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Abstract: Kappa opioid receptor (KOR) agonists have preclinical antipsychostimulant effects; how-
ever, adverse side effects have limited their therapeutic development. In this preclinical study,
conducted in Sprague Dawley rats, B6-SJL mice, and non-human primates (NHPs), we evaluated the
G-protein-biased analogue of salvinorin A (SalA), 16-bromo salvinorin A (16-BrSalA), for its antico-
caine effects, side effects, and activation of cellular signaling pathways. 16-BrSalA dose-dependently
decreased the cocaine-primed reinstatement of drug-seeking behavior in a KOR-dependent manner.
It also decreased cocaine-induced hyperactivity, but had no effect on responding for cocaine on
a progressive ratio schedule. Compared to SalA, 16-BrSalA had an improved side effect profile,
with no significant effects in the elevated plus maze, light–dark test, forced swim test, sucrose self-
administration, or novel object recognition; however, it did exhibit conditioned aversive effects.
16-BrSalA increased dopamine transporter (DAT) activity in HEK-293 cells coexpressing DAT and
KOR, as well as in rat nucleus accumbens and dorsal striatal tissue. 16-BrSalA also increased the early
phase activation of extracellular-signal-regulated kinases 1 and 2, as well as p38 in a KOR-dependent
manner. In NHPs, 16-BrSalA caused dose-dependent increases in the neuroendocrine biomarker
prolactin, similar to other KOR agonists, at doses without robust sedative effects. These findings
highlight that G-protein-biased structural analogues of SalA can have improved pharmacokinetic
profiles and fewer side effects while maintaining their anticocaine effects.

Keywords: kappa opioid receptor; salvinorin A; cocaine; addiction; side effects

1. Introduction

Substance use disorders (SUDs) exact an enormous medical, financial, and emotional
toll on society, and there is an unmet need for new prevention and treatment strategies.
Although it is now well established that SUDs are disorders of the brain, maintained, in
part, by persistent changes in brain function, efficacious treatments for many SUDs have
remained elusive [1,2]. Psychostimulant use disorders, in particular, still have no Food and
Drug Administration (FDA)-approved treatments, despite their high prevalence.

Preclinical studies have demonstrated that the kappa opioid receptor (KOR) is a
promising target for the management of psychostimulant use disorders. For example, the
administration of KOR agonists reduced cocaine self-administration in rats, mice, and
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rhesus monkeys [3–11], reduced the cocaine- as well as amphetamine-primed reinstatement
of drug seeking in rats [9,12–14], and blocked the development of locomotor sensitization as
well as condition place preference to cocaine in rats [10,15–18]. These antipsychostimulant
effects of KOR agonists have been attributed to the KOR-dependent modulation of central
dopaminergic mechanisms, since microdialysis studies have shown that treatment with
KOR agonists attenuated the cocaine- as well as amphetamine-induced synaptic overflow of
dopamine (DA) in the nucleus accumbens (NAcc) [19–23]. The acute administration of KOR
agonists also produced dose-dependent increases in DA re-uptake and the upregulation of
cell surface DA transporters (DATs), suggesting that an interaction between a KOR and
DAT might underlie these effects [20,24].

In contrast to agonists of the mu opioid receptor, selective KOR agonists have minimal
abuse potential [25,26] and do not inhibit gastrointestinal transit [27] or cause respira-
tory depression [28,29]. These properties, in conjunction with their antinociceptive and
immunomodulatory effects, also make them promising candidates for developing non-
addictive pain medications [30]; however, negative side effects, such as aversion, anxiety,
depression, anhedonia, and sedation, have been reported, which has limited their clinical
development [11,31–41]. As such, in order to progress the development of KOR-targeted
therapeutics, the minimization of these negative side effects and a better understanding of
their underlying mechanisms are required [42–45].

One strategy for achieving this goal has been through the development of structurally
novel KOR agonists with biased signaling profiles; that is, agonists that are capable of
inducing unique receptor conformations that differentially activate various G-protein- and
β-arrestin-dependent signaling pathways [46,47]. Accumulating evidence suggests that
KOR agonists that show a bias towards the preferential activation of the G-protein pathway
have fewer adverse side effects than agonists that show a bias for the β-arrestin pathway,
while also retaining their therapeutic efficacy [48–53]. The above being the case, it should
also be noted that it is difficult to consistently quantify and compare signaling bias due
to the use of different cell lines, receptor species, and reference ligands, which have a
significant impact on the assays [43,54]. Moreover, assays using modified proteins often do
not accurately mimic the function of native proteins.

The neoclerodane diterpene salvinorin A (SalA) is a potent KOR agonist derived from
the Salvia divinorum plant. SalA displays a moderate G-protein bias relative to U50,488 [55],
but has also been shown to have balanced signaling properties when using different
methods [52]. SalA has antipsychostimulant effects similar to those of prototypical KOR
agonists such as U50,488 or U69,539 [14,56]; however, the rapid onset of action, short
half-life (approximately 50 min in vivo), and pro-hallucinatory as well as dysphoric effects
of SalA limit its direct clinical viability [57–59]. The value of SalA, nonetheless, has been
as a structural scaffold for the synthesis of novel KOR agonists [60,61]. For example, SalA
analogues derived from modifications at the C-2 position had greater metabolic stability
than SalA, were more effective at attenuating cocaine-induced reinstatement as well as the
expression of cocaine sensitization, and also had improved side effect profiles [55,62–65].

In the current study, we evaluate another SalA analogue, derived from bromination at
the C-16 position (Figure 1) [60,66,67]. 16-bromo salvinorin A (16-BrSalA) has comparable
affinity ([3H]diprenorphine binding: SalA Ki = 2.5 ± 0.6 nM, 16-BrSalA Ki = 2.9 ± 0.3 nM),
efficacy (% [35S]GTP-γ-S binding relative to U50488: SalA ECmax = 105 ± 4, 16-BrSalA
ECmax = 108 ± 3), and potency ([35S]GTP-γ-S binding: SalA EC50 = 2.1 ± 0.6 nM, 16-BrSalA
EC50 = 2.4 ± 0.2 nM; inhibition of cAMP [HitHunter]: SalA EC50 = 0.03 ± 0.004 nM,
16-BrSalA EC50 = 0.04 ± 0.01 nM) to SalA, indicating that the C-16 position does not
interact with the KOR [60,67]. 16-BrSalA has a G-protein signaling bias in vitro and showed
promising results in our previous studies, decreasing the cocaine-induced reinstatement
of drug-seeking behavior without impacting spontaneous locomotor activity or anxiety
in vivo [53,60]. We expand on these findings here, determining the duration of action of
16-BrSalA and further investigating the anticocaine effects of 16-BrSalA in vivo. We also
evaluate 16-BrSalA for a range of side effects, using preclinical models for anxiety and
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depressive-like behavior, learning and memory, anhedonia, and aversion. Furthermore,
in order to investigate some of the mechanisms underlying the effects of 16-BrSalA, we
examine the effect of 16-BrSalA on DAT function, as well as second messenger signaling
via mitogen-activated protein kinases (MAPKs), extracellular-signal-regulated kinases 1
and 2 (ERK1/2), and p38. Lastly, we also compare the effects of 16-BrSalA and SalA in
non-human primates with high KOR homology to humans [68] on a translational neuroen-
docrine biomarker (prolactin levels).
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Figure 1. Chemical structures of U50,488, salvinorin A, and 16-bromo salvinorin A. The green dashed
box indicates the C2 position of previously investigated analogues of salvinorin A [65].

2. Results and Discussion
2.1. 16-BrSalA Has a Longer Duration of Action Compared to SalA In Vivo

KOR agonists, including SalA and its analogues, have well-established antinociceptive
effects [43,53]. As such, a warm water tail withdrawal assay was used to evaluate the in vivo
duration of action of 16-BrSalA compared with SalA (Figure 2). A two-way ANOVA on
the time course data revealed a significant treatment × time interaction, F(18, 234) = 2.21,
p = 0.0039. Follow-up comparisons showed that treatment with SalA had significant
antinociceptive effects primarily within the first 15 min, whereas 16-BrSalA had significant
effects for over 90 min (p < 0.05; Figure 2a). A one-way ANOVA on the area under the curve
(AUC) data similarly revealed a significant effect of treatment, F(2, 26) = 6.36, p = 0.0056,
with 16-BrSalA, but not SalA, having a significant overall antinociceptive effect during
these 150 min compared to vehicle-treated controls (p < 0.05; Figure 2b). These results are
consistent with our previous, independent observations that used 16-BrSalA as well as
another C16-based analogue, 16-ethynyl SalA [53]. These findings demonstrate that C-16
modifications to SalA can improve pharmacokinetic profiles, which are one of the primary
limitations of SalA and its analogues as therapeutic agents. We have previously shown
that SalA analogues derived from modifications at the C2 position similarly have a longer
duration of action in antinociceptive assays, with improved metabolic stability in vivo [65].
This has been attributed to the lack of a hydrolysable ester [69]. How C16 alterations of
SalA impact pharmacokinetic profiles have yet to be thoroughly investigated, however.

2.2. 16-BrSalA Attenuates Cocaine-Primed Reinstatement and Hyperactivity, but Not Progressive
Ratio Responding

The anticocaine effects of 16-BrSalA are shown in Figure 3. As has been previously
shown [60], 16-BrSalA produced a dose-dependent attenuation of cocaine + cue-induced
reinstatement of drug-seeking behavior (Figure 3a). A one-way repeated measures ANOVA
revealed a significant effect of treatment, F(3, 15) = 8.35, p = 0.0017, with SalA and both doses
of 16-BrSalA significantly attenuating total active lever responses compared to vehicle-
treated controls (p < 0.05). Of note, while a low dose of 16-BrSalA (0.3 mg/kg) produced a
significant attenuation of drug-seeking behavior, a larger dose (1 mg/kg) was required to
produce effects equivalent to SalA (0.3 mg/kg), despite both compounds having a similar
affinity, potency, and efficacy for the KOR in vitro [60,67]. This difference might be due to
the greater potency of SalA in its ability to modulate DAT function compared to 16-BrSalA
(discussed in the next section).
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Figure 2. Results of the warm water tail withdrawal assay in vehicle-, salvinorin A (SalA; 1.0 mg/kg)-,
or 16-bromo SalA (16-BrSalA; 1.0 mg/kg)-treated mice (n = 8–11/treatment). (a) Effect of treatment on
% maximal possible antinociceptive effect as a function of time. (b) Area under the curve (AUC) data
for each treatment. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the vehicle (Dunnett’s test).
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Figure 3. Anticocaine effects of 16-BrSalA. (a) Total active lever responding during cocaine (20 mg/kg)
+ cue-induced reinstatement following vehicle, SalA (0.3 mg/kg), or 16-BrSalA (0.3, 1.0 mg/kg)
treatment (n = 6; data partially reproduced from [60]). (b) Time course of cocaine (20 mg/kg) + cue re-
instatement data (with an inset showing summed totals) displaying the effect of nor-binaltorphimine
(nor-BNI; 10 mg/kg) on 16-BrSalA (1 mg/kg) treatment (n = 3). (c) Cocaine-induced (20 mg/kg) am-
bulatory counts (with an inset showing summed totals) in vehicle- and 16-BrSalA (1.0 mg/kg)-treated
rats (n = 6/treatment). (d) Total number of cocaine (1 mg/kg) infusions (and break point/number
of responses) earned on a progressive ratio schedule of reinforcement following vehicle, U50,488
(10.0 mg/kg), U69,593 (1.0 mg/kg), SalA (0.3, 1.0 mg/kg), or 16-BrSalA (1.0, 2.0 mg/kg) treatment
(n = 14). * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the vehicle (Dunnett [a,d] and Tukey
[b,c] tests). # p < 0.05, ## p < 0.01, and ### p < 0.001 compared to + nor-BNI (Tukey test).

To determine if these anticocaine effects of 16-BrSalA were KOR-dependent, the effect
of cotreatment with the KOR antagonist norbinaltorphimine (nor-BNI) was also determined
in a subset of animals (Figure 3b). A two-way fully repeated measures ANOVA on the time
course data revealed a significant treatment × time interaction, F(46, 138) = 3.92, p < 0.0001.
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Follow-up comparisons showed that 16-BrSalA treatment produced a significant attenua-
tion of responding from 115 to 120 min (p < 0.05), which was reversed by nor-BNI treatment
(p < 0.05), indicating KOR dependency. A one-way repeated measures ANOVA on the
summed response data revealed a significant effect of treatment, F(2, 4) = 20.71, p = 0.0078,
with 16-BrSalA also significantly attenuating total responding in a KOR-dependent manner
(p < 0.05).

The effect of 16-BrSalA on cocaine-produced locomotor hyperactivity is shown in
Figure 3c. The cocaine prime was the same dose (20 mg/kg) as that used during the
reinstatement tests. A two-way ANOVA on the time course data revealed a significant
treatment × time interaction, F(34, 187) = 2.50, p < 0.0001, with significant decreases in
ambulatory counts as a function of 16-BrSalA treatment at 15 and 20 min (p < 0.05), which
was prevented by nor-BNI pretreatment. The total cocaine-produced ambulatory counts
were also significantly decreased via 16-brSal treatment in a KOR-dependent manner
(p < 0.05). These results are consistent with those produced by other KOR agonists, includ-
ing SalA and analogues [55]. Of note, we have previously shown that 16-BrSalA did not
decrease spontaneous locomotor activity [60]; therefore, these results are unlikely to be
due to a generalized decrease in motor activity, but rather 16-BrSalA counteracting the
locomotor-activating effects of cocaine.

These results suggest that, as with other KOR agonists, 16-BrSalA was effective at
attenuating the cocaine-induced reinstatement of drug-seeking behavior as well as cocaine-
induced locomotor activity. To further expand on these findings, we also determined for
the first time if KOR activation via 16-BrSalA or other KOR agonists was similarly effective
at attenuating the reinforcing effects of cocaine on a progressive ratio (PR) schedule, where
the response requirement increases with each successive infusion (Figure 3d). A one-
way repeated measures ANOVA revealed a significant effect of treatment, F(6, 78) = 4.88,
p = 0.0003, which was driven by a significant attenuation of PR responding produced by
U69,593 (p < 0.05). No significant effects from other treatments were found. This might be
due to the longer session duration used during the PR tests (up to 5 h) and the relatively
short duration of action of KOR agonists. SalA has been previously shown to significantly
decrease breakpoints for sucrose self-administration, but this was during 2 h sessions [70].
In rhesus monkeys, SalA and nalfurafine both decreased responding for oxycodone on a PR
schedule; however, in this study SalA/nalfurafine was mixed with oxycodone infusions,
rather than administered separately at the start of the session [71].

2.3. 16-BrSalA Increases DAT Activity in a KOR- and ERK-Dependant Manner

The activation of central dopaminergic mechanisms is crucial for the acute reinforcing
as well as locomotor-activating effects of cocaine and other psychostimulants [72,73]. Mi-
crodialysis studies have shown that KOR agonists can attenuate cocaine-induced increases
in synaptic DA concentrations in the NAcc, and, as such, this has been suggested to be a
mechanism underlying the antipsychostimulant effects of KOR agonists [19–23]. We have
previously shown that SalA and some analogues can increase DAT activity [24,62]. Here,
we determined whether 16-BrSalA would have the same effect (Figure 4).

DA uptake kinetics across 0–4 µM concentrations was measured in both NAcc (Figure 4a)
and dorsal striatal (dSTR; Figure 4b) tissue suspensions via the use of rotating disk elec-
trode voltammetry (RDEV). DAT activity was also determined in individual HEK-293 cells
coexpressing DAT and KOR (Figure 4c) via the use of time-resolved imaging of the fluores-
cent monoamine transporter substrate 4-[4-(dimethylamino)styryl]-N-methylpyridinium
(ASP+). The calculated Vmax and Km values from these uptake studies are shown in Table 1.
16-BrSalA significantly increased Vmax in both NAcc (t(16) 2.41, p = 0.0282) and dSTR
(t(16) = 2.25, p = 0.0386) tissue suspensions, but had no effect on Km. In cells, 16-br SalA
significantly increased both Vmax (t(498) 4.15, p < 0.0001) and Km (t(498) 4.06, p < 0.0001).
These findings indicate that, as with SalA, 16-BrSalA increased DAT activity, which would
be expected to effectively decrease synaptic DA concentrations and attenuate the effects
of cocaine.
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Figure 4. Effect of 16-BrSalA on dopamine (DA) transporter (DAT) function. DA uptake kinetics
over 0–4 µM concentrations in vehicle- and 16-BrSalA (500 nM)-treated nucleus accumbens (NAcc)
(a) as well as dorsal striatal (dSTR) (b) tissue suspensions as measured by rotating disk electrode
voltammetry (RDEV) using a low to infinite trans model (n = 9 samples/region/treatment). (c) 4-[4-
(dimethylamino)styryl]-N-methylpyridinium (ASP+) uptake kinetics over 0–16 µM concentrations
in vehicle- and 16-BrSalA (10 µM)-treated HEK-293 cells coexpressing the DAT and kappa opioid
receptor (KOR) as measured via time-resolved fluorescence imaging (auto-fluorescence units/s
(AFU/s), n = 17–51 cells/concentration/treatment). Effect of nor-BNI (1 µM) treatment on 16-BrSalA
(500 nM)-induced change in uptake of 2 µM DA in rat NAcc (d) and dSTR (e) tissue suspensions as
measured through RDEV using the zero trans model (n = 8–9 sections/region/treatment). (f) SalA
(10 µM)- and 16-BrSalA (5, 10 µM)-induced change in uptake of 10 µM ASP+ in HEK-293 cells
coexpressing the DAT and KOR as well as the effect of pretreatment with nor-BNI (1 µM) or U0126
(20 µM) (n = 38–65 cells/treatment). ** p < 0.01, **** p < 0.0001 (Dunnett’s test). # p < 0.05, ## p < 0.01
(Tukey test).

Table 1. Effect of 16-BrSalA on the kinetics of DA uptake (pmol/s/g) in rat NAcc/dSTR tissue as
well as ASP+ uptake (AFU/s) in HEK-293 cells coexpressing DAT and KOR.

Region Treatment Vmax Km

NAcc
Vehicle 1356.16 ± 215.36 1.17 ± 0.28

16-BrSalA 1965.33 ± 131.65 * 1.28 ± 0.15

dSTR
Vehicle 1034.36 ± 126.44 0.90 ± 0.18

16-BrSalA 1433.44 ± 24.00 * 0.94 ± 0.14

In vitro
Vehicle 1.02 ± 0.08 2.41 ± 0.51

16-BrSalA 1.84 ± 0.19 **** 10.05 ± 1.89 ****
Values are mean ± SEM. * p < 0.05, **** p < 0.0001 compared to vehicle treatment (t-test).

To confirm the KOR-dependent effect of 16-BrSalA on DAT activity, the effect of
pretreatment with nor-BNI on the uptake of fixed concentrations of DA was also deter-
mined. Separate one-way ANOVAs revealed significant effects of treatment on both NAcc
(F(2, 24) = 8.62, p = 0.0015) (Figure 4d) and dSTR (F(2, 21) = 6.05, p = 0.0084) (Figure 4e)
tissue suspensions. Follow-up tests indicated that 16-BrSalA significantly increased uptake
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in both assays (p < 0.05), which was blocked by nor-BNI cotreatment (p < 0.05), indicating
KOR dependency.

In cells, we compared the effect of SalA and two doses of 16-BrSalA on the uptake
of fixed concentrations of ASP+ and determined the effect of pretreatment with nor-BNI
or the ERK1/2 inhibitor, U0126 (Figure 4f). A one-way ANOVA revealed a significant
effect of KOR agonist treatment, F(3, 224) = 12.83, p < 0.0001, with both SalA and the
higher dose 16-BrSalA significantly increasing ASP+ uptake (p < 0.05). Separate two-way
ANOVAs revealed a significant interaction between 16-BrSalA treatment and U0126 treat-
ment, F(1, 204) = 7.28, p = 0.0076, and a trending interaction between 16-BrSalA treatment
and nor-BNI treatment, F(1, 195) = 3.15, p = 0.078. Follow-up comparisons indicated that 16-
BrSalA-induced increases in ASP+ uptake were both KOR- and ERK1/2-mediated (p < 0.05).
ERK1/2 regulates the transport capacity and intracellular trafficking of the DAT in the
striatum [74]. We have previously shown that SalA-induced increases in DAT activity were
mediated by ERK1/2 [24,62]. The data we collected using 16-BrSalA are consistent with
this and support the idea that the anticocaine effects of KOR agonists are, in part, mediated
through ERK-dependent DAT modulation. These data also show that SalA is more potent
than 16-BrSalA at modulating DAT activity, which might explain why a larger dose of
16-BrSalA was required to produce anticocaine effects comparable to SalA (Figure 3a).

2.4. 16-BrSalA Has an Improved Side Effect Profile Compared to SalA

In order to develop clinically viable KOR-targeted treatments, it is vital to identify
novel compounds that have reduced side effects compared to U50,488 or SalA. 16-BrSalA
shows a greater G-protein signaling bias compared to SalA [53,55] as well as a more stable
pharmacokinetic profile (Figure 2), and was, therefore, predicted to produce fewer adverse
side effects. This was tested in the current study (Figure 5). Of note, the dose of 16-BrSalA
evaluated in these side effect assays was the dose (1.0 mg/kg) that was required to produce
significant anticocaine effects equivalent to SalA (0.3 mg/kg; Figure 3).

To evaluate the potential anxiogenic effects of 16-BrSalA, we used two preclinical
models: the elevated plus maze and the light–dark test. A one-way ANOVA on the
elevated plus maze data revealed a significant effect of treatment, F(3, 75) = 3.46, p = 0.0205,
with both doses of SalA, but not 16-BrSalA, significantly decreasing the time spent on the
open arms of the maze (p < 0.05; Figure 5a). Similar results were found in the light–dark test
(Figure 5b): a one-way ANOVA produced a significant effect of treatment, F(3, 55) = 5.96,
p = 0.0014, but with only the higher dose of SalA (1.0 mg/kg) having a significant effect
(p < 0.05). These results indicate that, in contrast to the parent compound, 16-BrSalA does
not have significant anxiogenic effects at these doses, which is consistent with our previous
observations in mice using the elevated zero maze and the marble burying task [53]. Of note,
neither agonist impacted the total distance travelled during the light–dark test (p > 0.05).
Moreover, we have previously shown that 16-BrSalA (1 mg/kg) or SalA (0.3 mg/kg) had
no effect on spontaneous locomotor activity in rats [14,60], suggesting that 16-BrSalA does
not induce sedation and that sedation was not a confound in the current experiments.

Depressive-like behavior, anhedonia, and reduced non-drug reward behavior are
related side effects associated with KOR activation. These effects have been primarily
attributed to KOR-mediated decreases in central DAergic activity [6,70,75]. Given that this
has been the proposed mechanism through which KOR agonists attenuate the effects of
cocaine and other psychostimulants, finding a therapeutic window where KOR agonists
can produce antipsychostimulant effects without these side effects is critical. In the current
study we examined the effect of 16-BrSalA on the forced swim test, a measure of learned
helplessness and depressive-like behavior, and on reinforcement maintained by a sucrose
reward. In contrast to what has been previously shown with SalA or other SalA ana-
logues [14,55,64], there was no effect of 16-BrSalA treatment on mobility or immobility time
in the forced swim test (p > 0.05; Figure 5c). Similarly, 16-BrSalA had no effect on sucrose
reinforcement (Figure 5d); a one-way repeated measures ANOVA revealed a significant
effect of treatment, F(5, 30) = 60.89, p < 0.0001, but this was driven by a large attenuation of
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responding produced by U50,488 and a small increase produced by U69,593 (p < 0.05). This
effect of U50,488 treatment is consistent with previous observations [14,76] and could be
driven by the sedative effects of U50,488 [77] or differences in DA-independent mechanisms
related to satiety and food consumption [78–80].
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Figure 5. Effect of 16-BrSalA compared to SalA and other KOR agonists in various preclinical side
effect assays. (a) Time spent on the open arms of the elevated plus maze as a function of vehicle, SalA
(0.3, 1.0 mg/kg), or 16-BrSalA (1.0 mg/kg) treatment (n = 15–29/treatment). (b) Time spent in the
light box in the light–dark test (with an inset showing the total distance travelled) as a function of
vehicle, SalA (0.3, 1.0 mg/kg), or 16-BrSalA (1.0 mg/kg) treatment (n = 9–24/treatment). (c) Mobility
and immobility time in the forced swim test as a function of vehicle or 16-BrSalA (1.0 mg/kg)
treatment (8–11/treatment). (d) Total active lever responses maintained by sucrose reinforcement
following vehicle, U50,488 (10.0 mg/kg), U69,593 (0.3 mg/kg), SalA (0.3 mg/kg), or 16-BrSalA
(1.0 mg/kg) treatment (n = 7). (e) Recognition index in the novel object recognition test as a function
of vehicle, U50,488 (10.0 mg/kg), SalA (0.3, 1.0 mg/kg), or 16-BrSalA (1.0 mg/kg) treatment (n = 21).
(f) Percentage of time spent in the paired chamber pre- and postconditioning with the vehicle, SalA
(0.3), or 16-BrSalA (1.0 mg/kg) (n = 8–11/treatment). * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001 (Dunnett’s [a–e] and Šídák’s [f] tests). Note that the data from the control groups have
been published previously [65].

KOR activation has been known to disrupt processes related to learning and memory,
with stress-induced impairments playing a particularly important role [81–85]. Here, we
show that 16-BrSalA had no effect on learning and memory, as assessed by the novel
object recognition task (p > 0.05; Figure 5e). This might be due to a lack of stress induced
by 16-BrSalA, given that there was no effect of 16-BrSalA in our anxiety or forced swim
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tests; however, the further evaluation of both behavioral and biological markers of stress
(i.e., corticotrophin-releasing factor) would be needed to confirm this. In our previous
report, neither SalA nor mesyl salvinorin B affected novel object recognition [55], although
significant effects of SalA on other measures of learning and memory, such as the eight-arm
radial maze and passive avoidance, have been reported [86]. U50,488, on the other hand,
has been previously shown to cause deficits in the novel object recognition task [84] and
showed a trending effect in our study (p = 0.0860), which could be stress-induced [81].

Lastly, we determined the aversive properties of 16-BrSalA in a conditioned place
aversion (CPA) paradigm (Figure 5f). As with other SalA analogues previously tested [65],
16-BrSalA treatment had significant conditioned aversive effects in our tests, as did SalA
and U50,488 (p < 0.05). There is evidence to suggest that KOR-induced aversion requires
β-arrestin and, more specifically, p38 signaling [87,88]. White and colleagues, however,
found that conditioned place aversion to U50,488, U69,593, and SalA was still produced
in β-arrestin knockout mice [52]. On the other hand, studies have shown that KOR-
mediated aversion also involves interactions with both dopaminergic and serotoninergic
mechanisms [89,90]. These studies suggest that the mechanisms underlying KOR-induced
aversion are multifaceted; more research on the development of non-aversive KOR agonists
is needed.

2.5. Effect of 16-BrSalA on ERK1/2 and p38

KOR agonism activates many signal transduction cascades, namely MAPK pathways,
which include ERK1/2 and p38. As shown previously, as well as in the current study, the
KOR-induced modulation of the DAT is mediated by ERK1/2, although no differences in
the KOR modulation of ERK1/2 have been identified. KOR-induced ERK1/2 activation
has both β-arrestin- and G-protein-dependent mechanisms, with increases in early phase
ERK1/2 activation (5–15 min) being G-protein-dependent and late-phase ERK1/2 activation
(~2 h) being β-arrestin-dependent [91,92]. Here, we quantified phosphorylated ERK1/2
levels in rat NAcc (Figure 6a), dSTR (Figure 6b), and prefrontal cortex (PFC; Figure 6c)
tissue, as well as in HEK-293 cells coexpressing the DAT and KOR (Figure 6d), at different
time points following 16-BrSalA treatment. The aim was to determine if, firstly, 16-BrSalA
increased ERK1/2 activation, and, secondly, if the time course of activation reflects that
of a G-protein-biased agonist. Peak increases in ERK1/2 phosphorylation were observed
10–15 min following 16-BrSalA treatment, though these increases were only significant
in cells (p < 0.05). In order to determine if this effect was KOR- and ERK1/2-dependent,
the effect of nor-BNI or U0126 cotreatment on 16-BrSalA-induced changes in phosphory-
lated ERK1/2 levels after a 10-minute incubation was also determined in cells (Figure 6e).
Relative to vehicle treatment, 16-BrSalA significantly increased ERK1/2 phosphorylation,
which was blocked by nor-BNI, while U0126 abolished all ERK1/2 activity (p < 0.05). The
full Western blot membranes from Figure 6 are shown in Figure S1.

We also examined the effect of 16-BrSalA on p38 phosphorylation over time in rat NAcc
(Figure 6f), dSTR (Figure 6g), and PFC tissue (Figure 6h). Because p38 phosphorylation
is largely dependent on β-arrestin recruitment [87], G-protein-biased agonists, such as
16-BrSalA, would be expected to produce minimal effects. We found small increases in
all brain regions, which peaked at 15 min, but this was only statistically significant in the
NAcc, t(4) 4.23, p < 0.0134. The KOR-induced activation of p38 has been suggested to
contribute to some of the undesirable side effects of KOR agonists [44,87,93,94]. The small
but significant increase in p38 activity in the NAcc following 16-brSalA treatment might
therefore contribute to the conditioned aversive response observed in the current study.
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Figure 6. Effect of 16-BrSalA on extracellular-signal-regulated kinases 1 and 2 (ERK1/2) and p38.
Phosphorylated ERK1/2 (p-ERK1/2) was quantified in rat NAcc (a), dSTR (b), and prefrontal cortex
(PFC) (c) tissue collected 0–120 min following treatment with 16-BrSalA (n = 5–7/timepoint/region).
(d) p-ERK1/2 was also measured in HEK-293 cells coexpressing the DAT and KOR 0–180 min
following treatment with 16-BrSalA (n = 8 dishes/timepoint). (e) Effect of treatment with nor-
BNI (1 µM) or U0126 (20 µM) on 16-brSalA (10 µM)-induced ERK1/2 expression in HEK-293 cells
coexpressing DAT and KOR (n = 7–8 dishes/treatment). Phosphorylated p38 (p-p38) was similarly
measured in rat NAcc (f), dSTR (g), and PFC (h) tissue collected 0–120 min following treatment with
16-BrSalA (n = 5–7/timepoint/region). Representative Western blot scans are displayed above each
graph. p-ERK1/2 and p-p38 expression were normalized to total ERK1/2 and p38, respectively, and
expressed as fold change from the baseline (time 0/vehicle + vehicle treatment). * p < 0.05, ** p < 0.01,
and **** p < 0.0001 compared to the baseline (one-sample t-test).

2.6. Effect of 16-BrSalA on Prolactin as a Neuroendocrine Biomarker in Non-Human Primates

Lastly, in order to provide translational data on 16-BrSalA, we evaluated the effect of
16-BrSalA on prolactin levels in blood samples collected from male rhesus monkeys (n = 3).
Peripheral blood levels of prolactin can be used as a translationally valid, quantitative
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neuroendocrine biomarker of KOR-mediated effects, including the potency and apparent
efficacy of ligands [95–97]. Figure 7a shows the cumulative dose–effect curves produced by
16-BrSalA, SalA, the partial KOR agonist nalorphine, and the vehicle on prolactin levels.
Figure 7b shows the duration of effect of 16-BrSalA and Figure 7c shows the sedation score.
Compared with Sal A, 16-BrSal A was approximately 0.5 log units less potent at inducing
the release of prolactin, with similar maximal effects, larger than those of the KOR partial
agonist nalorphine. Importantly, at doses that produced robust neuroendocrine effects,
16-BrSalA only produced slight sedation. The difference in potency between 16-BrSalA and
SalA is comparable with the effects observed in drug-seeking models in rats (Figure 3a),
anxiety models in rats (Figure 5a,b) as well as mice [53], motor incoordination tests in
mice [53], and DAT modulation in vitro (Figure 4f). Together, these would suggest that the
differences in the effectiveness of 16-BrSalA and SalA to produce several relevant effects
may be similar across species.
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Figure 7. Effect of 16-BrSalA, SalA, and nalorphine in rhesus monkeys (n = 3). (a) Cumulative
dose effect of 16-BrSalA, SalA, nalorphine, and vehicle on mean (±SEM) serum levels of prolactin.
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dose effect of 16-BrSalA and SalA on the median sedation score.

3. Materials and Methods
3.1. Subjects

Adult male B6-SJL mice (23–26 g) were used in the tail withdrawal assay. Mice were
obtained from the Malaghan Institute of Medical Research (Wellington, New Zealand)
and housed within the School of Biological Sciences animal facility, Victoria University
of Wellington (Wellington, New Zealand). Adult male Sprague Dawley rats (300–400 g)
were used in all other rodent experiments. Rats were bred and housed within the School of
Biological Sciences or the School of Psychology animal facilities (Wellington, New Zealand).
Food and water were available ad libitum for all of the rodents, except for the rats in the
sucrose self-administration experiment, which were maintained at 85% of their feeding
weight via food restriction. Mice were housed in groups of 4–5, while rats were housed
either individually (cocaine self-administration) or 2–3/cage (all other experiments). The
animal facilities were temperature (19–21 ◦C)- as well as humidity (55%)-controlled and on
a 12 h light/dark cycle (lights on at 07:00), with testing conducted during the light cycle.
All experimental protocols involving rodents were approved by the Victoria University of
Wellington Animal Ethics Committee, New Zealand.

Adult, gonadally intact, and captive-bred male rhesus monkeys (Macaca mulatta,
weight range: 9–12 kg) were used for the prolactin assay. They were singly housed in a
stable colony room maintained at 20–22 ◦C with controlled humidity and lights on from
07:00 to 19:00. Monkeys had visual, auditory, and olfactory access to other conspecifics,
and an environmental enrichment plan was in place. They were fed appropriate amounts
of primate chow (PMI Feeds, Richmond, VA, USA), supplemented by treats. Water was
available ad libitum. Consecutive experiments in the same subject were typically separated
by at least 72 h, with all experiments carried out between 10:00 and 14:00 h. All experiments
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involving non-human primates were approved by the Rockefeller University Animal
Care and Use Committee, in accordance with the Guide for the Care and Use of Animals
(National Academy Press; Washington, DC, USA).

3.2. Drugs and Treatment

SalA was isolated and purified from Salvia divinorum leaves as previously described [68].
16-BrSalA was synthesized as previously described [60]. U50,488, U69,593, U0126, and
DA were purchased from Sigma Aldrich (St. Louis, MO, USA). ASP+ was purchased
from Tocris Biosciences (supplied by Pharmaco NZ Ltd., Auckland, New Zealand). KOR
agonists were suspended in 75% DMSO for reinstatement, locomotor activity, and forced
swim tests, as well as for ex vivo tissue collection. A vehicle with a 4:1:5 ratio of propylene
glycol:dimethyl sulfoxide (DMSO):phosphate-buffered saline (PBS) was used for the tail
withdrawal procedure, and a 2:1:7 ratio of DMSO:Tween-80:water was used for all of the
other in vivo tests in rodents. A vehicle containing a 1:1:8 ratio of ethanol:Tween-80:water
was used for the prolactin assay. For rodent tests, all of the agonists were administered at a
volume of 1 mL/kg intraperitoneally (i.p.), except for U69,593, which was administered
subcutaneously (s.c.). Agonists were administered either 5 min (SalA), 10 min (16-BrSalA,
U50,488), or 15 min (U69,593) prior to testing based on previous work [14,56] and from the
results of the duration of action experiment in the current study. For the prolactin assay,
agonists were administered intravenously (i.v.) at a volume of 0.05–0.1 mL/kg. The KOR
antagonist nor-BNI was dissolved in 0.9% NaCl and administered subcutaneously 24 h
prior to testing at a volume of 1 mL/kg. Cocaine-HCl (BDG synthesis; Wellington, New
Zealand) was dissolved in 0.9% NaCl containing sodium heparin (3 U/mL) for intravenous
(i.v.) infusions or in 0.9% NaCl for i.p. priming injections. For ex vivo and in vitro exper-
iments, 16-brSal A, nor-BNI, and U0126 were dissolved in 100% DMSO and diluted in a
KREBS buffer (130 mM NaCl, 1.3 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4.6H20, 1.2 mM
KH2PO4, 10 mM HEPES, and 10 mM D-glucose, pH 7.4) to reach their working drug
concentrations, resulting in vehicle DMSO concentrations of 0.001% (RDEV) or 0.02% (all
other experiments) for 16-brSal A, and 0.01% and 0.2% for nor-BNI and U0126, respectively.

3.3. Warm Water Tail Withdrawal Assay

The warm water tail withdrawal assay was carried out as previously described [62].
Briefly, mice were restrained in a transparent plexiglass tube (internal diameter of 24 mm)
and allowed to acclimatize for 15 min. The distal 1/3 portion of the tail was then immersed
in a water bath (50 ± 0.5 ◦C), and the latency to withdrawal was measured (maximum
time allowed = 10 s). Following baseline measurements (average of 3), the effect of ve-
hicle (n = 10), SalA (1.0 mg/kg, n = 8), and 16-BrSalA (1.0 mg/kg, n = 11) treatment was
determined. Measurements were taken at 1, 5, 10, 15, 30, 45, 60, 90, 120, and 150 min
postinjection. The maximum possible effect (MPE) of antinociception was calculated as
follows: MPE (%) = 100 × (test latency − control latency)/(10 − mean control latency).

3.4. Surgery and Cocaine Self-Administration

Indwelling intravenous catheters were surgically implanted in the external jugular
vein as previously described [14]. Rats were trained to self-administer in standard operant
chambers equipped with two levers (Med Associates, Fairfax, VT, USA; model ENV-001)
and a mechanical syringe pump (Med Associates, USA; model PHM100A). The depression
of the active lever resulted in a 0.1 mL i.v. infusion of cocaine (0.5 mg/kg/infusion) over
12 s and the illumination of a light located above the lever. The depression of the inactive
lever resulted in no planned consequence. Drug delivery and recording the number of
active/inactive lever responses made were controlled by Med PC software (v4.2, Med
Associates, Fairfax, VT, USA).

All self-administration sessions were conducted during 2 h sessions, 6 days per week.
Rats were initially trained on a fixed-ratio (FR) 1 schedule of reinforcement until respond-
ing had stabilized at ≥20 infusions per session with an active:inactive ratio of ≥2:1 for
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3 consecutive sessions. Thereafter, the schedule of reinforcement was increased to FR2
until this criterion had been reached once more before the schedule of reinforcement was
increased again to FR5. Rats were run for 10 days at FR5 to establish stable baseline
responding before beginning the reinstatement or PR experiments.

As has been previously reported [60], the reinstatement experiment was run in three
repeating phases. In phase 1 of reinstatement (baseline), rats (n = 6) self-administered
cocaine on an FR5 schedule for at least 2 days, until their responses were within 20% of their
prereinstatement baseline. In phase 2 (extinction) the light cue was removed and cocaine
was substituted for the vehicle until responses had dropped to <20 within a single session
(3–4 days). In phase 3 (reinstatement), rats received either the vehicle, SalA (0.3 mg/kg), or
16-BrSalA (0.3 or 1.0 mg/kg) prior to a priming injection of cocaine (20 mg/kg). The light
stimulus that was previously paired with cocaine infusions was also reintroduced, and the
number of responses made was recorded. Treatment was administered in a within-subjects
Latin square design. The effect of nor-BNI (10 mg/kg) treatment combined with 16-BrSalA
(1.0 mg/kg) was also determined in three of these animals, but this was carried out as the
final test due to the long-lasting effects of nor-BNI. No significant differences in baseline or
extinction responding were observed in-between reinstatement treatments (p > 0.05). The
mean inactive lever responding ranged from 1.5 to 2.3 across treatments, and similarly did
not significantly differ (p > 0.05).

For the PR experiment, rats (n = 14) were administered either the vehicle, U50,488
(10.0 mg/kg), U69,593 (1.0 mg/kg), SalA (0.3, 1.0 mg/kg), or 16-BrSalA (1.0, 2.0 mg/kg)
prior to self-administering cocaine, where the response requirement for reinforcement
increased according to the following equation:

5e(0.2 × infusion#) − 5 (rounded to nearest interger)

which results in the following ratios: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, etc. [98].
The session continued until 60 min had elapsed without drug infusion. Treatment was
administered following a within-subjects Latin square design. Prior to each treatment ses-
sion, rats were subjected to at least 3 days of PR responding to establish a stable breakpoint
(±2 infusions for 3 consecutive days).

3.5. Cocaine-Induced Locomotor Activity

Locomotor activity was measured in clear plexiglass chambers (42 × 42 × 30 cm; Med
Associates, USA; model ENV-515) set in sound-attenuating boxes. Each chamber contained
a lattice of 32 infrared beams, 1.7 cm above the floor of the chamber. The sequential
interruption of 3 beams was recorded as one ambulatory count. Counts were recorded
in 5 min bins via activity-monitoring software (Med Associates, USA). All locomotor
experiments were conducted in the dark and in the presence of white noise. The rats were
placed into locomotor activity chambers for 30 min prior to receiving either the vehicle
(n = 6) or 16-BrSalA (1.0 mg/kg, n = 6). Another group of rats were pretreated with nor-BNI
(10 mg/kg) before receiving 16-BrSalA (1.0 mg/kg; n = 2). Thereafter, all of the rats received
an injection of cocaine (20 mg/kg) and were returned to the locomotor activity chambers
for an additional 60 min. Ambulatory counts were recorded during the entire 90 min.

3.6. Light–Dark Test

A large white chamber (30 × 30 × 34 cm) connected to a smaller black chamber
(15 × 30 × 34 cm) via a small grey corridor (8 × 10 × 34 cm) was used to carry out the
light–dark tests. Testing was conducted in a dark room with three LED lamps: one directed
at the light box, one at the corridor, and one at the ceiling. The intensity of the light in each
chamber was as follows: 100 lux in the light chamber, 10 lux in the dark chamber, and 70 lux
in the corridor. The rats were treated with either the vehicle (n = 24), SalA (0.3 mg/kg,
n = 13; 1.0 mg/kg, n = 13), or 16-BrSalA (1.0 mg/kg, n = 9), and placed in the black chamber.
The time spent in the light box as well as the total distance travelled were then determined
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during 15 min of free access. Activity was measured via the use of SMART 3.0 software
(Panlab, Harvard Apparatus, Holliston, MA, USA).

3.7. Elevated plus Maze

The EPM maze consisted of four arms (50 cm long × 10 cm wide) elevated 55 cm
above the ground. Two of the arms had a small parapet measuring 2.5 cm in height (open
arms), while the other two arms were enclosed by 40 cm-high black walls (closed arms).
The rats were habituated to the conditions in the testing room for 60 min and then treated
with either the vehicle (n = 29), SalA (0.3 mg/kg, n = 16; 1.0 mg/kg, n = 19), or 16-BrSalA
(1.0 mg/kg, n = 15), before being placed in the center of the apparatus facing an open arm.
All subsequent activity was recorded for 5 min via the use of a Sony HDR-SR5E digital
camera recorder, and the time spent in each arm was calculated by an observer blinded to
the experimental treatment. Open arm time was calculated only when the rats had all four
paws in the open arm.

3.8. Forced Swim Test

The forced swim test was conducted according to the methods described in [99], using
a cylindrical chamber measuring 44 cm in height and 20 cm in diameter, which was filled
with water (25 ± 1 ◦C) to a height of 35 cm. Testing was conducted over 2 days. On both
days, rats were habituated to the testing room for 60 min. On day 1, drug-naïve rats were
habituated to forced swimming conditions for 15 min. On day 2, rats received either vehicle
(n = 8) or 16-BrSalA (1.0 mg/kg, n = 9) treatment before a 5 min test session. Sessions
were recorded via the use of a SONY HDR-SR5E digital camera recorder and analyzed for
mobility as well as immobility time, which was measured in 5 sec intervals by an observer
blinded to experimental treatments.

3.9. Sucrose Self-Administration

The rats maintained at 85% of their free-feeding weight were trained to self-administer
sucrose pellets (Dustless Precision Pellet, 45 mg sucrose; Able Scientific, Perth, Australia)
in standard operant chambers (Med Associates, USA, ENV-011) with two levers: one lever
was connected to a sucrose pellet dispenser and a light (active lever), while the second
lever had no programmed function (inactive lever). Sucrose self-administration sessions
were conducted during 45 min sessions, 6 days per week. Rats (n = 7) were initially trained
on an FR1 schedule of reinforcement until they had self-administered ≥20 pellets during
a single session with an active:inactive ratio of ≥2:1. Thereafter, rats progressed to an
FR5 schedule for at least 5 days to establish stable baseline response rates. The effect of
the vehicle, U50,488 (10 mg/kg), U69,593 (0.3 mg/kg), SalA (0.3 mg/kg), or 16-BrSalA
(1.0 mg/kg) on sucrose self-administration was then determined in a within-subjects Latin
square design. Sucrose delivery and the recording of the number of lever responses made
were controlled via Med PC software (Med Associates, USA).

3.10. Novel Object Recognition

The novel object recognition test was carried out based on previously published
methods [85]. On days 1–3 (habituation), rats (n = 21) were habituated to the testing
chamber (45 × 45 × 35 cm, open field) for 30 min/day. On day 4 (familiarization), rats
were familiarized with two identical objects, which were introduced on either side of the
chamber (3 times for 6 min, with an inter-trial interval of 10 min). On day 5 (test), one of
the familiar objects was replaced with a novel object, and the time spent interacting with
both objects was recording via the use of SMART 3.0 software (Panlab, Harvard Apparatus,
Holliston, MA, USA). The recognition index was calculated as follows:(

N
F + N

)
× 100
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where N is the time (in seconds) spent with the novel object and F is the time spent with the
familiar object. Rats that only interacted with a single object were excluded. The effect of
treatment with either the vehicle, U50,488 (10 mg/kg), SalA (0.3, 1.0 mg/kg), or 16-BrSalA
(1.0 mg/kg) was determined via the use of a within-subjects Latin square design.

3.11. Conditioned Place Aversion

CPA was conducted via the use of a biased procedure based on previously pub-
lished methods [100]. A 3-chamber apparatus was used (PanLab, Harvard Apparatus,
USA), which had two large chambers (30 × 30 × 34 cm) 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 as well as floor, and illuminated at an intensity of 70 lux.
The average light intensity in both conditioning chambers was 20 lux. Experiments were
conducted in the presence of white noise.

The CPA procedure was conducted over 9 days. On day 0, rats were habituated to the
CPA apparatus for 15 min. On day 1 (preconditioning), rats were given free access to all of
the chambers for 15 min. Animals that showed >80% preference for a particular chamber
or >40% preference for the corridor were excluded. On days 2–7 (conditioning), rats were
treated with either the vehicle (n = 9), U50,488 (10 mg/kg, n = 11), SalA (0.3 mg/kg, n = 9),
or 16-BrSalA (1.0 mg/kg, n = 9) and confined in their preferred chamber for 45 min. On
alternating days, in a counterbalanced order, rats received the vehicle and were confined
to their less preferred chamber for 45 min. On day 8 (postconditioning), rats were placed
in the corridor and given free access to the apparatus for 15 min. The time spent in each
chamber was recorded during the pre- and postconditioning sessions via the use of SMART
3.0 software (Panlab, Harvard Apparatus, Holliston, MA, USA).

3.12. Prolactin Assay

Following extensive habituation and chair training, an indwelling catheter (27 gauge,
Surflo; Terumo, Tokyo, Japan) was placed percutaneously in a saphenous vein and at-
tached to a Luer multisample injection plug (the catheter was removed at the end of each
experiment). The catheter and plug were flushed with 0.3 mL of heparinized sterile saline
(50 U/mL) prior to use, as well as after each injection or sampling. Approximately 15 min
following catheter placement, two baseline blood samples were obtained (approximately
2 mL each). These baseline samples were collected 5 min apart from each other (approxi-
mately −10 and −5 min, relative to the onset of dosing). These blood samples were placed
in a plain vacutainer and kept at room temperature until the time of spinning (3000 rpm
at 4 ◦C) and serum separation. Experiments were carried out with a cumulative dosing
procedure, where doses of SalA (0.001–0.032 mg/kg, i.v.) or 16-BrSalA (0.0032–0.1 mg/kg,
i.v.) were administered in increasing 0.5 log unit steps every 30 min, and a blood sample
was taken 15 min after each dose. The KOR partial agonist nalorphine (0.1–3.2 mg/kg) was
examined in an identical manner [97]. A repeated vehicle condition was studied under
identical timing and sampling conditions. Prior studies have shown that such cumulative
dose–effect curve procedures can be efficiently used in this assay to examine the potency
and apparent efficacy of opioid ligands [97,101]. Serum samples were kept at −40 ◦C until
the time of analysis, typically within 2 weeks of collection. Samples were analyzed in
duplicate with a standard human prolactin immunoradiometric kit (MP Biomedicals; Solon,
OH, USA), following the manufacturer’s instructions. Prolactin data were expressed as the
change from the mean baseline (∆ng/mL), via subtracting the mean value obtained at time
−10 and −5 min, on each test day.

In an exploratory study, the sedation rating scores of 16-BrSalA and SalA were com-
pared during the neuroendocrine experiments (just prior to blood sampling) via the use of
a previously validated observational rating scale [59].



Molecules 2023, 28, 4848 16 of 22

3.13. Rotating Disk Electrode Voltammetry

DA uptake in rat brain tissue suspensions was measured via the use of RDEV, as
has been previously described [24,62]. Briefly, NAcc and dSTR tissues from drug-naïve
rats were dissected, weighed, minced in an ice-cold KREBS buffer, and transferred to
microcentrifuge vials. The tissues were then washed 8 times in a carbogen-aerated KREBS
buffer at 37 ◦C, before being resuspended in 296 µL of KREBS and transferred to the
RDEV chamber. A rotating glassy carbon electrode was lowered into the chamber and
rotated at 2000 rpm with an MSR rotator (Pine instruments, AFMDO3GC, Durham, NC,
USA). A +450 mV potential versus an Ag/AgCl reference electrode was applied, and the
resulting current was measured with an eDAQ recorder (Denistone, NSW, Australia).
Tissue suspensions were left to reach a stable baseline (∼=10 min) before each test.

A low to infinite trans model was used to determine the uptake kinetics of the DAT, fol-
lowing sequential additions of increasing DA concentrations (0.5–4 µM, 4 µL) in tissue sus-
pensions pretreated with 16-BrSalA (0 or 500 nM, 4 min pretreatment; n = 9/treatment/region).
A zero trans model was used to determine DAT uptake following a single addition of
DA (2 µM, 4 µL) in tissue suspensions pretreated with 16-BrSalA (0 or 500 nM, 4 min
pretreatment) and nor-BNI (1 µM, 30 min pretreatment; n = 8–9/treatment/region). Uptake
data were collected for 10 s, beginning 1 s after the addition of DA. A linear regression was
calculated and normalized to a standard concentration curve in order to determine DA
uptake, which was expressed as the pmol/s/g of tissue. For the low to infinite trans model,
a Michaelis–Menten curve was fitted using GraphPad Prism (San Diego, CA, USA), and
the Vmax as well as Km were determined for each suspension.

3.14. Imaging of ASP+ Uptake

The DAT uptake kinetics was also determined in HEK-293 cells coexpressing yellow
fluorescent protein human DAT (YFP-hDAT) and rat myc-tagged-KOR (myc-rKOR) via
measuring the uptake of the monoamine transporter substrate ASP+, as has been previously
described [24,102,103]. Briefly, transfected cells were aspirated of a medium and washed
twice in a KREBS buffer, before being placed in a stage-mounted incubator (37 ◦C) mounted
within an Olympus Fluoview FV1000 confocal microscope (Sydney, NSW, Australia). Cells
were preincubated with 16-BrSalA (0 or 10 µM) in 1 mL of a KREBS buffer for 2 min. The
microscope was then focused on a cell monolayer, and the KREBS buffer was removed so
that background autofluorescence could be determined via the capturing of a referencing
image. ASP+ (1 mL, 1–16 µM) in a KREBS buffer containing 16-BrSalA (0 or 10 µM) was then
added to different dishes. Cells were imaged every 5 s for 10 min to capture YFP (485 nm
excitation, 545 nm emission) and ASP+ fluorescence (570 nm excitation, 670 nm emission).
The linear slope of ASP+ accumulation was determined over a 60 sec period at the time
of maximal effect, following correction for background fluorescence and normalization to
YFP-hDAT expression (n = 17–51 cells/concentration/treatment). Data were entered into
GraphPad Prism and Michaelis–Menten curves were fitted to determine the Vmax as well
as Km.

To determine the KOR- and ERK1/2-dependant manner of ASP+ uptake, separate
dishes were preincubated with either nor-BNI (0 or 1 µM) or U0126 (0 or 20 µM) 30 min
prior to the addition of a single concentration of ASP+ (1 mL, 10 µM) and, 5 min later,
16-BrSalA (0 or 10 µM). The linear slope of ASP+ accumulation was determined over a
60 sec period prior to the addition of 16-BrSalA and at the time of maximal effect. Cells
without a linear uptake were discarded. The percentage change in the rate of ASP+ uptake
was then calculated by comparing the change in the slope of ASP+ accumulation before
and 16-BrSalA treatment (n = 38–65 cells/treatment).

3.15. ERK1/2 and p38 Western Blotting

For ex vivo experiments, drug-naïve rats were administered 16-BrSalA (1 mg/kg, i.p)
either 0, 10, 15, 30, or 120 min prior to being sacrificed (n = 5–7/timepoint). The NAcc,
dSTR, and PFC removed were then rapidly removed and homogenized in 100 µL (NAc)
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or 200 µL (dSTR and PFC) of an ice-cold RIPA buffer that contained both protease and
phosphatase inhibitors. Tissue lysates were then centrifuged at 16,000× g for 15 min at
4 ◦C and the DNA pellet removed. For in vitro experiments, HEK-293 cells expressing
myc-rKOR were serum-starved and incubated with 16-BrSalA (10 µM) for 0, 5, 10, 15,
30, 60, 120, or 180 min at 37 ◦C (n = 8 dishes/timepoint). To determine the KOR- and
ERK1/2-mediated action of 16-BrSalA, another experiment was conducted where cells
were pretreated with nor-BNI (0 or 1 µM), or U0126 (0 or 20 µM) for 30 min prior to a
10-minute incubation with 16-BrSalA (0 or 10 µM; n = 7–8 dishes/treatment). Following
incubation, all of the cells were washed twice with ice-cold PBS, lysed with 200 µL of a
RIPA buffer that contained protease and phosphatase inhibitors at 4 ◦C, and centrifuged at
16,000× g for 30 min at 4 ◦C.

The quantification of ERK1/2 and p38 was carried out as previously described [62].
Fifty micrograms of tissue or cell lysates was run on 10% SDS-PAGE gels. Following
electrophoresis, separated proteins were transferred onto an Immobilon PVDF membrane,
blocked with 5% bovine serum albumin (BSA) in tris-buffered saline (TBS) containing 0.1%
Tween-20 (T-TBS) for 1 h at room temperature, and then probed with the primary antibody
diluted in a blocking buffer overnight (1:500 mouse monoclonal p-ERK1/2, 1:1000 rabbit
monoclonal ERK1/2, 1:1000 rabbit monoclonal p-p38, and 1:1000 rabbit monoclonal p38).
The membrane was then washed 3 times with T-TBS before being probed with the secondary
antibody (1:5000 goat anti-mouse Cy5, 1:5000 goat anti-rabbit Cy5) diluted in TBS at room
temperature for 1 h. The membrane was then washed 3 times with TBS and scanned via the
use of a FUJIFILM FLA-5000 scanner (Fujifilm, Tokyo, Japan). Membranes were first probed
and scanned for the phosphorylated protein, before being stripped, probed, and scanned for
the total protein (stripping buffer: 0.05 M Tris-HCl, 2% SDS, and 3.75% β-mercaptoethanol,
pH 6.8, incubated at 40 min at room temperature followed by five–seven washes in T-TBS).

All Western blots were analyzed via the use of ImageJ (NIH). All band densities were
background-corrected and corrected for protein loading differences through normalizing
the density of phosphorylated protein bands to the corresponding total protein band.
The data were normalized to vehicle-treated controls to enable comparisons between
membranes. The size of visual protein bands was quantified via the use of their linear
migration properties to enable the identification of proteins. Phosphorylated ERK1/2 and
p38 expression was normalized to total ERK1/2 and p38, respectively, and expressed as
fold change from the baseline (time 0/vehicle + vehicle treatment).

3.16. Statistical Analysis

Statistical analyses were carried out via the use of GraphPad Prism (v9.1.0, La Jolla,
CA, USA) with the recommended parameters. Experiments with time course data were
analyzed via the use of a two-way (treatment × time) analysis of variance (ANOVA), with
time as a repeated measure. Sphericity was not assumed, and thus Greenhouse–Geisser
corrections to degrees of freedom were applied. Experiments without time course data were
analyzed via the use of one-way ANOVAs (repeated measures where appropriate) or t-tests.
Significant interactions or effects of treatment were followed-up with multiple-comparison
testing using the recommended tests., i.e., Šídák’s test for comparing treatments vs. controls,
Dunnett’s test for comparing multiple treatment groups vs. controls, or Tukey tests for
comparing all of the groups in experiments with antagonists/inhibitors. Normalized
Western blot data were analyzed via the use of one-sample t-tests. The results were
considered significant when p < 0.05.

4. Conclusions

The KOR has been identified as a promising target for the management of psychostim-
ulant use disorders and for the development of non-addictive pain medications. Unfortu-
nately, KOR agonists are typically associated with various adverse side effects that limit
their clinical viability. In the current study, we showed that the SalA analogue 16-BrSalA
had significant anticocaine effects in drug-seeking and locomotor hyperactivity models.
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We showed that 16-BrSalA produced an ERK-dependent increase in DAT activity, which
likely underlies these anticocaine effects. Importantly, 16-BrSalA produced minimal side
effects, with no significant effects on all tests other than conditioned aversion. Furthermore,
we showed that 16-BrSalA increased early phase ERK1/2 phosphorylation and had a small
effect on p38 phosphorylation. These results provide support for the idea that KOR agonists
with differential signaling can be developed to dissociate desirable therapeutic effects from
side effects. More research into the development of non-aversive KOR agonists is still
needed, however.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28124848/s1, The full Western blot membranes from
Figure 6 are shown in Figure S1.

Author Contributions: Conceptualization, A.E., S.W., E.R.B. and B.M.K.; formal analysis, R.v.d.W.,
A.E. and S.W.; funding acquisition, T.E.P. and B.M.K.; investigation, A.E., S.W. and E.R.B.; method-
ology, A.E., S.W. and B.M.K.; project administration, B.M.K.; resources, L.K., S.E.W. and T.E.P.;
software, B.D.M.; supervision, E.R.B., T.E.P. and B.M.K.; visualization, R.v.d.W.; writing—original
draft, R.v.d.W., A.E. and S.W.; writing—review and editing, R.v.d.W., E.R.B., T.E.P. and B.M.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the Health Research Council (B.K.: 16/646,
22/331), NIH (T.E.P.: R01DA01851), and Kentucky Medical Services Foundation Chair (T.E.P.). This
work was also supported by studentship awards from the Victoria University of Wellington, New
Zealand (to A.E.).

Institutional Review Board Statement: All experimental protocols involving rodents were approved
by the Victoria University of Wellington Animal Ethics Committee, New Zealand (AEC#22334). All
experiments involving non-human primates were approved by the Rockefeller University Animal
Care and Use Committee, in accordance with the Guide for the Care and Use of Animals (National
Academy Press; Washington, DC, USA).

Data Availability Statement: Data are presented within the manuscript. Additional raw data are
available on request from the corresponding author.

Acknowledgments: We would like to thank Lisa Woods for statistical advice, in addition to Neville
Higgison, Craig Doney, Paul Roulston, and Danyl McLauchlan for technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript;
or in the decision to publish the results.

Sample Availability: Samples of the compounds are available from the authors.

References
1. Volkow, N.D.; Koob, G.F.; McLellan, A.T. Neurobiologic Advances from the Brain Disease Model of Addiction. N. Engl. J. Med.

2016, 374, 363–371. [CrossRef] [PubMed]
2. Nestler, E.J. Cellular Basis of Memory for Addiction. Dialogues Clin. Neurosci. 2022, 15, 431–443. [CrossRef]
3. Kuzmin, A.V.; Semenova, S.; Gerrits, M.A.F.M.; Zvartau, E.E.; van Ree, J.M. κ-Opioid Receptor Agonist U50,488H Modulates

Cocaine and Morphine Self-Administration in Drug-Naive Rats and Mice. Eur. J. Pharm. 1997, 321, 265–271. [CrossRef]
4. Glick, S.D.; Visker, K.E.; Maisonneuve, I.M. Effects of Cyclazocine on Cocaine Self-Administration in Rats. Eur. J. Pharm. 1998,

357, 9–14. [CrossRef] [PubMed]
5. Glick, S.D.; Maisonneuve, I.M.; Raucci, J.; Sydney, A. Kappa Opioid Inhibition of Morphine and Cocaine Self-Administration in

Rats. Brain Res. 1995, 681, 147–152. [CrossRef]
6. Mello, N.K.; Negus, S.S. Effects of Kappa Opioid Agonists on Cocaine-and Food-Maintained Responding by Rhesus Monkeys.

J. Pharm. Exp. 1998, 286, 812–824.
7. Negus, S.S.; Mello, N.K.; Portoghese, P.S.; Lin, C.E. Effects of Kappa Opioids on Cocaine Self-Administration by Rhesus Monkeys.

J. Pharm. Exp. 1997, 282, 44–55.
8. Wee, S.; Orio, L.; Ghirmai, S.; Cashman, J.R.; Koob, G.F. Inhibition of Kappa Opioid Receptors Attenuated Increased Cocaine

Intake in Rats with Extended Access to Cocaine. Psychopharmacology 2009, 205, 565–575. [CrossRef]
9. Schenk, S.; Shippenberg, T.S.; Partridge, B. U69593, a Kappa-Opioid Agonist, Decreases Cocaine Self-Administration and

Decreases Cocaine-Produced Drug-Seeking. Psychopharmacology 1999, 144, 339–346. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules28124848/s1
https://www.mdpi.com/article/10.3390/molecules28124848/s1
https://doi.org/10.1056/NEJMra1511480
https://www.ncbi.nlm.nih.gov/pubmed/26816013
https://doi.org/10.31887/DCNS.2013.15.4/enestler
https://doi.org/10.1016/S0014-2999(96)00961-2
https://doi.org/10.1016/S0014-2999(98)00548-2
https://www.ncbi.nlm.nih.gov/pubmed/9788768
https://doi.org/10.1016/0006-8993(95)00306-B
https://doi.org/10.1007/s00213-009-1563-y
https://doi.org/10.1007/s002130051016


Molecules 2023, 28, 4848 19 of 22

10. Schenk, S.; Partridge, B.; Shippenberg, T.S. Effects of the Kappa-Opioid Receptor Agonist, U69593, on the Development of
Sensitization and on the Maintenance of Cocaine Self-Administration. Neuropsychopharmacology 2001, 24, 441–450. [CrossRef]

11. Mello, N.K.; Negus, S.S. Interactions between Kappa Opioid Agonists and Cocaine: Preclinical Studies. Ann. N. Y. Acad. Sci. 2000,
909, 104–132. [CrossRef] [PubMed]

12. Schenk, S.; Partridge, B. Effect of the Kappa-Opioid Receptor Agonist, U69593, on Reinstatement of Extinguished Amphetamine
Self-Administration Behavior. Pharm. Biochem. Behav. 2001, 68, 629–634. [CrossRef] [PubMed]

13. Schenk, S.; Partridge, B.; Shippenberg, T.S. Reinstatement of Extinguished Drug-Taking Behavior in Rats: Effect of the Kappa-
Opioid Receptor Agonist, U69593. Psychopharmacology 2000, 151, 85–90. [CrossRef] [PubMed]

14. Morani, A.S.; Kivell, B.M.; Prisinzano, T.E.; Schenk, S. Effect of Kappa-Opioid Receptor Agonists U69593, U50488H, Spiradoline
and Salvinorin A on Cocaine-Induced Drug-Seeking in Rats. Pharm. Biochem. Behav. 2009, 94, 244–249. [CrossRef]

15. Collins, S.L.; Gerdes, R.M.; D’Addario, C.; Izenwasser, S. Kappa Opioid Agonists Alter Dopamine Markers and Cocaine-
Stimulated Locomotor Activity. Behav. Pharmacol. 2001, 12, 237–245. [CrossRef]

16. Heidbreder, C.A.; Shoaib, M.; Shippenberg, T.S. Differential Role of δ-Opioid Receptors in the Development and Expression of
Behavioral Sensitization to Cocaine. Eur. J. Pharm. 1996, 298, 207–216. [CrossRef] [PubMed]

17. Shippenberg, T.S.; Lefevour, A.; Thompson, A.C. Sensitization to the Conditioned Rewarding Effects of Morphine and Cocaine:
Differential Effects of the κ-Opioid Receptor Agonist U69593. Eur. J. Pharm. 1998, 345, 27–34. [CrossRef] [PubMed]

18. Vanderschuren, L.J.M.J.; Schoffelmeer, A.N.M.; Wardeh, G.; de Vries, T.J. Dissociable Effects of the κ-Opioid Receptor Agonists
Bremazocine, U69593, and U50488H on Locomotor Activity and Long-Term Behavioral Sensitization Induced by Amphetamine
and Cocaine. Psychopharmacology 2000, 150, 35–44. [CrossRef] [PubMed]

19. Heidbreder, C.A.; Shippenberg, T.S. U-69593 Prevents Cocaine Sensitization by Normalizing Basal Accumbens Dopamine.
Neuroreport 1994, 5, 1797–1800. [CrossRef]

20. Thompson, A.C.; Zapata, A.; Justice, J.B.; Vaughan, R.A.; Sharpe, L.G.; Shippenberg, T.S. κ-Opioid Receptor Activation Modifies
Dopamine Uptake in the Nucleus Accumbens and Opposes the Effects of Cocaine. J. Neurosci. 2000, 20, 9333–9340. [CrossRef]

21. Chefer, V.I.; Czyzyk, T.; Bolan, E.A.; Moron, J.; Pintar, J.E.; Shippenberg, T.S. Endogenous κ-Opioid Receptor Systems Regulate
Mesoaccumbal Dopamine Dynamics and Vulnerability to Cocaine. J. Neurosci. 2005, 25, 5029–5037. [CrossRef] [PubMed]

22. Gray, A.M.; Rawls, S.M.; Shippenberg, T.S.; McGinty, J.F. The K-Opioid Agonist, U-69593, Decreases Acute Amphetamine-Evoked
Behaviors and Calcium-Dependent Dialysate Levels of Dopamine and Glutamate in the Ventral Striatum. J. Neurochem. 1999, 73,
1066–1074. [CrossRef] [PubMed]

23. Maisonneuve, I.M.; Archer, S.; Glick, S.D. U50,488, a κ Opioid Receptor Agonist, Attenuates Cocaine-Induced Increases in
Extracellular Dopamine in the Nucleus Accumbens of Rats. Neurosci. Lett. 1994, 181, 57–60. [CrossRef] [PubMed]

24. Kivell, B.M.; Uzelac, Z.; Sundaramurthy, S.; Rajamanickam, J.; Ewald, A.; Chefer, V.; Jaligam, V.; Bolan, E.; Simonson, B.;
Annamalai, B.; et al. Salvinorin A Regulates Dopamine Transporter Function via a Kappa Opioid Receptor and ERK1/2-
Dependent Mechanism. Neuropharmacology 2014, 86, 228–240. [CrossRef] [PubMed]

25. Tang, A.H.; Collins, R.J. Behavioral Effects of a Novel Kappa Opioid Analgesic, U-50488, in Rats and Rhesus Monkeys.
Psychopharmacology 1985, 85, 309–314. [CrossRef]

26. Ueno, Y.; Mori, A.; Yanagita, T. One Year Long-Term Study on Abuse Liability of Nalfurafine in Hemodialysis Patients. Int. J. Clin.
Pharm. 2013, 51, 823–831. [CrossRef]

27. Porreca, F.; Mosberg, H.I.; Hurst, R.; Hruby, V.J.; Burks, T.F. Roles of Mu, Delta and Kappa Opioid Receptors in Spinal and
Supraspinal Mediation of Gastrointestinal Transit Effects and Hot-Plate Analgesia in the Mouse. J. Pharmacol. Exp. Ther. 1984, 230.

28. Shook, J.E.; Watkins, W.D.; Camporesi, E.M. Differential Roles of Opioid Receptors in Respiration, Respiratory Disease, and
Opiate-Induced Respiratory Depression. Am. Rev. Respir. Dis. 2012, 142, 909. [CrossRef] [PubMed]

29. Viscusi, E.R.; Torjman, M.C.; Munera, C.L.; Stauffer, J.W.; Setnik, B.S.; Bagal, S.N. Effect of Difelikefalin, a Selective Kappa Opioid
Receptor Agonist, on Respiratory Depression: A Randomized, Double-blind, Placebo-controlled Trial. Clin. Transl. Sci. 2021,
14, 1886. [CrossRef]

30. Dalefield, M.L.; Scouller, B.; Bibi, R.; Kivell, B.M.; Dale, M.L.; Scouller, B.; Bibi, R.; Kivell, B.M. The Kappa Opioid Receptor: A
Promising Therapeutic Target for Multiple Pathologies. Front. Pharm. 2022, 13, 837671. [CrossRef]

31. Zhang, L.S.; Wang, J.; Chen, J.C.; Tao, Y.M.; Wang, Y.H.; Xu, X.J.; Chen, J.; Xu, Y.G.; Xi, T.; Hu, X.W.; et al. Novel κ-Opioid Receptor
Agonist MB-1C-OH Produces Potent Analgesia with Less Depression and Sedation. Acta Pharmacol. Sin. 2015, 36, 565–571.
[CrossRef] [PubMed]

32. Walsh, S.L.; Strain, E.C.; Abreu, M.E.; Bigelow, G.E. Enadoline, a Selective Kappa Opioid Agonist: Comparison with Butorphanol
and Hydromorphone in Humans. Psychopharmacology 2001, 157, 151–162. [CrossRef]

33. Vunck, S.A.; Snider, S.E.; van den Oord, E.J.C.G.; Beardsley, P.M. The Kappa Opioid Receptor Agonist, U50,488, Exacerbates
Conditioned Fear in Mice. FASEB J. 2011, 25, 617–620.

34. Wang, Y.J.; Hang, A.; Lu, Y.C.; Long, Y.; Zan, G.Y.; Li, X.P.; Wang, Q.; Zhao, Z.X.; He, L.; Chi, Z.Q.; et al. κ Opioid Receptor
Activation in Different Brain Regions Differentially Modulates Anxiety-Related Behaviors in Mice. Neuropharmacology 2016, 110,
92–101. [CrossRef]

35. Mague, S.D.; Pliakas, A.M.; Todtenkopf, M.S.; Tomasiewicz, H.C.; Zhang, Y.; Stevens, W.C.; Jones, R.M.; Portoghese, P.S.;
Carlezon, W.A. Antidepressant-Like Effects of κ-Opioid Receptor Antagonists in the Forced Swim Test in Rats. J. Pharmacol. Exp.
Ther. 2003, 305, 323–330. [CrossRef] [PubMed]

https://doi.org/10.1016/S0893-133X(00)00190-1
https://doi.org/10.1111/j.1749-6632.2000.tb06678.x
https://www.ncbi.nlm.nih.gov/pubmed/10911926
https://doi.org/10.1016/S0091-3057(00)00478-0
https://www.ncbi.nlm.nih.gov/pubmed/11526958
https://doi.org/10.1007/s002130000476
https://www.ncbi.nlm.nih.gov/pubmed/10958121
https://doi.org/10.1016/j.pbb.2009.09.002
https://doi.org/10.1097/00008877-200107000-00002
https://doi.org/10.1016/0014-2999(95)00815-2
https://www.ncbi.nlm.nih.gov/pubmed/8846818
https://doi.org/10.1016/S0014-2999(97)01614-2
https://www.ncbi.nlm.nih.gov/pubmed/9593590
https://doi.org/10.1007/s002130000424
https://www.ncbi.nlm.nih.gov/pubmed/10867974
https://doi.org/10.1097/00001756-199409080-00028
https://doi.org/10.1523/JNEUROSCI.20-24-09333.2000
https://doi.org/10.1523/JNEUROSCI.0854-05.2005
https://www.ncbi.nlm.nih.gov/pubmed/15901784
https://doi.org/10.1046/j.1471-4159.1999.0731066.x
https://www.ncbi.nlm.nih.gov/pubmed/10461896
https://doi.org/10.1016/0304-3940(94)90559-2
https://www.ncbi.nlm.nih.gov/pubmed/7898771
https://doi.org/10.1016/j.neuropharm.2014.07.016
https://www.ncbi.nlm.nih.gov/pubmed/25107591
https://doi.org/10.1007/BF00428193
https://doi.org/10.5414/CP201852
https://doi.org/10.1164/ajrccm/142.4.895
https://www.ncbi.nlm.nih.gov/pubmed/2171388
https://doi.org/10.1111/cts.13042
https://doi.org/10.3389/fphar.2022.837671
https://doi.org/10.1038/aps.2014.145
https://www.ncbi.nlm.nih.gov/pubmed/25816912
https://doi.org/10.1007/s002130100788
https://doi.org/10.1016/j.neuropharm.2016.04.022
https://doi.org/10.1124/jpet.102.046433
https://www.ncbi.nlm.nih.gov/pubmed/12649385


Molecules 2023, 28, 4848 20 of 22

36. Suzuki, T.; Shiozaki, Y.; Masukawa, Y.; Misawa, M.; Nagase, H. The Role of Mu- and Kappa-Opioid Receptors in Cocaine-Induced
Conditioned Place Preference. Jpn. J. Pharmacol. 1992, 58, 435–442. [CrossRef] [PubMed]

37. Skoubis, P.D.; Matthes, H.W.; Walwyn, W.M.; Kieffer, B.L.; Maidment, N.T. Naloxone Fails to Produce Conditioned Place Aversion
in µ-Opioid Receptor Knock-out Mice. Neuroscience 2001, 106, 757–763. [CrossRef]

38. Ehrich, J.M.; Messinger, D.I.; Knakal, C.R.; Kuhar, J.R.; Schattauer, S.S.; Bruchas, M.R.; Zweifel, L.S.; Kieffer, B.L.; Phillips, P.E.M.;
Chavkin, C. Kappa Opioid Receptor-Induced Aversion Requires P38 MAPK Activation in VTA Dopamine Neurons. J. Neurosci.
2015, 35, 12917–12931. [CrossRef]

39. Bals-Kubik, R.; Ableitner, A.; Herz, A.; Shippenberg, T.S. Neuroanatomical Sites Mediating the Motivational Effects of Opioids as
Mapped by the Conditioned Place Preference Paradigm in Rats. J. Pharm. Exp. 1993, 264, 489–495.

40. Todtenkopf, M.S.; Marcus, J.F.; Portoghese, P.S.; Carlezon, W.A. Effects of κ-Opioid Receptor Ligands on Intracranial Self-
Stimulation in Rats. Psychopharmacology 2004, 172, 463–470. [CrossRef]

41. Jacobs, B.L.; Atwater, J.A.; Munemitsu, S.M.; Samuel, C.E.; K Lee, P.W.; Hayes, E.C.; Joklk, W.K.; Lennette, E.H.; John, A.C.;
Pfeiffer, A.; et al. Psychotomimesis Mediated by κ Opiate Receptors. Science 1986, 233, 774–776. [CrossRef]

42. Chavkin, C. The Therapeutic Potential of κ-Opioids for Treatment of Pain and Addiction. Neuropsychopharmacology 2011, 36,
369–370. [CrossRef] [PubMed]

43. Paton, K.F.; Atigari, D.V.; Kaska, S.; Prisinzano, T.; Kivell, B.M. Strategies for Developing κ Opioid Receptor Agonists for the
Treatment of Pain with Fewer Side Effects. J. Pharmacol. Exp. Ther. 2020, 375, 332–348. [CrossRef]

44. Kivell, B.M.; Ewald, A.W.M.; Prisinzano, T.E. Salvinorin A Analogs and Other Kappa-Opioid Receptor Compounds as Treatments
for Cocaine Abuse. Adv. Pharm. 2014, 69, 481–511. [CrossRef]

45. Khan, M.I.H.; Sawyer, B.J.; Akins, N.S.; Le, H.v. A Systematic Review on the Kappa Opioid Receptor and Its Ligands: New
Directions for the Treatment of Pain, Anxiety, Depression, and Drug Abuse. Eur. J. Med. Chem. 2022, 243, 114785. [CrossRef]
[PubMed]

46. Seifert, R. Functional Selectivity of G-Protein-Coupled Receptors: From Recombinant Systems to Native Human Cells. Biochem.
Pharm. 2013, 86, 853–861. [CrossRef]

47. Reiter, E.; Ahn, S.; Shukla, A.K.; Lefkowitz, R.J. Molecular Mechanism of β-Arrestin-Biased Agonism at Seven-Transmembrane
Receptors. Annu. Rev. Pharm. Toxicol. 2012, 52, 179. [CrossRef]

48. Bruchas, M.R.; Chavkin, C. Kinase Cascades and Ligand-Directed Signaling at the Kappa Opioid Receptor. Psychopharmacology
2010, 210, 137–147. [CrossRef]

49. Mores, K.L.; Cummins, B.R.; Cassell, R.J.; van Rijn, R.M. A Review of the Therapeutic Potential of Recently Developed G
Protein-Biased Kappa Agonists. Front. Pharm. 2019, 10, 407. [CrossRef]

50. Jamshidi, R.J.; Jacobs, B.A.; Sullivan, L.C.; Chavera, T.A.; Saylor, R.M.; Prisinzano, T.E.; Clarke, W.P.; Berg, K.A. Functional
Selectivity of Kappa Opioid Receptor Agonists in Peripheral Sensory Neurons. J. Pharmacol. Exp. Ther. 2015, 355, 174–182.
[CrossRef]

51. Brust, T.F.; Morgenweck, J.; Kim, S.A.; Rose, J.H.; Locke, J.L.; Schmid, C.L.; Zhou, L.; Stahl, E.L.; Cameron, M.D.; Scarry, S.M.; et al.
Biased Agonists of the Kappa Opioid Receptor Suppress Pain and Itch without Causing Sedation or Dysphoria. Sci. Signal. 2016,
9, ra117. [CrossRef] [PubMed]

52. White, K.L.; Robinson, J.E.; Zhu, H.; DiBerto, J.F.; Polepally, P.R.; Zjawiony, J.K.; Nichols, D.E.; Malanga, C.J.; Roth, B.L. The G
Protein–Biased κ-Opioid Receptor Agonist RB-64 Is Analgesic with a Unique Spectrum of Activities In Vivo. J. Pharmacol. Exp.
Ther. 2015, 352, 98–109. [CrossRef] [PubMed]

53. Paton, K.F.; Biggerstaff, A.; Kaska, S.; Crowley, R.S.; la Flamme, A.C.; Prisinzano, T.E.; Kivell, B.M. Evaluation of Biased and
Balanced Salvinorin A Analogs in Preclinical Models of Pain. Front. Neurosci. 2020, 14, 765. [CrossRef] [PubMed]

54. Michel, M.C.; Charlton, S.J. Biased Agonism in Drug Discovery—Is It Too Soon to Choose a Path? Mol. Pharm. 2018, 93, 259–265.
[CrossRef]

55. Kivell, B.M.; Paton, K.F.; Kumar, N.; Morani, A.S.; Culverhouse, A.; Shepherd, A.; Welsh, S.A.; Biggerstaff, A.; Crowley, R.S.;
Prisinzano, T.E. Kappa Opioid Receptor Agonist Mesyl Sal B Attenuates Behavioral Sensitization to Cocaine with Fewer Aversive
Side-Effects than Salvinorin A in Rodents. Molecules 2018, 23, 2602. [CrossRef]

56. Morani, A.S.; Schenk, S.; Prisinzano, T.E.; Kivell, B.M. A Single Injection of a Novel κ Opioid Receptor Agonist Salvinorin A
Attenuates the Expression of Cocaine-Induced Behavioral Sensitization in Rats. Behav. Pharmacol. 2012, 23, 162–170. [CrossRef]

57. Schmidt, M.D.; Schmidt, M.S.; Butelman, E.R.; Harding, W.W.; Tidgewell, K.; Murry, D.J.; Kreek, M.J.; Prisinzano, T.E. Phar-
macokinetics of the Plant-Derived κ-Opioid Hallucinogen Salvinorin A in Nonhuman Primates. Synapse 2005, 58, 208–210.
[CrossRef]

58. Hooker, J.M.; Xu, Y.; Schiffer, W.; Shea, C.; Carter, P.; Fowler, J.S. Pharmacokinetics of the Potent Hallucinogen, Salvinorin A in
Primates Parallels the Rapid Onset and Short Duration of Effects in Humans. Neuroimage 2008, 41, 1044–1050. [CrossRef]

59. Butelman, E.R.; Prisinzano, T.E.; Deng, H.; Rus, S.; Kreek, M.J. Unconditioned Behavioral Effects of the Powerful κ-Opioid
Hallucinogen Salvinorin A in Nonhuman Primates: Fast Onset and Entry into Cerebrospinal Fluid. J. Pharm. Exp. 2009, 328, 588.
[CrossRef]

60. Riley, A.P.; Groer, C.E.; Young, D.; Ewald, A.W.; Kivell, B.M.; Prisinzano, T.E. Synthesis and κ-Opioid Receptor Activity of
Furan-Substituted Salvinorin A Analogues. J. Med. Chem. 2014, 57, 10464–10475. [CrossRef] [PubMed]

https://doi.org/10.1016/S0021-5198(19)39723-9
https://www.ncbi.nlm.nih.gov/pubmed/1328733
https://doi.org/10.1016/S0306-4522(01)00333-5
https://doi.org/10.1523/JNEUROSCI.2444-15.2015
https://doi.org/10.1007/s00213-003-1680-y
https://doi.org/10.1126/SCIENCE.3016896
https://doi.org/10.1038/npp.2010.137
https://www.ncbi.nlm.nih.gov/pubmed/21116263
https://doi.org/10.1124/jpet.120.000134
https://doi.org/10.1016/B978-0-12-420118-7.00012-3
https://doi.org/10.1016/j.ejmech.2022.114785
https://www.ncbi.nlm.nih.gov/pubmed/36179400
https://doi.org/10.1016/j.bcp.2013.07.029
https://doi.org/10.1146/annurev.pharmtox.010909.105800
https://doi.org/10.1007/s00213-010-1806-y
https://doi.org/10.3389/fphar.2019.00407
https://doi.org/10.1124/jpet.115.225896
https://doi.org/10.1126/scisignal.aai8441
https://www.ncbi.nlm.nih.gov/pubmed/27899527
https://doi.org/10.1124/jpet.114.216820
https://www.ncbi.nlm.nih.gov/pubmed/25320048
https://doi.org/10.3389/fnins.2020.00765
https://www.ncbi.nlm.nih.gov/pubmed/32792903
https://doi.org/10.1124/mol.117.110890
https://doi.org/10.3390/molecules23102602
https://doi.org/10.1097/FBP.0b013e3283512c1e
https://doi.org/10.1002/syn.20191
https://doi.org/10.1016/j.neuroimage.2008.03.003
https://doi.org/10.1124/jpet.108.145342
https://doi.org/10.1021/jm501521d
https://www.ncbi.nlm.nih.gov/pubmed/25426797


Molecules 2023, 28, 4848 21 of 22

61. Cunningham, C.W.; Rothman, R.B.; Prisinzano, T.E. Neuropharmacology of the Naturally Occurring κ-Opioid Hallucinogen
Salvinorin A. Pharm. Rev. 2011, 63, 316–347. [CrossRef]

62. Simonson, B.; Morani, A.S.; Ewald, A.W.M.; Walker, L.; Kumar, N.; Simpson, D.; Miller, J.H.; Prisinzano, T.E.; Kivell, B.M.
Pharmacology and Anti-Addiction Effects of the Novel κ Opioid Receptor Agonist Mesyl Sal B, a Potent and Long-Acting
Analogue of Salvinorin A. Br. J. Pharm. 2015, 172, 515–531. [CrossRef] [PubMed]

63. Prevatt-Smith, K.M.; Lovell, K.M.; Simpson, D.S.; Day, V.W.; Douglas, J.T.; Bosch, P.; Dersch, C.M.; Rothman, R.B.; Kivell, B.M.;
Prisinzano, T.E. Potential Drug Abuse Therapeutics Derived from the Hallucinogenic Natural Product Salvinorin A. Medchemcomm
2011, 2, 1217–1222. [CrossRef] [PubMed]

64. Morani, A.S.; Ewald, A.; Prevatt-Smith, K.M.; Prisinzano, T.E.; Kivell, B.M. The 2-Methoxy Methyl Analogue of Salvinorin A
Attenuates Cocaine-Induced Drug Seeking and Sucrose Reinforcements in Rats. Eur. J. Pharm. 2013, 720, 69–76. [CrossRef]

65. Ewald, A.W.M.; Bosch, P.J.; Culverhouse, A.; Crowley, R.S.; Neuenswander, B.; Prisinzano, T.E.; Kivell, B.M. The C-2 Derivatives
of Salvinorin A, Ethoxymethyl Ether Sal B and β-Tetrahydropyran Sal B, Have Anti-Cocaine Properties with Minimal Side Effects.
Psychopharmacology 2017, 234, 2499–2514. [CrossRef]

66. Riley, A.P.; Day, V.W.; Navarro, H.A.; Prisinzano, T.E. Palladium-Catalyzed Transformations of Salvinorin A, a Neoclerodane
Diterpene from Salvia Divinorum. Org. Lett. 2013, 15, 5936–5939. [CrossRef] [PubMed]

67. Béguin, C.; Duncan, K.K.; Munro, T.A.; Ho, D.M.; Xu, W.; Liu-Chen, L.Y.; Carlezon, W.A.; Cohen, B.M. Modification of the Furan
Ring of Salvinorin A: Identification of a Selective Partial Agonist at the Kappa Opioid Receptor. Bioorg. Med. Chem. 2009, 17,
1370–1380. [CrossRef] [PubMed]

68. Butelman, E.R.; Mandau, M.; Tidgewell, K.; Prisinzano, T.E.; Yuferov, V.; Kreek, M.J. Effects of Salvinorin A, a κ-Opioid
Hallucinogen, on a Neuroendocrine Biomarker Assay in Nonhuman Primates with High κ-Receptor Homology to Humans.
J. Pharmacol. Exp. Ther. 2007, 320, 300–306. [CrossRef]

69. Wang, Y.; Chen, Y.; Xu, W.; Lee, D.Y.W.; Ma, Z.; Rawls, S.M.; Cowan, A.; Liu-Chen, L.Y. 2-Methoxymethyl-Salvinorin B Is a Potent
κ Opioid Receptor Agonist with Longer Lasting Action in Vivo Than Salvinorin A. J. Pharm. Exp. 2008, 324, 1073. [CrossRef]

70. Ebner, S.R.; Roitman, M.F.; Potter, D.N.; Rachlin, A.B.; Chartoff, E.H. Depressive-like Effects of the Kappa Opioid Receptor
Agonist Salvinorin A Are Associated with Decreased Phasic Dopamine Release in the Nucleus Accumbens. Psychopharmacology
2010, 210, 241–252. [CrossRef]

71. Zamarripa, C.A.; Naylor, J.E.; Huskinson, S.L.; Townsend, E.A.; Prisinzano, T.E.; Freeman, K.B. Kappa Opioid Agonists Reduce
Oxycodone Self-Administration in Male Rhesus Monkeys. Psychopharmacology 2020, 237, 1471–1480. [CrossRef]

72. Volkow, N.D.; Michaelides, M.; Baler, R. The Neuroscience of Drug Reward and Addiction. Physiol. Rev. 2019, 99, 2115–2140.
[CrossRef]

73. Thomas, M.J.; Kalivas, P.W.; Shaham, Y. Neuroplasticity in the Mesolimbic Dopamine System and Cocaine Addiction. Br. J. Pharm.
2008, 154, 327–342. [CrossRef] [PubMed]

74. Morón, J.A.; Zakharova, I.; Ferrer, J.v.; Merrill, G.A.; Hope, B.; Lafer, E.M.; Lin, Z.C.; Wang, J.B.; Javitch, J.A.; Galli, A.; et al.
Mitogen-Activated Protein Kinase Regulates Dopamine Transporter Surface Expression and Dopamine Transport Capacity.
J. Neurosci. 2003, 23, 8480–8488. [CrossRef]

75. Estave, P.M.; Spodnick, M.B.; Karkhanis, A.N. KOR Control over Addiction Processing: An Exploration of the Mesolimbic
Dopamine Pathway. Handb. Exp. Pharm. 2022, 271, 351. [CrossRef]

76. Henderson-Redmond, A.; Czachowski, C. Effects of Systemic Opioid Receptor Ligands on Ethanol- and Sucrose Seeking and
Drinking in Alcohol-Preferring (P) and Long Evans Rats. Psychopharmacology 2014, 231, 4309–4321. [CrossRef]

77. Gallantine, E.L.; Meert, T.F.; Gallantine, E.; Johnson, J. Antinociceptive and Adverse Effects of M- and κ-Opioid Receptor Agonists:
A Comparison of Morphine and U50488-H. Basic Clin. Pharm. Toxicol. 2008, 103, 419–427. [CrossRef] [PubMed]

78. Muschamp, J.W.; Hollander, J.A.; Thompson, J.L.; Voren, G.; Hassinger, L.C.; Onvani, S.; Kamenecka, T.M.; Borgland, S.L.;
Kenny, P.J.; Carlezon, W.A. Hypocretin (Orexin) Facilitates Reward by Attenuating the Antireward Effects of Its Cotransmitter
Dynorphin in Ventral Tegmental Area. Proc. Natl. Acad. Sci. USA 2014, 111, E1648–E1655. [CrossRef] [PubMed]

79. Glass, M.J.; Billington, C.J.; Levine, A.S. Opioids and Food Intake: Distributed Functional Neural Pathways? Neuropeptides 1999,
33, 360–368. [CrossRef]

80. Romero-Picó, A.; Vázquez, M.J.; González-Touceda, D.; Folgueira, C.; Skibicka, K.P.; Alvarez-Crespo, M.; van Gestel, M.A.;
Velásquez, D.A.; Schwarzer, C.; Herzog, H.; et al. Hypothalamic κ-Opioid Receptor Modulates the Orexigenic Effect of Ghrelin.
Neuropsychopharmacology 2013, 38, 1296–1307. [CrossRef]

81. Carey, A.N.; Lyons, A.M.; Shay, C.F.; Dunton, O.; McLaughlin, J.P. Endogenous κ Opioid Activation Mediates Stress-Induced
Deficits in Learning and Memory. J. Neurosci. 2009, 29, 4293–4300. [CrossRef]

82. Sandin, J.; Nylander, I.; Georgieva, J.; Schött, P.A.; Ögren, S.O.; Terenius, L. Hippocampal Dynorphin B Injections Impair Spatial
Learning in Rats: A κ-Opioid Receptor-Mediated Effect. Neuroscience 1998, 85, 375–382. [CrossRef] [PubMed]

83. Castellano, C.; Libri, V.; Ammassari-Teule, M. The Amygdala Mediates the Impairing Effect of the Selective κ-Opioid Receptor
Agonist U-50,488 on Memory in CD1 Mice. Behav. Brain Res. 1988, 30, 259–263. [CrossRef] [PubMed]

84. Paris, J.J.; Reilley, K.J.; McLaughlin, J.P. Kappa Opioid Receptor-Mediated Disruption of Novel Object Recognition: Relevance for
Psychostimulant Treatment. J. Addict. Res. Ther. 2011, S4, 1932–1942. [CrossRef] [PubMed]

https://doi.org/10.1124/pr.110.003244
https://doi.org/10.1111/bph.12692
https://www.ncbi.nlm.nih.gov/pubmed/24641310
https://doi.org/10.1039/c1md00192b
https://www.ncbi.nlm.nih.gov/pubmed/22442751
https://doi.org/10.1016/j.ejphar.2013.10.050
https://doi.org/10.1007/s00213-017-4637-2
https://doi.org/10.1021/ol4027528
https://www.ncbi.nlm.nih.gov/pubmed/24246026
https://doi.org/10.1016/j.bmc.2008.12.012
https://www.ncbi.nlm.nih.gov/pubmed/19147366
https://doi.org/10.1124/jpet.106.112417
https://doi.org/10.1124/jpet.107.132142
https://doi.org/10.1007/s00213-010-1836-5
https://doi.org/10.1007/s00213-020-05473-4
https://doi.org/10.1152/physrev.00014.2018
https://doi.org/10.1038/bjp.2008.77
https://www.ncbi.nlm.nih.gov/pubmed/18345022
https://doi.org/10.1523/JNEUROSCI.23-24-08480.2003
https://doi.org/10.1007/164_2020_421
https://doi.org/10.1007/s00213-014-3571-9
https://doi.org/10.1111/j.1742-7843.2008.00306.x
https://www.ncbi.nlm.nih.gov/pubmed/18699797
https://doi.org/10.1073/pnas.1315542111
https://www.ncbi.nlm.nih.gov/pubmed/24706819
https://doi.org/10.1054/npep.1999.0050
https://doi.org/10.1038/npp.2013.28
https://doi.org/10.1523/JNEUROSCI.6146-08.2009
https://doi.org/10.1016/S0306-4522(97)00605-2
https://www.ncbi.nlm.nih.gov/pubmed/9622237
https://doi.org/10.1016/0166-4328(88)90168-4
https://www.ncbi.nlm.nih.gov/pubmed/2846004
https://doi.org/10.4172/2155-6105.S4-007
https://www.ncbi.nlm.nih.gov/pubmed/22900234


Molecules 2023, 28, 4848 22 of 22

85. Schindler, A.G.; Li, S.; Chavkin, C. Behavioral Stress May Increase the Rewarding Valence of Cocaine-Associated Cues Through a
Dynorphin/κ-Opioid Receptor-Mediated Mechanism without Affecting Associative Learning or Memory Retrieval Mechanisms.
Neuropsychopharmacology 2010, 35, 1932–1942. [CrossRef]

86. Braida, D.; Donzelli, A.; Martucci, R.; Capurro, V.; Sala, M. Learning and Memory Impairment Induced by Salvinorin a, the
Principal Ingredient of Salvia Divinorum, in Wistar Rats. Int. J. Toxicol. 2011, 30, 650–661. [CrossRef]

87. Bruchas, M.R.; Macey, T.A.; Lowe, J.D.; Chavkin, C. Kappa Opioid Receptor Activation of P38 MAPK Is GRK3- and Arrestin-
Dependent in Neurons and Astrocytes. J. Biol. Chem. 2006, 281, 18081–18089. [CrossRef]

88. Bruchas, M.R.; Land, B.B.; Aita, M.; Xu, M.; Barot, S.K.; Li, S.; Chavkin, C. Stress-Induced P38 Mitogen-Activated Protein Kinase
Activation Mediates κ-Opioid-Dependent Dysphoria. J. Neurosci. 2007, 27, 11614–11623. [CrossRef]

89. Chefer, V.I.; Bäckman, C.M.; Gigante, E.D.; Shippenberg, T.S. Kappa Opioid Receptors on Dopaminergic Neurons Are Necessary
for Kappa-Mediated Place Aversion. Neuropsychopharmacology 2013, 38, 2623–2631. [CrossRef]

90. Land, B.B.; Bruchas, M.R.; Schattauer, S.; Giardino, W.J.; Aita, M.; Messinger, D.; Hnasko, T.S.; Palmiter, R.D.; Chavkin, C.
Activation of the Kappa Opioid Receptor in the Dorsal Raphe Nucleus Mediates the Aversive Effects of Stress and Reinstates
Drug Seeking. Proc. Natl. Acad. Sci. USA 2009, 106, 19168–19173. [CrossRef]

91. McLennan, G.P.; Kiss, A.; Miyatake, M.; Belcheva, M.M.; Chambers, K.T.; Pozek, J.J.; Mohabbat, Y.; Moyer, R.A.; Bohn, L.M.;
Coscia, C.J. Kappa Opioids Promote the Proliferation of Astrocytes via Gβγ and β-Arrestin 2-Dependent MAPK-Mediated
Pathways. J. Neurochem. 2008, 107, 1753–1765. [CrossRef]

92. Belcheva, M.M.; Clark, A.L.; Haas, P.D.; Serna, J.S.; Hahn, J.W.; Kiss, A.; Coscia, C.J. µ and κ Opioid Receptors Activate
ERK/MAPK via Different Protein Kinase C Isoforms and Secondary Messengers in Astrocytes. J. Biol. Chem. 2005, 280,
27662–27669. [CrossRef] [PubMed]

93. Bruchas, M.R.; Land, B.B.; Chavkin, C. The Dynorphin/Kappa Opioid System as a Modulator of Stress-Induced and pro-Addictive
Behaviors. Brain Res. 2010, 1314, 44–55. [CrossRef]

94. Muschamp, J.W.; Van’t Veer, A.; Carlezon, W.A. Tracking Down the Molecular Substrates of Stress: New Roles for P38α MAPK
and Kappa-Opioid Receptors. Neuron 2011, 71, 383–385. [CrossRef]

95. Kreek, M.J.; Schluger, J.; Borg, L.; Gunduz, M.; Ho, A. Dynorphin A1-13 Causes Elevation of Serum Levels of Prolactin through
an Opioid Receptor Mechanism in Humans: Gender Differences and Implications for Modulation of Dopaminergic Tone in the
Treatment of Addictions. J. Pharm. Exp. 1999, 288, 260–269.

96. Chang, C.; Byon, W.; Lu, Y.; Jacobsen, L.K.; Badura, L.L.; Sawant-Basak, A.; Miller, E.; Liu, J.; Grimwood, S.; Wang, E.Q.; et al.
Quantitative PK-PD Model-Based Translational Pharmacology of a Novel Kappa Opioid Receptor Antagonist between Rats and
Humans. AAPS J. 2011, 13, 565–575. [CrossRef]

97. Butelman, E.R.; Harris, T.J.; Kreek, M.J. Apparent Efficacy of κ-Opioid Receptor Ligands on Serum Prolactin Levels in Rhesus
Monkeys. Eur. J. Pharm. 1999, 383, 305–309. [CrossRef] [PubMed]

98. Richardson, N.R.; Roberts, D.C.S. Progressive Ratio Schedules in Drug Self-Administration Studies in Rats: A Method to Evaluate
Reinforcing Efficacy. J. Neurosci. Methods 1996, 66, 1–11. [CrossRef] [PubMed]

99. Slattery, D.A.; Cryan, J.F. Using the Rat Forced Swim Test to Assess Antidepressant-like Activity in Rodents. Nat. Protoc. 2012, 7,
1009–1014. [CrossRef] [PubMed]

100. Tejeda, H.A.; Counotte, D.S.; Oh, E.; Ramamoorthy, S.; Schultz-Kuszak, K.N.; Bäckman, C.M.; Chefer, V.; O’Donnell, P.;
Shippenberg, T.S. Prefrontal Cortical Kappa-Opioid Receptor Modulation of Local Neurotransmission and Conditioned Place
Aversion. Neuropsychopharmacology 2013, 38, 1770–1779. [CrossRef]

101. Bowen, C.A.; Stevens Negus, S.; Kelly, M.; Mello, N.K. The Effects of Heroin on Prolactin Levels in Male Rhesus Monkeys: Use of
Cumulative-Dosing Procedures. Psychoneuroendocrinology 2002, 27, 319–336. [CrossRef] [PubMed]

102. Zapata, A.; Kivell, B.M.; Han, Y.; Javitch, J.A.; Bolan, E.A.; Kuraguntla, D.; Jaligam, V.; Oz, M.; Jayanthi, L.D.; Samuvel, D.J.; et al.
Regulation of Dopamine Transporter Function and Cell Surface Expression by D3 Dopamine Receptors. J. Biol. Chem. 2007, 282,
35842–35854. [CrossRef] [PubMed]

103. Bolan, E.A.; Kivell, B.M.; Jaligam, V.; Oz, M.; Jayanthi, L.D.; Han, Y.; Sen, N.; Urizar, E.; Gomes, I.; Devi, L.A.; et al. D2 Receptors
Regulate Dopamine Transporter Function via an Extracellular Signal-Regulated Kinases 1 and 2-Dependent and Phosphoinositide
3 Kinase-Independent Mechanism. Mol. Pharm. 2007, 71, 1222–1232. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/npp.2010.67
https://doi.org/10.1177/1091581811418538
https://doi.org/10.1074/jbc.M513640200
https://doi.org/10.1523/JNEUROSCI.3769-07.2007
https://doi.org/10.1038/npp.2013.171
https://doi.org/10.1073/pnas.0910705106
https://doi.org/10.1111/j.1471-4159.2008.05745.x
https://doi.org/10.1074/jbc.M502593200
https://www.ncbi.nlm.nih.gov/pubmed/15944153
https://doi.org/10.1016/j.brainres.2009.08.062
https://doi.org/10.1016/j.neuron.2011.07.018
https://doi.org/10.1208/s12248-011-9296-3
https://doi.org/10.1016/S0014-2999(99)00640-8
https://www.ncbi.nlm.nih.gov/pubmed/10594324
https://doi.org/10.1016/0165-0270(95)00153-0
https://www.ncbi.nlm.nih.gov/pubmed/8794935
https://doi.org/10.1038/nprot.2012.044
https://www.ncbi.nlm.nih.gov/pubmed/22555240
https://doi.org/10.1038/npp.2013.76
https://doi.org/10.1016/S0306-4530(01)00053-1
https://www.ncbi.nlm.nih.gov/pubmed/11818169
https://doi.org/10.1074/jbc.M611758200
https://www.ncbi.nlm.nih.gov/pubmed/17923483
https://doi.org/10.1124/mol.106.027763
https://www.ncbi.nlm.nih.gov/pubmed/17267664

	Introduction 
	Results and Discussion 
	16-BrSalA Has a Longer Duration of Action Compared to SalA In Vivo 
	16-BrSalA Attenuates Cocaine-Primed Reinstatement and Hyperactivity, but Not Progressive Ratio Responding 
	16-BrSalA Increases DAT Activity in a KOR- and ERK-Dependant Manner 
	16-BrSalA Has an Improved Side Effect Profile Compared to SalA 
	Effect of 16-BrSalA on ERK1/2 and p38 
	Effect of 16-BrSalA on Prolactin as a Neuroendocrine Biomarker in Non-Human Primates 

	Materials and Methods 
	Subjects 
	Drugs and Treatment 
	Warm Water Tail Withdrawal Assay 
	Surgery and Cocaine Self-Administration 
	Cocaine-Induced Locomotor Activity 
	Light–Dark Test 
	Elevated plus Maze 
	Forced Swim Test 
	Sucrose Self-Administration 
	Novel Object Recognition 
	Conditioned Place Aversion 
	Prolactin Assay 
	Rotating Disk Electrode Voltammetry 
	Imaging of ASP+ Uptake 
	ERK1/2 and p38 Western Blotting 
	Statistical Analysis 

	Conclusions 
	References

