in the ventral striatum were unchanged. This is
consistent with findings from our laboratory and others, indicating that striatal Pdyn
systems, dorsal rather than ventral, are changed by prolonged exposure to cocaine self-
administration, potentially modeling a more advanced stage of addiction state (Everitt and
Robbins 2005; Fagergren et al. 2003; Valenza et al. 2016). Previous work also reported that
rats show a depressive-like state after extended access cocaine self-administration,
proportional to the amount of cocaine intake (Markou and Koob 1991).

The present study shows for the first time that acute systemic pretreatment with the 3 mg/kg
dose of the novel selective relatively short-acting KOPr antagonist LY 2444296 exerts
anxiolytic-like and antidepressant-like properties, in rats tested 30 h after the end of chronic
exposure to extended access cocaine self-administration. No significant effect of LY2444296
administration was seen in a separate group of yoked-saline self-administering rats.

The selective effectiveness of LY 2444296 in the EPM and FST in cocaine-exposed rats was
not simply secondary to the individual housing condition (commonly used in self-
administration experiments to prevent catheter disruption), since LY 2444296 did not show
such effects in cocaine naive individually housed rats. Peters et al. (2011) showed that
relatively short-acting KOPr antagonists, including a structural analog of LY 2444296,
displayed anxiolytic-like effects in a model of prenatal stress. Similarly, intracerebral
administration of the long-acting KOPr antagonist norBNI reduced the latency to immobility
in the Forced Swim Test in rats previously exposed to a experimenter-administered “binge”
cocaine protocol, without exerting an effect in “binge” saline rats (Chartoff et al. 2012).
Taken together, these results are consistent with the interpretation that a sustained stressful
or cocaine exposure condition is necessary to activate the dynorphin-KOPr signaling enough
to detect an anxiolytic/antidepressant-like effect of a relatively short-acting KOPr antagonist.

We report here that rats 30 h after the end of chronic extended access cocaine self-
administration, (not exposed to either the EPM or FST), had significantly lower baseline
serum CORT concentration than their respective yoked-saline rats. This is consistent with
previous finding by Mantsch et al. (2007a), who assayed plasma CORT in rats 24 h after the
end of cocaine self-administration (6 h/day for 14 days) and found that cocaine-exposed rats
had a lower baseline, but a higher stress-induced increase in plasma CORT, than yoked-
saline rats (Mantsch et al. 2007a; Mantsch et al. 2007b). Similarly, in the present study, rats
tested 30 h after chronic cocaine self-exposure, given a single /p injection of vehicle, did not
show a lower level of serum CORT than their respective yoked-saline rats (Fig. 5). Of note,
cocaine-exposed rats, pretreated with LY 2444296, showed a significant reduction of serum
CORT compared to vehicle-injected rats. Taken together these data suggest that, in our
condition, cocaine-exposed rats were more sensitive to a brief minor stressor (such as an 7.p.
vehicle injection) when compared to their control yoked-saline rats. The higher serum
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CORT seen in cocaine-exposed rats receiving an acute vehicle-injection could be mediated,
at least in part, by endogenous KOPr activation. As a limitation, these studies had a
relatively low “77”’, due to the time and resources involved. However, hyper-responsiveness of
signaling through the dynorphin/KOPr system after diverse stresses and chronic drug
exposure appears to be a robust finding (Piras et al. 2010; Rose et al. 2016).

Preclinical data suggest a bidirectional interaction between CRF and dynorphin upon stress
(although serum corticosterone level was not directly assayed) (Bruchas et al. 2009; Land et
al. 2008; Valdez et al. 2007). This view is supported also by early studies reporting that
KOPr activation by U50,488 evokes /n vitro CRF release in isolated rat hypothalami
(Buckingham and Cooper 1986). Also, dynorphin peptide is released in rat hypothalamic
slices superfused with increasing doses of CRF (Nikolarakis et al. 1986). Additional studies
are needed to explore the mechanisms through which the endogenous dynorphin-KOPr
system increases CORT release after prolonged stress or cocaine exposure.

In conclusion, the present study shows for the first time that acute systemic administration of
a novel, selective, relatively short-acting KOPr antagonist ameliorates /77 vivo both anxiety-
like and depressant-like behaviors in rats observed after chronic extended access cocaine
self-administration. Thus, LY2444296 is a valuable pharmacological tool to explore the
neurobiology of the dynorphin-KOPr system and the consequences of KOPr blockade, and
also to expand studies of behavioral and neuroendocrine status after chronic cocaine self-
exposure. Future studies may investigate the effectiveness of such novel relatively short-
acting KOPr antagonist in blocking drug taking and seeking in several animal models, with
the long term goal of finding an effective pharmacotherapy for patients with cocaine
addiction.
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Figure 1.

Effect of acute systemic administration of LY2444296 (0, 3 mg/kg 7 p.) on U69,593 (0, 0.32
mg/kg s.c.)-mediated A) conditioned place aversion (7= 6/group), B) mean locomotor
activity over 4 conditioning days (/= 6/group). Panel C shows the effect of acute systemic
administration of LY2444296 (0, 1, 3 mg/kg 7p.) on U69,593 (0, 0.32 mg/Kkg s.c.)-increased
serum corticosterone (/7= 8-10/group). All panels show the Mean £SEM. *** p<0.001, **
p<0.01, * p<0.05 versus vehicle/vehicle group; ### p<0.001, ## p<0.01, # p<0.05 versus
LY2444296 vehicle/U69,593 0.32 mg/kg (SNK test).
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Figure 2.
Effect of acute systemic administration of LY 2444296 (0, 1, 3 mg/kg) on A) time spent in

the open arms, B) latency to the first entrance into an open arm, C) total number of entries in
the closed arms, in cocaine naive group-housed (= 9-10/group; /eft graphs) and single-
housed rats (7= 8/group; right graphs) tested in a 5-min EPM test. All panels show the Mean
+SEM. *** p<0.001, ** p<0.01 versus group-housed rats (ANOVA).
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Figure 3.
Effect of acute systemic administration of LY2444296 (0, 1, 3 mg/kg) on A)

immobility

behavior, B) latency to show immobility, in cocaine naive group-housed (/7= 9-10/group; /eft

graphs) and single-housed rats (/= 8-12/group; right graphs) tested in a 5-mi

n FST. All

panels show the Mean £SEM. *** p<0.01 versus group-housed rats (ANOVA), ## p<0.01

versus vehicle group-housed rats (SNK test).
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Figure 4.

Panel A and B show the cocaine intake of adult male Sprague Dawley rats (/7= 22) during
(A) the training and (B) the chronic (14 sessions) extended access (18 h/day) intravenous
self-administration exposure. *** p<0.001, ** p<0.01, * p<0.05 versusthe first session
(Dunnett’s test). Panel C and Panel D show respectively the serum CORT concentration and
the Pdyn gene expression of a separate cohort of rats exposed to chronic extended access
cocaine self-administration (18 h/day for 14 days), and of their respective yoked-saline rats
(rm=6-8/group) sacrificed 30 h after their last operant session. * p<0.05 (Student’s ¢test).
Panel E shows the Pearson’s correlation result between the Pdyn gene expression and the
total cocaine intake that rats self-administered over 14 days. All panels show the Mean
+SEM.
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Figure5.

Panels A to E show the effect of acute systemic administration of LY2444296 (0, 3 mg/kg)
on A) the time spent in the open arms, B) the latency to the first entrance in an open arm and
C) the total number of entries in the closed arms in an 5-min EPM test, as well as D) the
immobility, E) the latency to show immobility in a 5-min FST, performed in rats tested 30 h
after their last extended access cocaine self-administration session (/7= 9-11/group). All
panels show the Mean +SEM. *** p< 0.001, ** p< 0.01, * p< 0.05 versus vehicle-injected
cocaine rats (Student’s ¢ftest). Panel F shows the Mean +SEM of serum corticosterone
concentration measured in rats pre-treated with acute systemic administration of LY 2444296
(0, 3 mg/kg; = 4/group) 30 h after their last extended access cocaine self-administration
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session, with no exposure to FST or EPM. # p<0.05 versus vehicle-injected cocaine exposed
rats (LSD test).
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