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Abstract
Rationale Kappa-opioid receptor (KOPr) agonists have
pre-clinical anti-cocaine and analgesic effects. However, side
effects including sedation, dysphoria, aversion, anxiety and
depression limit their therapeutic development. The unique
structure of salvinorin A has been used to develop longer
acting KOPr agonists.
Objectives We evaluate two novel C-2 analogues of
salvinorin A, ethoxymethyl ether Sal B (EOM Sal B) and
β-tetrahydropyran Sal B (β-THP Sal B) alongside U50,488
for their ability to modulate cocaine-induced behaviours and
side effects, pre-clinically.
Methods Anti-cocaine properties of EOM Sal B were evalu-
ated using the reinstatement model of drug seeking in
self-administering rats. EOM Sal B and β-THP Sal B were
evaluated for effects on cocaine-induced hyperactivity, spon-
taneous locomotor activity and sucrose self-administration.
EOM Sal B and β-THP Sal B were evaluated for aversive,
anxiogenic and depressive-like effects using conditioned
place aversion (CPA), elevated plus maze (EPM) and forced
swim tests (FSTs), respectively.
Results EOM Sal B (0.1, 0.3 mg/kg, intraperitoneally (i.p.))
dose dependently attenuated drug seeking, and EOM Sal B
(0.1 mg/kg, i.p.) and β-THP Sal B (1 mg/kg, i.p.) attenuated
cocaine-induced hyperactivity. No effects on locomotor

activity, open arm times (EPM) or swimming behaviours
(FST) were seen with EOM (0.1 or 0.3 mg/kg, i.p.) or
β-THP Sal B (1 or 2 mg/kg, i.p.). However, β-THP Sal B
decreased time spent in the drug-paired chamber.
Conclusion EOMSal B is more potent than Sal A andβ-THP
Sal B in reducing drug-seeking behaviour with fewer side
effects. EOM Sal B showed no effects on sucrose
self-administration (0.1 mg/kg), locomotor, depressive-like,
aversive-like or anxiolytic effects.
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Introduction

Kappa-opioid receptor (KOPr) agonists have well-established
anti-reward and cocaine antagonistic actions in pre-clinical
models of drug use (Glick et al. 1998; Morani et al. 2009;
Morani et al. 2012; Schenk et al. 1999). These effects have
been attributed to their ability to decrease dopamine (DA)
release (Ebner et al. 2010) and increase DA reuptake via reg-
ulation of the dopamine transporter (DAT) (Kivell et al. 2014).
Unfortunately, activation of KOPrs by traditional
arylacetamide agonists such as U50,488 and U69,593 also
causes side effects that include sedation (Gallantine and
Meert 2008), aversion (Land et al. 2009), anxiety (Gillett
et al. 2013) and depression (Mague et al. 2003), effects that
have limited their use clinically (Walsh et al. 2001a,b).

Salvinorin A (Sal A) is a structurally unique KOPr agonist
with a non-nitrogenous structure (Prisinzano 2005; Roth et al.
2002), isolated from the plant Salvia divinorum and is known
to produce hallucinogenic effects in humans (MacLean et al.
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2013). Sal A, like traditional KOPr agonists, has been shown
to have anti-cocaine actions in pre-clinical models of drug
abuse (Kivell et al. 2013; Morani et al. 2009). Sal A is a full
agonist at the KOPr, with similar binding affinity and efficacy
as U69,593 and U50,488 (Chavkin et al. 2004). Sal A does not
display bias (White et al. 2015) and acts via both G-protein
and β-arrestin pathways, similar to U69,593 and U50,488.
Interestingly, Sal A has been found to produce fewer
depressive-like and sedative side effects compared to classic
agonists (Braida et al. 2009, 2008; Harden et al. 2012; Morani
et al. 2009, 2012). However, the short half-life of Sal A in vivo
(approximately 50 min) (Butelman et al. 2009; Hooker et al.
2008; Schmidt et al. 2005; Teksin et al. 2009), likely due to
clearance from the CNS by P-glycoprotein (Butelman et al.
2012) and rapid metabolism at the C-2 position to an inactive
metabolite, salvinorin B (Beguin et al. 2005; Chavkin et al.
2004), has limited its clinical development. This has led to the
development of Sal A derivatives with increased metabolic
stability and the hypothesis that analogues of Sal A with im-
proved pharmacokinetic properties and fewer side effects will
lead to the development of KOPr therapeutics for drug abuse,
pain, pruritus and other neurological disorders.

Numerous analogues of Sal A have been synthesised in
recent years. Derivatives synthesised by modifying the C-2
group include β-tetrahydropyran Sal B (β-THP Sal B)
(Prevatt-Smith et al. 2011), Mesyl Sal B (Harding et al.
2005), 2-methoxymethyl ether salvinorin B (MOM Sal B)
(Baker et al. 2009; Morani et al. 2013; Wang et al. 2008)
and 2-ethoxymethyl ether Sal B (EOM Sal B) (Peet and
Baker 2011; Prevatt-Smith et al. 2011) (see Cunningham
et al. (2011) for a review of structural modifications). The
improved in vivo stability of these analogues, in comparison
to Sal A, has been attributed to the lack of a hydrolysable ester
at the C-2 position (Wang et al. 2008). MOM Sal B was found
to be sevenfold more potent than Sal A (Lee et al. 2005) and
had a longer half-life in vivo (Baker et al. 2009; Wang et al.
2008). Studies have shown that MOM Sal B (0.3 mg/kg) was
effective in reducing cocaine-seeking behaviours in rats.
However, MOM Sal B, at the same doses that were effective
in attenuation of cocaine-seeking behaviours, exhibited side
effects that included attenuation of natural reward in sucrose
intake tests and pro-depressive effects in the forced swim test
(FST) (Morani et al. 2013). These KOPr-mediated side effects
currently limit therapeutic development.

In the present study, we chose to compare the C-2 ana-
logues, EOM Sal B and β-THP Sal B. EOM Sal B was se-
lected as it has been found to be 60 times more potent at KOPr
than Sal A (ED50 in GTP-γ-S assays EOM Sal B = 0.65 nM;
Sal A = 40 nM) (Munro et al. 2008) and displays improved
metabolic stability in vivo, likely due to a combination of
improved metabolic stability and decreased plasma protein
affinity, although pharmacokinetics in the brain was found to
be similar to Sal A (Hooker et al. 2009). β-THP Sal B

(Prevatt-Smith et al. 2011) is a full agonist at KOPr with sim-
ilar KOPr binding affinity and efficacy compared to Sal A.
β-THP Sal B (1 mg/kg) has also been shown to attenuate
cocaine-induced and cue-induced reinstatement of drug seek-
ing in a similar manner to Sal A (0.3 mg/kg) in rats, although
at a higher dose (Prevatt-Smith et al. 2011). The side effects of
β-THP Sal B and EOM Sal B compounds have not been fully
evaluated.

Therefore, the purpose of the present study was to investi-
gate the anti-cocaine effects and side effect profile of both
EOM Sal B and β-THP Sal B to fully evaluate their therapeu-
tic utility. We utilised the analgesic properties of KOPr ago-
nists to evaluate the potency and efficacy dose-response
in vivo. We chose to evaluate the anti-cocaine effects of
EOM Sal B using the cocaine and cue prime-induced rein-
statement test in rats to model human drug relapse (Bossert
et al. 2013) and compare the effects of EOM Sal B andβ-THP
Sal B in cocaine hyperactivity tests. Because KOPr agonists
are known to have sedative, aversive, anxiogenic and
pro-depressive side effects, we also examined the effects of
EOM Sal B and β-THP Sal B on sucrose responding, aver-
sion, anxiety and depression. Pre-clinical evaluation of both
the desirable anti-cocaine effects and side effects is a crucial
step in the development of clinically effective anti-addiction
therapeutics in addition to the development of non-addictive
analgesics and effective treatments for pruritus.

Materials and methods

Subjects

Male Sprague-Dawley rats (Rattus norvegicus) weighing
250–400 g were housed individually (self-administration
studies), two per cage (sucrose reinforcement) or three to four
per cage (depending on size for all other behavioural experi-
ments) (N = 382). Adult male C57bl/6J mice (N = 24)
weighing 25–35 g were used to evaluate analgesic
dose-response effects in the warm-water tail-withdrawal as-
say. Animals were housed within the animal facility of the
School of Biological Sciences, Victoria University of
Wellington, within temperature (19–21 °C) and humidity
(55%) controlled rooms with lights set to a 12-h light/12-h
dark cycle with lights on at 07:00 h. Rats tested for sucrose
reinforcement were maintained at 85% of their initial feeding
weight by food restriction. Food and water were available ad
libitum to all other animals except during testing. Motor ac-
tivity experiments were carried out in the dark between 09:00
and 17:00 h in the presence of white noise. Separate groups of
rats were used for each experimental test and drug dose, ex-
cept in cocaine and sucrose self-administration tests where
within-subject Latin square design was utilised, as indicated
in relevant methods section. All experimental procedures were
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reviewed and approved by the Animal Ethics Committee of
Victoria University of Wellington, New Zealand.

Analgesic dose-response effects

Analgesic effects in the 50 °C warm-water tail-withdrawal
assay were evaluated in male C57bl/6J mice using a 10-s
cut-off time to prevent tissue injury. Mice were habituated to
a plexiglass restrainer in four daily 5-min trials. A within an-
imal design was used to reduce animal numbers, as previously
described (Bohn et al. 2000). Briefly, following baseline la-
tency calculations, mice were given subcutaneously (s.c.) in-
jections every 30min at increasing concentrations to create the
following cumulative doses: 0.1, 0.3, 0.6, 1.0, 2.5, 5.0, 7.5, 10
and 12.5 mg/kg for EOM Sal B and Sal A and 0.5, 1.0, 2.5, 5,
7.5, 10, 20, 30 and 40 mg/kg for U50,488 and tail-withdrawal
latencies recorded 30 min following each dose (N = 6–9 per
treatment group). The following formula was used to calculate
the maximum possible effect (MPE): MPE (%) = 100 × (test
latency − control latency / (10 − mean control latency).
U50,488 is a selective, non-peptide, full agonist at KOPr, with
similar binding affinity and potency to Sal A and used as a
control, alongside Sal A to evaluate typical KOPr-mediated
responses.

Metabolic stability in liver microsomes

Incubations were carried out in 96-well plates with a total
volume of 250 μl per well. The reaction mixtures were in a
50 mM potassium phosphate-buffered solution with 2 mM
MgCl2 and buffered to pH 7.4. Rat liver microsome solution,
220 μl (protein suspended in buffered system for final con-
centration of 0.25 mg/ml), was added to all wells (N = 4 per
group, performed in duplicate). The assay plate was
pre-warmed to 37 °C in an incubator (no CO2 injection or
humidity) for 20 min, except for the 0 time point which was
performed on ice. To begin the assay, 20 μl of test compound
(5 mM stock solution inMeCN (HPLC grade) diluted in assay
buffer to 125 μM, for final compound concentration of 10 μM
and less than 1% MeCN in well) and 10 μl of NADPH in
buffer (final concentration of 1 mM) were added to the wells.
At the end of each time point (0, 10, 30, 60, 90, 120 and
150 min), 150 μl of reaction mix was removed and mixed in
a separate 96-well plate containing 150 μl of quench solution
per well (1 μM tolbutamide in MeCN with 1% formic acid).
The quench plate was stored on ice until the end of the assay.
For the test samples without NADPH, the same procedure as
above was conducted with the addition of 10 μl buffer instead
of the NADPH solution, and time points were collected at 0,
30, 90 and 150 min. At the end of all time points, the plate was
centrifuged at 1500 rpm for 10 min to precipitate any protein
remaining in the solution. The amount of compound remain-
ing was quantified using LCMS. The plate wells were

analysed using liquid chromatography-high-resolution mass
spectrometry on a Waters Acquity UPLC coupled to a
Waters LCT Premier TOFmass spectrometer. The chromatog-
raphy utilised a Waters Acquity HSS T3 C18 column
(2.1 × 50 mm, 1.8 μm) with a guard column of the same
stationary phase (2.1 × 5 mm, 1.8 μm) and was run with
gradient elution, using water and acetonitrile with 0.1%
formic acid, from 40 to 80% acetonitrile over 3.4 min and held
at 80% acetonitrile for 0.4 min. The flow rate was 0.25 ml/
min, and the injection volume was 15 μl. Each well was sam-
pled twice.

Verapamil and dextromethorphan were included as con-
trols in the stability assays. Both compounds are known sub-
strates for CYP-450s, and both were significantly metabolised
in the presence of NADPH (8.5 ± 0.9 and 26 ± 5% remaining
at 150 min, respectively) compared to in the absence of
NADPH (101 ± 7 and 110 ± 5% remaining at 150 min, re-
spectively), p < 0.0001 for both sets of data.

Surgery and self-administration training

Rats that underwent cocaine self-administration were
anaesthetised via intraperitoneal (i.p.) injection with
ketamine/xylazine (90/9 mg/kg), and a silastic catheter
inserted into the right jugular vein. The distal end of the cath-
eter was passed s.c. to an exposed portion of the skull, at-
tached to a 22-gauge stainless steel tubing and fastened to
embedded jeweller’s screws using dental acrylic. Rats re-
ceived carprofen (5 mg/kg, s.c.) and 6 ml of warm sodium
lactate on each flank (s.c.) post-surgery. Carprofen was also
given at 24 and 48 h post-surgery for analgesia. All catheters
were infused daily with 0.2 ml of sterile saline containing
heparin (30 U/ml) and penicillin G potassium (250,000 U/
ml) to prevent clot formation and infection. Self-
administration training commenced 5 days post-surgery.

Rats were trained to self-administer cocaine (0.1 ml of
0.5 mg/kg cocaine, per infusion, with a 12-s infusion duration)
in standard operant chambers equipped with two levers (Med
Associates ENV-001, VT, USA) during daily 2-h sessions,
6 days per week as previously described (N = 5)
(Prevatt-Smith et al. 2011; Simonson et al. 2015). Briefly,
following acquisition and training to fixed ratio 5 (FR5), rats
were tested for cocaine-produced and cue-produced reinstate-
ment. Criterion for stable responding on FR5 was set at a
minimum of 20 infusions in a 2-h self-administration session
over three consecutive days with less than 20% variation.
Animals that did not have a ratio of active/inactive lever
presses of at least 2:1 were excluded. Phase 1 consisted of
cocaine self-administration on FR5. Rats progressed to phase
2 when responses were within 20% of baseline responses for
three consecutive days. In phase 2 (extinction), the light cue
was removed and the cocaine replaced with heparinised saline
(3 U/ml). Rats remained on this schedule until lever responses
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dropped below 20 active lever responses in a single session
(3–4 days). Upon reaching extinction criteria, rats were
subjected to reinstatement (phase 3), where they were
injected with either vehicle or EOM Sal B (0.1, 0.3 mg/kg,
i.p.) prior to a priming injection of cocaine (20 mg/kg, i.p.).
Rats were returned to the operant chamber, and the light cue
restored. Infusions were delivered using mechanical pumps
(Razel Scientific, Model A with 1.0 rpm motor equipped
with 20-ml syringe, VT, USA; 0.1 ml infusion delivered over
12 s), and active lever responses throughout the session were
recorded. Some rats were pre-treated with the KOPr antago-
nist, nor-binaltorphimine (nor-BNI, 10 mg/kg, s.c.) 24 h prior
to reinstatement testing described above with EOM Sal B
(0.3 mg/kg, i.p.) followed by cocaine prime to confirm that
effects were KOPr mediated (N = 3). All treatments were
administered using a within-subject, Latin square design ex-
cept for nor-BNI, which was administered last due to its
long-lasting effects (Endoh et al. 1992; Horan et al. 1992).
Some animals did not receive nor-BNI due to loss of catheter
patency.

Locomotor activity

For all motor activity tests, rats were habituated in activity
chambers for 30 min prior to testing. For spontaneous loco-
motor activity tests, rats were then injected with either EOM
Sal B (0.1 or 0.3 mg/kg i.p.), β-THP Sal B (1.0 or 2.0 mg/kg,
i.p.) or vehicle and returned to the activity chambers for
60 min (N = 6–9). Motor activity was assessed by measuring
horizontal locomotion for 60 min using open field chambers
equippedwith 16 infrared beams and sensors placed evenly on
each wall (Med Associates ENV-520). Breaks in infrared
beams were recorded by the Med Associates Activity
Monitor software (Med Associates, SOF-811) as ambulatory
counts.

In the cocaine-induced hyperactivity test, groups of rats
were habituated for 30 min, injected with either EOM Sal B
(0.1 mg/kg, i.p.), β-THP Sal B (1.0 mg/kg, i.p.) or vehicle
prior to an injection of cocaine (20 mg/kg, i.p.) (N = 5–9).
They were returned immediately into the activity chambers
for 60 min.

Sucrose self-administration

Rats were trained to self-administer 45 mg sucrose pellets
(Dustless Precision Pellet, Able Scientific, Perth, Australia)
in daily 45-min sessions. Rats were initially trained on a
FR1 schedule of reinforcement, where active lever presses
produced a sucrose pellet and responses on the inactive lever
produced no programmed consequences. Following acquisi-
tion of the self-administration behaviour (at least 20 pellets in
a session with an active/inactive lever ratio of >2:1), rats
progressed to FR5. After stable responding was achieved

(<20% variation in responding for three consecutive days),
rats were injected with either vehicle or KOPr agonists
(U50,488, Sal A, EOM Sal B or β-THP Sal B (i.p.)) prior to
self-administration and responses recorded for 45 min. All
treatments were administered in a counterbalanced manner
(N = 7).

Conditioned place aversion

Conditioned place aversion (CPA) was evaluated using a
three-chamber apparatus (PanLab, Harvard Apparatus,
USA). Two large chambers (30 × 30 × 34 cm) were connected
by a small corridor (8 × 10 × 34 cm) with removable sliding
doors. One of the large chambers had a textured black floor
with black dotted patterns on its walls (black chamber), and
the other had a smooth white floor with black striped patterns
on its walls (white chamber). The corridor was a neutral zone
with grey walls and floor and illuminated at an intensity of
70 lx. The average light intensity in both conditioning cham-
bers was 20 lx. Experiments were conducted in the presence
of white noise.

The CPA procedure took place over 9 days, following pre-
viously described methods (Tejeda et al. 2013). On day 0, rats
were habituated to the CPA apparatus for 15 min. On day 1
(pre-conditioning day), rats were again allowed free access to
all chambers for 15 min. All activities were tracked using
SMART 3.0 software (PanLab). Animals that showed >80%
preference for a particular chamber or >40% preference for the
corridor were excluded from testing. Conditioning was con-
ducted on days 2–7 using a biased procedure. Injection of
EOM Sal B (0.1 mg/kg), β-THP Sal B (1.0 mg/kg) or vehicle
was followed by confinement in the preferred chamber with
vehicle injections in the less preferred chamber on alternate
days in a counterbalanced order for 45 min (N = 7–11).
Post-conditioning tests were carried out on day 8. Rats were
placed in the corridor and allowed free access to both cham-
bers for 15 min. Time spent in each chamber on pre-
conditioning and post-conditioning days were compared to
determine changes in preference.

Elevated plus maze

The elevated plus maze (EPM) apparatus consisted of four
arms (50 cm long × 10 cm wide) elevated 55 cm above the
ground. Two of the arms included a small parapet measuring
2.5 cm in height surrounding them (open arms), and the other
two arms were enclosed by high 40-cm black walls (closed
arms). Rats were habituated to conditions in the testing room
60 min prior to the study, administered Sal A (0.3 mg/kg),
EOM Sal B (0.1 or 0.3 mg/kg), β-THP Sal B (1.0 or
2.0 mg/kg) or vehicle 10 min prior to placement in the centre
of the apparatus facing an open arm (N = 12–29). Open arm
time was calculated when rats had all four paws on the open

Psychopharmacology



arm (Walf and Frye 2007). Activity was recorded for 5 min
using a Sony HDR-SR5E digital camera recorder. Time spent
on each arm was calculated by an observer blinded to exper-
imental treatment.

Forced swim tests

FSTs were conducted according to methods described in
Slattery and Cryan (2012), using a cylindrical swim chamber
measuring 44 cm in height and 20 cm in diameter filled with
water (maintained at a temperature of 25 ± 1 °C) to a depth of
35 cm. Rats were habituated to conditions in the experimental
room 60 min prior to testing (N = 6–8). On day 1, drug-naïve
rats were habituated to forced swimming conditions for
15 min. The following day, rats were injected with EOM Sal
B (0.1 or 0.3 mg/kg) or β-THP Sal B (1.0 or 2.0 mg/kg) or
vehicle before a 5-min testing session. All test sessions were
recorded using a Sony HDR-SR5E digital camera recorder.
Test videos were analysed in 5-s intervals by an observer
blinded to experimental treatments.

Drugs

Sal Awas isolated and purified from dried S divinorum leaves
(>98% pure by HPLC) (Butelman et al. 2007), and EOM Sal
B and β-THP Sal B were synthesised from Sal A as previous-
ly described (Prevatt-Smith et al. 2011). For reinstatement and
FST tests, EOM Sal B and β-THP Sal B were dissolved in
75% dimethyl sulfoxide (DMSO). For all other behavioural
tests, EOMSal B andβ-THP Sal B and the prototypical KOPr
agonist U50,488 (Sigma-Aldrich, Auckland, New Zealand)
were dissolved in DMSO/Tween-80/water (Milli-Q) in a ratio
of 2:1:7. U50,488, Sal A, EOM Sal B and β-THP Sal B were
administered via i.p. injection 5–10 min prior to testing as
indicated for each experiment. Cocaine HCl (BDH Ltd.,
Wellington, NZ) was dissolved in sterile heparinised saline
(3.0 U/ml) for intravenous (i.v.) infusions and in physiological
saline for i.p. injections. nor-BNI was dissolved in physiolog-
ical saline and injected s.c. at a volume of 1 ml/kg 24 h prior to
testing. The prototypical KOPr agonist U50,488
(Sigma-Aldrich, Auckland, New Zealand) is a full agonist at
KOPr used as a comparison alongside Sal A to evaluate typ-
ical KOPr-mediated responses. Micrososomal stability assays
utilised pooled IGS Sprague-Dawley rat liver microsomes
(male, 20 mg/ml) (Sekisui XenoTech, LLC, Kansas City,
KS), nicotinamide adenine dinucleotide phosphate
tetrasodium salt hydrate (reduced form, NADPH, Fisher
Scientific), tolbutamide, dextromethorphan hydrobomide,
(±)-verapamil hydrochloride (Sigma-Aldrich, St. Louis, MO)
and MeCN (HPLC grade, Fisher Scientific). Unless otherwise
stated, all drug weights refer to the salt. Table 1 shows the
vehicle and injection administration route of drugs and time
interval utilised for each behavioural experiment.

Statistical analyses

All statistical analyses were performed using GraphPad Prism
software version 7 unless otherwise indicated (GraphPad, La
Jolla, CA). For the dose-response experiment, non-linear re-
gression analysis was performed on each individual
dose-response curve to calculate the potency (ED50) and the
efficacy (Emax), with data normalised to U50,488
(Emax = 100%), a full KOR agonist. A p value of ≤0.05 was
used to define statistical significance. For micrososomal sta-
bility assays, the ratio between the target area peak to internal
standard peak was used throughout the data to normalise the
amount of sample in each well. This ratio at time 0 was set to
100%, and the amount of sample present at the rest of the time
points was analysed as percent remaining. The ln of the %
remaining was taken, and data were analysed using linear
regression analysis in GraphPad Prism 5.0 software
(GraphPad, La Jolla, CA). The linear equation generated in
GraphPad was solved for y = 150, and the inverse ln of this
value was taken to give the % remaining at 150 min. Statistical
analysis of the % remaining at 150 min was performed using a
two-tailed, unpaired t test. All compounds were run in parallel
assays in duplicate in >2 individual experiments. Percent re-
maining values are reported as the means ± SEM and repre-
sent the average of each individual experiment.

Data for cocaine-primed reinstatement and sucrose rein-
forcement tests were analysed using one-way ANOVA with
repeated measures. Paired comparisons using Student’s t tests
with an applied Bonferroni correction was then used to com-
pare the effects of the treatment to controls. For motor activity
tests, repeated measures one-way ANOVAwas used to eval-
uate time course effects, and one-way ANOVA was used to
compare total ambulatory counts, with a post hoc of planned
comparisons with the Bonferroni correction used where appli-
cable. EPM data was analysed using one-way ANOVA
followed by Bonferroni, planned comparisons between treat-
ment and vehicle controls. Student’s t test was performed on
FST data, whereas a paired Student’s t test was used to analyse
the pre-conditioning and post-conditioning time in CPA ex-
periments. Unless otherwise stated, all values are presented as
mean ± SEM. Data were considered statistically significant
when p ≤ 0.05.

Results

Pharmacology

EOM Sal B and β-THP Sal B are neoclerodane diterpenes
derived from Sal A. EOM Sal B has an ethoxymethyl ether
and β-THP Sal B a tetrahydropyran modification at the C-2
position (Fig. 1). Previous in vitro studies have shown that
both are full KOPr agonists (Table 2), with EOM Sal B having
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increased binding at KOPr and increased efficacy in
[35S]GTP-γ-S assays in CHO cells stably expressing KOPr
(Ki = 3.1 ± 0.4 nM; EC50 = 0.65 ± 0.17) compared to β-THP
Sal B (Ki = 6.2 ± 0.4 nm; EC50 = 60 ± 6) and Sal A
(Ki = 7.4 ± 0.7; EC50 = 40 ± 10) (Prevatt-Smith et al. 2011).
Preliminary experiments using the hot water tail-withdrawal
assay were performed to determine optimal pre-treatment
times for each compound with an onset of action for both
compounds of around 5 min (data not shown). To explore
the potency of EOM Sal B in vivo , we assessed
tail-withdrawal latencies following cumulative dosing and
show tha t EOM Sal B has the highes t potency
(ED50 = 0.8336, 95% CI [0.6606 to 1.168]). Both EOM Sal

B and Sal A (ED50 = 1.433, 95% CI [0.9581 to 3.055]) have
increased potency compared to U50,488 (ED50 = 5.008, 95%
CI [4.103, 6.408]). EOM Sal B (Emax = 87 ± 10%) and Sal A
(Emax = 87 ± 3%) show similar efficacy to U50,488
(Emax = 100 ± 12%) (Fig. 2). β-THP Sal B (EC50, 1.4 mg/
kg) has been evaluated previously in this assay with increased
potency compared to Sal A (EC50 = 2.1 mg/kg; Emax

107 ± 7%) in male B6-SJL mice (Paton et al. 2017).
The metabolic stability of EOM Sal B and β-THP Sal B in

rat liver microsome assays was compared to Sal A. EOM Sal
B showed a significant increase in metabolism compared to
salvinorin A in the presence of NADPH indicating that the
CYP450-mediated oxidative potentials are increased

Fig. 1 Chemical structures of Sal
A, EOM Sal B and β-THP Sal B

Table 1 Summary of drug administration routes used in behavioural tests

Test type Drug Vehicle Injection route Injection to test
interval (min)

Test duration
(min)

Tail-withdrawal (mice) EOM Sal B DMSO/Tween-80/water 2:1:7 s.c. 30 0.167 (10 s)

Sal A DMSO/Tween-80/water 2:1:7 s.c. 30 0.167 (10 s)

U50,488 DMSO/Tween-80/water 2:1:7 s.c. 30 0.167 (10 s)

Cocaine prime reinstatement EOM Sal B 75% DMSO i.p. 0 120

Sal A 75% DMSO i.p. 0 120

nor-BNI Saline (0.9%) s.c. 24 -

Spontaneous locomotor activity EOM Sal B 75% DMSO i.p. 0 60

β-THP Sal B 75% DMSO i.p. 0 60

Cocaine-induced hyperactivity EOM Sal B 75% DMSO i.p. 0 60

β-THP Sal B 75% DMSO i.p. 0 60

nor-BNI Saline (0.9%) s.c. 24 –

Sucrose self-administration EOM Sal B DMSO/Tween-80/water 2:1:7 i.p. 0 45

β-THP Sal B DMSO/Tween-80/water 2:1:7 i.p. 0 45

Sal A DMSO/Tween-80/water 2:1:7 i.p. 0 45

U50,488 DMSO/Tween-80/water 2:1:7 i.p. 0 45

Conditioned place aversion EOM Sal B DMSO/Tween-80/water 2:1:7 i.p. 0 45

β-THP Sal B DMSO/Tween-80/water 2:1:7 i.p. 0 45

Elevated plus maze EOM Sal B DMSO/Tween-80/water 2:1:7 i.p. 5–10 5

β-THP Sal B DMSO/Tween-80/water 2:1:7 i.p. 5–10 5

Sal A DMSO/Tween-80/water 2:1:7 i.p. 5–10 5

Forced swim test EOM Sal B DMSO/Tween-80/water 2:1:7 i.p. 5–10 5

β-THP Sal B DMSO/Tween-80/water 2:1:7 i.p. 5–10 5

Test interval is the time between injection and start of test, with 0 denoting immediate testing. Tests of short duration of action require an interval prior to
testing

DMSO dimethyl sulfoxide, i.p. intraperitoneal, s.c. subcutaneous
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(t(8) = 3.365, p = 0.0099). There was also a non-significant
trend towards and increase with β-THP-Sal B (t(8) = 2.116,
p = 0.067). However, other metabolic liabilities have been
improved. Sal A is highly metabolised without the CYP450
cofactor NADPH (50 ± 10% remaining at 150 min), in con-
trast to both EOM Sal B and β-THP Sal B analogues which
are not readily metabolised in the absence of NADPH (105 ± 6
and 104 ± 8% remaining at 150 min, respectively) (Fig. 3).

Attenuation of cocaine prime-induced reinstatement

EOM Sal B significantly attenuated cocaine-primed drug-
seeking responses on the previously active lever in a dose-
dependent manner (Fig. 4) with a significant effect of treat-
ment [F(3, 12) = 7.382, p = 0.0046]. Priming injections of
cocaine produced robust reinstatement (350 ± 77 active lever
presses), which was attenuated by pre-treatment with EOM
Sal B (150 ± 53 and 43 ± 11 for EOM Sal B 0.1 and
0.3 mg/kg, respectively (values expressed as mean ± SEM)).
Sal A (0.3 mg/kg) also attenuated reinstatement of drug-
seeking behaviour (151 ± 104 active lever presses), consistent
with our previously published work (p < 0.05) (Morani et al.
2009). Pre-treatment of rats with the selective KOPr antago-
nist nor-BNI (10 mg/kg, s.c.) prevented attenuation in drug-

Table 2 Pharmacology of Sal A
and its C-2 analogues at KOPr Sal A U50,488 Sal A EOM Sal B β-THP Sal B

Potency at KOPr, EC50 (nM) 40 ± 10d,e,f 0.65 ± 0.17e 60 ± 6e

30c,g 23c,g

Binding affinity at KOPr, Ki (nM) 7.4 ± 0.7d,e

1.9 ± 0.2a,f 3.13 ± 0.40e 6.21 ± 0.40e

0.42 ± 0.22b,g 0.28 ± 0.22b,g

Binding efficiency at KOPr, Emax (%) 120 ± 2d,e,f 127 ± 5e 109 ± 3e

101 ± 4.2c,g 101 ± 2.9c,g

EC50 and Emax values obtained using the [
35 S]GTP-γ-S functional assay in Chinese hamster ovary (CHO) cells

stably expressing human KOPr; Ki values were obtained using [3 H]U69,593 as a radioligand. EC50 = effective
dose that produces 50% of themaximal response,Emax =% at which compound stimulates [35 S]GTP-γ-S binding
compared to U50,488 (500 nM). Values presented as mean ± SD
aKi values were obtained using using [125 I]IOXYas radioligand
b Binding affinity using [3H]U69,593 as a radioligand in HEK cells stably expressing KOPr
c Neuro 2A cells stably expressing human KOPr evaluated in [35 S]GTP-γ-S assay
d Lozama et al. (2011)
e Prevatt-Smith et al. (2011)
f Harding et al. (2005)
g DiMattio et al. (2015)

Fig. 2 Dose-response effects in the warm-water tail-withdrawal assay in
mice. Non-linear regression analysis of tail-withdrawal latencies
following cumulative dosing of EOM Sal B, Sal A or U50,488. Values
presented as mean ± SEM (N = 6–9)

Fig. 3 Metabolic stability of EOM Sal B and β-THP Sal B in liver
microsomes in vitro. Compounds (10 μM) were incubated in rat liver
microsomes in either the presence (stripes) or absence (no shading) of
NADPH and quantified via LCMS over time. Data is presented as percent
remaining at 150 min. **p < 0.005, drug compared to Sal A in the
absence of NADPH. Two-tailed, unpaired t test (N = 4)
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seeking behaviour seen with EOM Sal B (0.3 mg/kg,
p < 0.01).

Effects of EOM Sal B and β-THP Sal B on locomotor
activity

Time course analysis of spontaneous locomotor activity re-
vealed no significant interaction between time and EOM Sal
B (0.1 mg/kg, i.p.) [F(17, 170) = 0.60, p = 0.8896] (Fig. 5a) or
EOM Sal B (0.3 mg/kg, i.p.) [F(12, 180) = 0.49, p = 0.8162]
(Fig. 5b). Similarly, β-THP Sal B at both 1 mg/kg [F(17,
238) = 0.98, p = 0.4788] (Fig. 5e) and 2 mg/kg [F(11,
154) = 1.129, p = 0.3421] (Fig. 5f) showed no significant
changes in locomotor behaviours. In addition, neither dose
of EOM Sal B (Fig. 5c, d) nor β-THP Sal B (Fig. 5g, h)
significantly altered total ambulatory counts in the 60-min
locomotor activity test.

The effects of EOM Sal B (0.1 mg/kg) and β-THP Sal B
(1.0 mg/kg) on cocaine-induced hyperactivity are presented in
Fig. 6 (N = 5–9). Analysis of the time course data showed that
a significant interaction was found when rats were pre-treated
with EOM Sal B [F(34, 255) = 1.62, p = 0.0205] (Fig. 6a) or
β-THP Sal B [F(34, 153) = 2.49, p < 0.0001] (Fig. 6c). Total
ambulatory counts also revealed a significant effect of treat-
ment for EOM Sal B [F(2, 15) = 9.872, p = 0.0018] (Fig. 6b)
and β-THP Sal B [F(2, 9) = 9.875, p = 0.0054] (Fig. 6d).
Bonferroni post hoc analyses showed that EOM Sal B
(Fig. 6b) and β-THP Sal B (Fig. 6d) significantly attenuated
cocaine-induced hyperactivity. Pre-treatment of rats with the
KOPr antagonist, nor-BNI, abolished the decrease in cocaine-
induced hyperactivity (Fig. 6b, d).

Modulation of sucrose reinforcement

The effect of U50,488, Sal A, EOM Sal B and β-THP Sal B
on responding maintained by sucrose is shown in Fig. 7a.
There was a significant effect of treatment on the number of
active lever presses for sucrose [F(4, 24) = 59.44, p < 0.0001].
Bonferroni post hoc comparisons showed that U50,488
significantly attenuated responding (21 ± 11 lever press
responses) compared to vehicle-treated controls (497 ± 54).
Neither Sal A (600 ± 46) nor EOM Sal B (616 ± 33) orβ-THP
Sal B (626 ± 53) showed significant changes compared to
vehicle-treated controls (values represent mean ± SEM).

Effects of EOM Sal B and β-THP Sal B on tests
of aversion-like, anxiety-like and depressive-like effects

The effect of EOM Sal B and β-THP Sal B on CPA is shown
in Fig. 7b. Rats treated with EOM Sal B (0.1 mg/kg, i.p.)
produced no significant changes in percentage of time spent
in the paired chamber (t(7) = 1.496, p = 0.1783). However,
comparison of pre-test and post-test times of rats conditioned
with β-THP Sal B (1 mg/kg, i.p.) showed that rats spent sig-
nificantly less time in the β-THP Sal B-paired chamber
(p < 0.001) during the post-test (t(6) = 7.655, p = 0.0003),
similar to the place aversion effects observed with Sal A
(0.3 mg/kg, i.p.) (t(8) = 3.742, p = 0.0057) and U50,488
(10 mg/kg, i.p.; t(10) = 3.835, p = 0.0033).

Figure 8 shows the effect of EOM Sal B (0.1 and 0.3 mg/
kg) and β-THP Sal B (1 and 2 mg/kg) on anxiogenic
behaviour in rats in the EPM test. There was a significant
effect of treatment on the amount of time spent on the open
arm [F(3, 66) = 3.919, p = 0.0123]. Bonferroni post hoc
analyses showed that only Sal A (0.3 mg/kg, i.p.)
(p < 0.05) produced a significant anxiogenic effect in rats
(Fig. 8).

The effects of EOM Sal B (Fig. 9a, b) and β-THP Sal B
(Fig. 9c, d) on depressive-like behaviour were evaluated in
rats in the FST. Neither EOM Sal B (0.1 and 0.3 mg/kg, i.p)
(t(15) = 0.09377, p = 0.9265 and t(14) = 0.14, p = 0.8907,
respectively) nor β-THP Sal B (1 and 2 mg/kg, i.p.)
(t(12) = 0.1426, p = 0.8890 and t(14) = 0.8477, p = 0.4169,
respectively) treated rats displayed significant changes in
swimming behaviour (time spent mobile or immobile) when
compared to vehicle-treated controls.

�Fig. 5 Effects of EOM Sal B and β-THP Sal B on spontaneous
locomotor activity in rats. Rats were habituated in activity chambers for
30min prior to vehicle (75%DMSO) and time course and total locomotor
activity counts evaluated following EOM Sal B at a dose of 0.1 mg/kg,
i.p. (light blue) (a, c) and 0.3 mg/kg, i.p. (dark blue) (b, d) andβ-THP Sal
B (1.0 mg/kg, i.p.) (light green) (e, g) and 2 mg/kg (dark green) (f, h).
Values represent mean ± SEM (N = 6–9)

Fig. 4 Effects of EOM Sal B on cocaine-primed reinstatement in rats.
Rats received vehicle (75% DMSO) or EOM Sal B (0.1 (light blue) or
0.3 mg/kg (dark blue), i.p.) prior to cocaine (20 mg/kg, i.p.), and
reinstatement was tested in a 2-h session. EOM Sal B significantly
attenuated cocaine-induced and cue-induced reinstatement of drug-
seeking compared to vehicle controls (N = 5). Pre-treatment of rats with
nor-BNI 24 h prior (10 mg/kg, s.c.) abolished the effects of EOM Sal B
(0.3 mg/kg) (N = 3). *p < 0.05, **p < 0.01 compared to vehicle,
##p < 0.01 compared to 0.1 mg/kg EOM Sal B
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Discussion

Results from the present study show that the C-2 analogue of
Sal A, EOM Sal B, is a potent full agonist in behavioural
assays of tail-withdrawal, a reflex modulated by spinal re-
flexes in vivo. Both EOM Sal B and Sal A have significantly
higher potency (lower EC50 values) compared to U50,488,
although the differences between EOM Sal B and Sal A are
not statistically significant. This is consistent with recently
reported values for β-THP Sal B which showed no change
in Emax values but increased potency (EC50 values of 1.4 mg/
kg compared to Sal A 2.1 mg/kg in B6-SJL mice) (Paton et al.
2017). Evaluation of metabolic stability in rat liver micro-
somes showed a small but significant increase in CYP450-
mediated metabolism. However, other metabolic liabilities
have been improved. Sal A is highly metabolised without
the CYP450 cofactor NADPH, but EOM Sal B and β-THP-

Sal B analogues are not. Hydrolysis of the C2 acetate of Sal A
to salvinorin B results in significantly less potent metabolite
(Hooker et al. 2009). The rapid metabolism of Sal A in plasma
has been previously attributed to carboxylesterase activity
(Tsujikawa et al. 2009). This improved metabolic stability
ex vivo is likely to contribute to the longer duration of action
observed in vivo compared to Sal A.

The reinstatement model was utilised in this study due to
concordance between rat studies and human laboratory find-
ings. Studies using rat models of stress, cue and drug-primed
reinstatement models have been increasingly utilised to better
understand drug use in humans; for recent review, see Bossert
et al. (2013). The cue and drug prime relapse methods
employed in this study are identical to previous models eval-
uating the KOPr agonists U50,488, U69,593 and Sal A
(Schenk et al. 1999; Morani et al. 2009), allowing for direct
comparisons to the present study. Both EOM Sal B and β-

Fig. 6 Effects of EOM Sal B and
β-THP Sal B on cocaine-induced
hyperactivity. EOM Sal B
(0.1 mg/kg, i.p.) (a, b) andβ-THP
Sal B (1.0 mg/kg, i.p.) (c, d)
produced significant attenuation
of cocaine-induced hyperactivity
compared to vehicle (N = 5–9), an
effect inhibited by nor-BNI pre-
treatment (10 mg/kg s.c.) (N = 5).
*p < 0.05, **p < 0.01
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THP Sal B display anti-cocaine effects with reduced side ef-
fects. EOM Sal B dose-dependently reduced reinstatement of
drug seeking following extinction at doses as low as 0.1 mg/
kg, which is equally potent to the Sal A analogue 16-ethynyl
Sal A under the same experimental conditions (Riley et al.
2014). Pre-administration of the KOPr antagonist, nor-BNI,
prevented the attenuation of drug seeking, confirming that the
effects are KOPr mediated, supporting known selectivity and
activity at KOPr obtained in previous in vitro experiments. Sal
A has consistently been shown to be effective at attenuating
cue plus cocaine-primed drug seeking at a dose of 0.3 mg/kg
(Morani et al. 2009; Prevatt-Smith et al. 2011; Riley et al.
2014). The same dose of U69,593 was also effective
(0.3 mg/kg); however, U50,488 was only effective at 30 mg/
kg (Morani et al. 2009) despite all having similar binding

efficacy and potency at KOPr. It is important to note that
previous studies have shown that a cue stimulus, paired with
a cocaine prime, is required for U69,593 attenuation of co-
caine self-administration, an effect that was suggested to be
due to modulation of stimulus and reward associations
(Schenk et al. 2001). The increased effectiveness of EOM
Sal B in its ability to modulate drug-seeking behaviour corre-
lates with its increased potency in activating KOPr in vitro
(EC50 = 0.65 nM) compared to Sal A (EC50 = 40 nM)
(Table 1)(Prevatt-Smith et al. 2011) and also in vivo in the
warm-water tail-withdrawal assay. The increased effective-
ness is also supported by discrimination studies where EOM
Sal B was shown to fully substitute for Sal A at a greater
potency, and at longer post-injection intervals, than Sal A in
Long-Evans rats (Peet and Baker 2011). In contrast, β-THP

Fig. 8 Dose-response effects of EOM Sal B and β-THP Sal B
anxiogenic behaviours. Sal A (0.3 mg/kg, i.p.) significantly decreased
time spent in the open arm in the EPM, but neither EOM Sal B (0.1 or

0.3 mg/kg i.p.) (a) nor β-THP Sal B (1.0 or 2 mg/kg, i.p.) changed open
arm times compared to vehicle (b) (N = 12–29). *p < 0.05

Fig. 7 Effects of U50,488, Sal A, EOM Sal B and β-THP Sal B on
sucrose responding and CPA in rats. One-way ANOVA revealed a
significant effect of treatment on sucrose responding (a). Bonferroni
post-tests revealed U50,488 significantly attenuated sucrose responding
(p < 0.001), but no significant effects were seen with either Sal A
(0.3 mg/kg, i.p.) or EOM Sal B (0.1 mg/kg, i.p.) or β-THP Sal B

(1.0 mg/kg, i.p.) compared to vehicle controls (N = 7). Sal A
(0.3 mg/kg) and β-THP Sal B (1.0 mg/kg, i.p.), but not EOM Sal B
(0.1 mg/kg, i.p.), produced a significant decrease in time spent in the
paired chamber in the post-conditioning compared to pre-conditioning
in CPA tests (b) (N = 7–11). *p < 0.05, ***p < 0.001, ****p < 0.0001
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Sal B was only effective in attenuating cocaine-primed rein-
statement at 1 mg/kg using identical experimental protocols
despite similar potency to Sal A in vitro (Prevatt-Smith et al.
2011). Other C-2-derived KOPr agonists, includingMesyl Sal
B, have similar efficacy at KOPr to Sal A in vitro (Mesyl Sal
B: EC50 = 30 nM; SalA: EC50 = 40 nM; respectively)
(Harding et al. 2005), with a matching ability to attenuate
drug-seeking behaviour, with an effective dose of 0.3 mg/kg
(Simonson et al. 2015).

Attenuation of the rewarding effects of cocaine by KOPr
agonists has been attributed to their ability to induce aversive
and/or dysphoric effects (Koob et al. 2014; Shippenberg
2009). While KOPr agonists reduce drug-induced reinstate-
ment (Schenk et al. 1999), they may potentiate stress-induced
reinstatement (Valdez et al. 2007), whereas KOPr antagonists
block stress-induced reinstatement, but not drug-induced re-
instatement (Beardsley et al. 2005). This highlights different
stages of addiction where both kappa agonists and antago-
nists may have beneficial effects (Mantsch et al. (2016).
There is evidence to suggest that Sal A and its analogues
may also have differing side effects to traditional KOPr ago-
nists (Braida et al. 2009; Carr et al. 2009; Harden et al. 2012;
Kivell et al. 2014; Simonson et al. 2015). Therefore, in this
study, we also chose to evaluate EOM Sal B and β-THP Sal
B for side effects associated with KOPr activation. We used a
dose range that was effective in attenuating drug-seeking be-
haviour to screen these side effects. We evaluated EOM Sal B
(0.1 mg/kg) and β-THP Sal B (1 mg/kg) for behavioural

responding in tests evaluating natural reward (responding
for sucrose) and aversion (CPA) and evaluated dose-
response effects (EOM Sal B, 0.1 and 0.3 mg/kg; β-THP
Sal B, 1 and 2 mg/kg) in behavioural tests of sedation (spon-
taneous locomotor tests), anxiety-like (EPM) and depression-
like (FST) effects .

Neither EOM Sal B (0.1 and 0.3 mg/kg) nor β-THP Sal
B (1 mg/kg and 2 mg/kg) showed sedative effects in spon-
taneous locomotor activity tests. A previous study conducted
by Wang et al. (2008) found that MOM Sal B (1–5 mg/kg,
s.c.) increased ambulation and exploration on the Y-maze in
rats. Also, the Sal A analogues Mesyl Sal B (0.3 mg/kg, i.p.)
(Simonson et al. 2015), 16-ethynyl Sal A (0.1 mg/kg) and
16-bromo Sal B showed no change in spontaneous locomo-
tor activity (Riley et al. 2014), and 22-thiocyanatosalvinorin
(RB-64, 3 mg/kg), a potent G-protein-biased KOPr agonist,
did not decrease locomotor activity in accelerating rotarod
tests or alter novelty-induced locomotion in mice (White
et al. 2015). We therefore conclude that the attenuation of
drug-seeking behaviour observed in Prevatt-Smith et al.
(2011), utilising identical experimental conditions and here,
cannot be attributed to sedation and/or inability to perform
an operant task, as lever responding for sucrose was also
maintained at these doses. This data confirms that the anti-
cocaine effects of EOM Sal B and β-THP Sal B in the
cocaine-induced locomotor activity test are not due to seda-
tion, but specific effects on attenuation of cocaine-induced
behaviours.

Fig. 9 Effects of EOM Sal B and
β-THP Sal B on depressive-like
behaviours in the FST. Neither
EOM Sal B-treated rats at
0.1 mg/kg (a) or 0.3 mg/kg (b)
nor β-THP Sal B at 1.0 mg/kg
(i.p.) (c) or 2.0 mg/kg (d)
displayed any significant changes
in time spent mobile or immobile
compared to vehicle-treated rats
(N = 6–8)
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In contrast to the traditional KOPr agonist U50,488, which
almost abolished responding to sucrose pellets, neither Sal A,
EOM Sal B nor β-THP Sal B showed significant changes in
sucrose self-administration. U50,488 (5, 10 mg/kg) has previ-
ously been shown to disrupt responses for a natural sucrose
reward in Long-Evans rats (Henderson-Redmond and
Czachowski 2014) consistent with our findings. These results
suggest that there are clear differences between U50,488, Sal
A and its analogues in modulation of natural reward, despite
similar in vivo binding and KOPr activity data. Previously, Sal
A (0.3mg/kg, i.p.) was shown to have no significant effects on
the intake of a 10% sucrose solution (Morani et al. 2009).
Howeve r, MOM Sal B (0 .3 mg/kg) a t t enua ted
self-administration of a 10% sucrose solution in rats (Morani
et al. 2013), indicating that despite their similar anti-cocaine
properties, Sal A and its analogues can also evoke different
responses in the modulation of natural reward. The specific
KOPr-mediated signalling pathways responsible for these ef-
fects remain to be determined. The KOPr system plays a varied
role in modulation of appetitive natural rewards such as sucrose.
Although, it is agreed, based on a large body of evidence, that
KOPr agonists produce effects opposite to that of reward (Ebner
et al. 2010; Knoll and Carlezon 2010; McLaughlin et al. 2006;
Shippenberg et al. 2007; Wee and Koob 2010) by decreasing
DA neurotransmission (Di Chiara and Imperato 1988; Ebner
et al. 2010). KOPr agonists have also been shown to stimulate
appetite, food consumption and sucrose intake due to KOPr and
orexin co-localisation within synaptic vesicles in the hypothala-
mus (Muschamp et al. 2014). The heterodimerisation (Chen
et al. 2015) and co-transmission of both peptides may be a
mechanism by which KOPr regulates feeding (Muschamp
et al. 2014), a relationship that warrants further investigation.

To further determine the adverse effect profile of EOM Sal
B and β-THP Sal B, their aversive properties were examined
using CPA. In this study, β-THP Sal B but not EOM Sal
B-treated rats decreased the amount of time spent in the paired
chamber, indicating that it has aversive properties, even
though EOM Sal B is more potent in modulating KOPr activ-
ity in vivo and in vitro. We also show that Sal A at a dose of
0.3 mg/kg produces significant CPA in rats. Previously, Sal A
has shown CPA in Sprague-Dawley rats (0.3–1.0 mg/kg, i.p.)
(Sufka et al. 2014) and mice (1.0–3.2 mg/kg, i.p.) (Zhang et al.
2005). However, work in our laboratory has also shown that
this same dose of Sal A (0.3 mg/kg) did not produce aversion
in the conditioned taste aversion paradigm (CTA) in rats
(Morani et al. 2012). It is important to note that traditional
KOPr agonists such as U50,488 (0.90, 1.60 mg/kg, s.c.) have
shown CTA in rats (Davis et al. 2009), indicating that this
model can be used to evaluate aversive properties. However,
a recent study comparing CTA and CPA models found that
they are not directly comparable due to the contrast in tempo-
ral presentation of conditioned cues and drug injection (taste
cues presented prior to drug injection in the CTA vs. place

cues presented after drug injection in the CPA) (Gore-
Langton et al. 2015).

In EPM tests evaluating anxiety, a single administration of
EOM Sal B (0.1 or 0.3 mg/kg) orβ-THP Sal B (1 or 2 mg/kg)
did not produce anxiety in the EPM, although a
non-significant decrease in open arm time was seen with the
highest dose of EOM Sal B and β-THP Sal B and a
non-significant increase in open arm time with the low dose
of EOM Sal B. Previous work conducted using low doses of
the parent compound Sal A (0.1–160 μg/kg, s.c.) (Braida et al.
2009) have shown that Sal A produced increased exploratory
behaviour by increasing open arm time in the EPM, an indi-
cation of anxiolytic effects (Braida et al. 2009). However, we
found that when the minimum dose that produces cocaine
antagonistic effects was used, Sal A significantly reduced
the amount of time rats spent on the open arm of the EPM.
Taken together, these studies indicate that the dose of KOPr
agonist administered determines the presence or absence of
anxiety. We therefore conclude that both EOM Sal B and β-
THP Sal B have an improved side effect profile compared to
Sal A, with no anxiogenic effects seen at doses that were
effective in attenuating cocaine seeking.

KOPr agonists including Sal A and its analogues (e.g.
MOM Sal B) have been shown previously to display
depressive-like effects (Carlezon et al. 2006; Morani et al.
2013; Morani et al. 2012). Here, we show that both EOM
Sal B (0.1 and 0.3 mg/kg) and β-THP Sal B (1 and 2 mg/
kg) do not produce depressive-like effects in the FSTwith no
changes in mobility or immobility observed.

The cellular mechanisms responsible for the differences
observed in the behavioural effects between traditional
KOPr agonists, Sal A and novel analogues EOM Sal B and
β-THP Sal B are still not understood. However, the theory of
biased agonism is one mechanism that may explain such ef-
fects (Kenakin 2007). It has been hypothesised that the desir-
able anti-addiction and analgesic effects associated with KOPr
activation are due to G-protein-mediated signalling, whereas
negative side effects of KOPr agonists result from
β-arrestin-mediated signalling (Bruchas and Chavkin 2010;
Kivell et al. 2013). Sal A, U50,488 and U69,593 do not show
KOPr ligand bias. Neither EOM Sal B nor β-THP Sal B have
been tested for KOPr ligand bias in the CNS, and it remains to
be determined if ligand bias explains the reduction in side
effects observed. A recent study has shown that Sal A and
EOM Sal B modulate kinase signalling pathways differently
(extracellular signal-related kinase and c-Jun N-terminal ki-
nase) in cultured peripheral neurons. This effect was shown
to differentially modulate the peripheral analgesic effects of
KOPr in vivo in the rat (Jamshidi et al. 2015); however,
β-arrestin bias was not evaluated. A recent study by White
et al. (2015) showed that the C-22 analogue of Sal A, RB-64
(Yan et al. 2009), showed anti-nociceptive effects in the hot
plate assay in mice with fewer side effects including reduced
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effects onmotor incoordination, compared to traditional KOPr
agonists (White et al. 2015). This data suggests that the seda-
tive effects are mediated through β-arrestin. However, RB-64
(and Sal A at 3 mg/kg) produced aversion in CPA tests in both
wild type and β-arrestin KO mice suggesting that aversion is
at least partly regulated via G-protein activation (White et al.
2015). There is additional evidence to suggest that aversion is
regulated via p38 MAP kinase signalling pathways (Ehrich
et al. 2015). It is possible that differences in p38 signalling
between EOM Sal B and β-THP Sal B may explain the aver-
sive effects seen with β-THP Sal B but not EOM Sal B. These
studies are ongoing in our laboratory. A recent study by
Schattauer et al. (2017) showed that the KOPr agonist
nalfurafine is a G-protein-biased agonist. This new finding
in combination with known safety and lack of side effect data
for nalfurafine in humans (Kumagai et al. 2012) gives addi-
tional support for the development of G-protein-biased KOPr
agonists as therapeutics with fewer side effects.

In conclusion, this is the first study to characterise both the
anti-cocaine and side effect profiles of the Sal A-derived ana-
logues, EOM Sal B and β-THP Sal B. Both compounds are
longer acting Sal A analogues that attenuate drug-seeking be-
haviour and cocaine-induced locomotor activities with re-
duced adverse effect profiles, an improvement over both tra-
ditional KOPr agonists and their parent compound, Sal A. The
behavioural data from this study will aid in further Sal
A-derived analogue development. The combination of ‘func-
tionally selective’ or ‘biased agonists’with the novel structure
of Sal A-derived agonists may be the key to identifying new
therapeutics with specific anti-addiction effects and fewer side
effects.
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