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Abstract

Background—Drugs activating the mu opioid receptor are routinely used to treat severe acute
and chronic pain. Unfortunately, side effects including nausea, constipation, respiratory
depression, addiction and tolerance can limit clinical utility. In contrast, kappa opioid receptor
(KOPr) agonists, such as Salvinorin A (SalA), have analgesic properties with little potential for
abuse.

Methods—We evaluated SalA and the novel analogue p-tetrahydropyran Salvinorin B (B-THP
SalB) for the ability to modulate pain and inflammation /n vivo. The hot water tail-withdrawal
assay, intradermal formalin-induced inflammatory pain and paclitaxel-induced neuropathic pain
models were used to evaluate analgesic properties in mice. Tissue infiltration of inflammatory
cells was measured by histology and flow cytometry.

Results—p-THP SalB produced a longer duration of action in the tail-withdrawal assay
compared to the parent compound SalA, and, like SalA and U50,488, B-THP SalB is a full agonist
at the KOPr. In the formalin-induced inflammatory pain model, B-THP SalB and SalA
significantly reduced pain score, paw oedema and limited the infiltration of neutrophils into the
inflamed tissue. -THP SalB and SalA supressed both mechanical and cold allodynia in the
paclitaxel-induced neuropathic pain model, in a dose-dependent manner.

Conclusions—Structural modification of SalA at the C-2 position alters its analgesic potency
and efficacy /n vivo. Substitution with a tetrahydropyran group at C-2 produced potent analgesic
and anti-inflammatory effects, including a reduction in paclitaxel-induced neuropathic pain. This
study highlights the potential for KOPr agonists as analgesics with anti-inflammatory action and
little risk of abuse.
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Introduction

Pain is the most common reason to seek healthcare (St Sauver et al., 2013) and it is
estimated that 19% of Europeans live with chronic pain (Breivik et al., 2006) creating a large
socio-economic burden (Breivik et al., 2013). In the United States, pain costs $635 billion
annually (Gaskin and Richard, 2012) whilst 40% of chronic pain suffers report insufficient
treatment (Breivik et al., 2006), highlighting the need to develop more effective
pharmacotherapies.

Drugs targeting mu-opioid receptors (MOPr), such as morphine, are the standard treatment
for severe acute and chronic pain. While effective, long-term use of these therapies results in
tolerance (Chu et al., 2006) and side effects including nausea, respiratory depression and
constipation (Glare et al., 2006). Globally, rates of unintentional opioid overdose have been
steadily rising (Compton and Volkow, 2006; Kuehn, 2007), with evidence showing misuse of
prescription opioids to be a ‘gateway’ to other drugs of abuse (Siegal et al., 2003).

Activation of kappa-opioid receptors (KOPr) also have analgesic (Gallantine and Meert,
2008), anti-inflammatory (Bileviciute-Ljungar et al., 2006; Binder et al., 2001), and anti-
pruritic effects (Akiyama et al., 2015; Kumagai et al., 2010). The endogenous KOPr ligand,
dynorphin, is upregulated following pain (ladarola et al., 1988) and pain responses are
increased in KOPr knock-out mice (Simonin et al., 1998). In contrast to MOPr agonists,
KOPr agonists have limited abuse potential (Di Chiara and Imperato, 1988), do not inhibit
gastrointestinal transit (Porreca et al., 1984) or cause respiratory depression (Freye et al.,
1983). However, side effects such as sedation, aversion and depression (Braida et al., 2009;
Mague et al., 2003; Shippenberg and Herz, 1987) limit their clinical use.

Development of KOPr agonists with fewer side-effects (Law et al., 2013; Zhang et al., 2015)
and reduced abuse potential (Morani et al., 2009) have recently received increased attention
(Kivell and Prisinzano, 2010; Tsukahara-Ohsumi et al., 2011; Varadi et al., 2015; White et
al., 2015). The recent clinical success of the potent KOPr agonist nalfurafine (Seki et al.,
1999; Kumagai et al., 2010) illustrates the clinical utility of KOPr agonists for the
management of pain and pruritus. Salvinorin A (SalA) is a potent, selective KOPr agonist
isolated from the plant Sa/via divinorum (Chavkin et al., 2004; Roth et al., 2002). In mice,
SalA has anti-nociceptive effects in the tail-withdrawal, hot-plate (McCurdy et al., 2006),
abdominal constriction and formalin footpad models (Guida et al., 2012; McCurdy et al.,
2006). Whilst SalA has reduced side-effects compared to traditional KOPr agonists, the
short duration of action limits its usefulness (Butelman et al., 2009; Prisinzano, 2005;
Ranganathan et al., 2012). However, longer acting SalA analogues have potential for
development of non-addictive analgesics if centrally mediated side-effects can be reduced.

The novel SalA analogue B-THP SalB is a potent, selective KOPr agonist that attenuates
drug-seeking behaviours in preclinical models without sedative effects (Prevatt-Smith et al.,
2011). In this study, we evaluated the analgesic and anti-inflammatory effects of SalA and -
THP SalB, including the potential to attenuate paclitaxel-induced mechanical and cold
allodynia.
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Materials and Methods

Animals

Adult male mice (B6-SJL, 23-30 g) were bred and housed at the Victoria University of
Wellington (VUW) vivarium, New Zealand. All experiments were approved by the VUW
Animal Ethics Committee and carried out in accordance with their guidelines for animal
care. All animals were maintained on a 12-h light/dark cycle with lights on at 7:00. Access
to food and water was provided ad /ibitum except during experimental sessions. All
procedures were conducted during the light cycle. Animals were habituated to the
experimental room and experimenter for 60 min prior to testing.

Drug preparation

The KOPr agonist SalA was isolated and purified from Sa/via divinorum leaves (>98% pure
by HPLC). B-THP SalB was synthesised from SalA as previously described (Prevatt-Smith
etal., 2011). ICI 204,448 hydrochloride and paclitaxel were purchased from Tocris
Bioscience. U50,488 was purchased from Sigma-Aldrich (NZ). All KOPr agonists were
dissolved in 80% propylene glycol, 20% DMSO diluted with the same volume phosphate
buffered saline (PBS) and delivered at 1-2 mg/kg via intraperitoneal (i.p.) injection.
Paclitaxel was dissolved in 1:1:18 ratio of cremophor EL (Sigma-Aldrich)/ethanol/saline.

Hot water tail-withdrawal assay

The tail-withdrawal assay was carried out as previously described (Simonson et al., 2014).
Briefly, mice were allowed to habituate in Plexiglas restrainers (internal diameter 24 mm)
for 15 min prior to testing. Latencies were measured by immersing one-third of the tail in a
hot water bath (50 £ 0.5 °C) and the time taken to show the withdrawal response recorded. A
maximum cut-off latency of 10 s was used to avoid tissue damage. Following i.p.
administration of the KOPr agonist or vehicle, latencies were repeatedly measured at 5, 10,
15, 30, 45, 60, 90 and 120 min. The maximum possible effect (MPE) was calculated using
the following formula: % MPE = 100 x (test latency—control latency)/(10—control latency).
Cumulative dose-response effects were evaluated in the tail-withdrawal assay at 30 min
following each subcutaneous (s.c.) injection of KOPr agonist as previously described using a
within animal design (Bohn et al., 2000). Non-linear regression analysis was used to
determine potency (ECsgp) and efficacy (Emax) and data normalised to the known full KOPr
agonist U50,488.

Formalin test and oedema

Mice were allowed to habituate to the test environment for 15 min before testing. The height
of the hind paw was measured with digital callipers. Animals were given KOPr or vehicle
treatment via i.p. injection 5 min prior to administration of 20 pL of 2% formaldehyde or
PBS injected under the plantar surface of the right hind paw. Pain behaviours were recorded
using a digital video camera for 60 min with a 45° angle mirror under the box facilitating
observations of the injected hind paw as previously described (Lamb et al., 2012). The
methods of Dubuisson and Dennis (1977) were used to assess pain behaviour using a weight
bearing score. Briefly, the pain was scored as 0 if the mouse showed normal behaviour; 1 for
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partial weight bearing with only the digits touching the floor; 2 with no weight bearing with
the paw raised; and 3 where the paw was bitten, licked or shaken. An average pain score was
calculated for each 5 min time period. Pain behaviour scores were assigned at 5 s intervals
for 60 min by an observer blinded to the treatment groups. Following the 60 min test period,
the paw height was measured again to calculate the change in paw oedema. The mice were
sacrificed and the footpad tissue retained for flow cytometry or histological evaluation.

Cell isolation and Flow cytometry

Cell isolation from footpad tissue was carried out using methods modified from Leong et al.
(2012). Immediately following the formalin test (60 min following formalin injection), the
footpad tissue was removed and digested for 2 h in 125 pg/mL DNAse | (Sigma-Aldrich)
and 5 mg/mL collagenase | (Sigma-Aldrich) at 37°C in complete Iscove’s modified
Dulbecco’s medium (cIMDM with 10% heat-inactivated FBS, 1% penicillin-streptomycin).
The digest was pressed through a 40 nm filter and cells were washed and resuspended in
cIMDM. Cells were washed in fluorescence activated cell sorter (FACS) buffer, resuspended
in an antibody solution containing 1:800 peridinin-chlorophyll-protein (PerCP) CD45, 1:800
FITC CD11b, 1:400 PacBlueGr-1, 1:200 PE F4/80, 1:200 AF700 Ly6C, 1:200 APC CD11c
and 1:500 Live-Dead (BD Bioscience, San Jose, CA, USA) in FACS buffer and incubated in
the dark (15 min, 4°C). Cells were resuspended in FACS buffer containing 1:200 PerCP
streptavidin (BD Bioscience) and incubated in the dark (15 min, 4°C). Cells were fixed in
10% formalin at room temperature for 10 min and resuspended in FACS buffer. Flow
cytometry was analysed on a LSRII Special Order Research Product (BD Bioscience).
Single-stained samples of negative control cells were included for each fluorophore.
Leukocytes were distinguished from non-haematological cells by their CD45+ expression.
Neutrophils were identified as CD45+/Ly6C-/CD11b+/Gr-1high. Monocytes were identified
as CD45+/Ly6C+/CD11b+/Gr-1low. Macrophages were identified as CD45+/Ly6C+/CD11b
+/F4-80+. All gating strategies removed the dead cells using Live-Dead Fixable blue.

Quantification of neutrophils in inflamed footpad tissue

The footpad tissue was removed 60 min following formalin or PBS injection and assessed
for neutrophil infiltration in Haematoxylin and Eosin Y (H&E) stained sections. Footpad
tissue was fixed in 4% formaldehyde for 24 h and cryo-protected in 30% sucrose and stored
at —80 °C. Sagittal 5 um sections were stained with H&E and neutrophil numbers counted at
100x magnification in 30 fields of view per biological replicate. The researcher performing
the cell counts was blind to the treatment group.

Paclitaxel-induced neuropathic pain

Based on previously published methods (Deng et al., 2015), male C57BL/6 mice were given
paclitaxel 4 mg/kg i.p. injections on four alternate days to give a cumulative dose of 16
mg/kg. Mechanical and cold allodynia were assessed every second day to measure the
progression of paclitaxel-induced effects. On days with a measurement and a paclitaxel
dose, measurements were always taken prior to the administration of paclitaxel.

Mechanical allodynia was measured using a 20-piece set of von Frey filaments (Stoelting,
IL, USA). Filaments numbered from 2 to 9 were used, with testing always beginning with
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filament number 5. A simplified up-down method was used (Bonin et al., 2014), where a
positive response resulted in the use of next lower filament in the subsequent test; if no
response was observed, the next higher filament was used. This continued until 5 filaments
had been administered and the final threshold was calculated as previously described (Bonin
etal., 2014). A positive response was defined as a sharp withdrawal of the paw upon
application or removal of the filament.

Cold allodynia was carried out as previously described (Deng et al., 2015). Briefly, a bubble
of acetone was administered to the hind paw and the time taken to react was recorded. A
positive reaction was defined as elevating, licking, biting or shaking of the paw.

On day 15 following the initial paclitaxel injection, the cumulative dose-response effects of
the KOPr agonists were assessed in the paclitaxel-treated animals. The KOPr agonists or
equivalent volumes of the vehicle were administered via s.c. injection every 30 minutes and
the mechanical and cold allodynia measured in a within animals design.

Data Analysis

Results

GraphPad Prism software v6.07 (San Diego, CA, USA) was used to determine statistical
significance. Comparison of multiple treatment data was analysed using one-way ANOVA
followed by Bonferroni post-tests. Comparisons of multiple effects were analysed using
two-way ANOVA followed by Bonferroni post-tests. Dose-response effects were evaluated
by non-linear regression analysis. Values represented as mean + standard error of the mean
(SEM) and were considered significant when p<0.05.

SalA, a neoclerodane diterpene isolated from Salvia divinorum s a full agonist at the KOPr
(Roth et al., 2002). B-THP SalB is a semi-synthetic analogue of SalA with a tetrahydropyran
substitution at the C-2 position (Fig. 1). B-THP SalB has been previously reported as a
selective and potent full KOPr agonist with similar binding affinity and potency at the KOPr
compared to SalA (Prevatt-Smith et al., 2011).

The hot-water tail-withdrawal assay was used to assess the duration of action of analgesic
effects and the central penetrance of the KOPr agonists /n7 vivo. For comparison, the KOPr
agonist, ICI 204,448 was also evaluated, which showed no significant effect of treatment
(F(16,144)=1.702, p>0.05)(Fig. 2a). SalA showed a significant effect compared to vehicle
(F(16,216)=3.516, p<0.0001) and significantly increased tail-withdrawal latencies at 5-30 min
(Fig. 2b). B-THP SalB showed a significant treatment effect (F(16,144)=4.833, p<0.0001)
with the 2 mg/kg dose showing significant effects between 5-45 min and a significant
difference between the 1 mg/kg and 2 mg/kg doses at 15-45 min (Fig. 2¢). The cumulative
dose-response effects of SalA and B-THP SalB were compared to the known full KOPr
agonist U50,488 (Fig. 2d). Non-linear regression analysis revealed that SalA and p-THP
SalB, like U50,488, are full agonists at KOPr with p-THP SalB being the most potent (ECsg
1.4 mg/kg) followed by SalA (ECsg 2.1 mg/kg) and U50,488 (ECsq 6.7 mg/kg)(Table 1).
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Administration of 2% formalin to the mouse hind paw is known to induce two phases of
pain. The first phase involves rapid activation of nociceptors and lasts up to 15 min. The
second phase, called the inflammatory phase, lasts between 20-60 min. We used this
preclinical model to assess the anti-nociceptive and anti-inflammatory effects of the novel
KOPr agonists. ICI 204,448, showed no effect in phase 1 nociceptive pain but did show a
significant decrease in the pain score between 25-40 min at a dose of 2 mg/kg (Fig. 3a).
SalA showed a significant interaction compared to vehicle (F(33 220)=3.169, p<0.0001) and a
reduction phase 1 nociceptive pain at 5-10 min, and in phase 2 inflammatory pain at 25-40
min (Fig. 3b). B-THP SalB showed significant interaction effects (F (33 220)=6.839,
p<0.0001) and showed dose-dependent effects in phase 1 and 2 behavioural pain scores. p-
THP SalB (2 mg/kg) attenuated the first phase of pain at 5 min and the second phase
between 25-40 min (Fig. 3c). B-THP SalB (1 mg/kg) also showed reduced pain scores at 10
min and at 30, 40-45 and 60 min (Fig. 3c).

The area under the curve (AUC) was calculated for both phase 1 (0-15 min) and phase 2
pain (20-60 min), at the 2 mg/kg dosages, with a significant effect of treatment found in
both phase 1 (F(4,25)=12.67, p<0.0001) and phase 2 (F4,25)=17.16, p<0.0001). Results show
IC1 204,448 had no effect in phase 1 pain, whilst SalA and B-THP SalB showed a significant
reduction compared to formalin controls (formalin vs. SalA at 2 mg/kg: p=0.0005; formalin
vs. B-THP SalB at 2 mg/kg: p=0.0058) (Fig. 3d). In the inflammatory phase of pain, ICI
204,448, SalA and p-THP SalB all showed a significant reduction in the AUC analysis
(formalin vs. ICI 204,448 at 2 mg/kg: p=0.0047; formalin vs. SalA at 2 mg/kg: p=0.0059;
formalin vs. B-THP SalB at 2 mg/kg: p=0.0001) (Fig. 3e).

To further assess the anti-inflammatory effects of the KOPr agonists, we used flow
cytometry as a preliminary screen to understand the effect of the KOPr agonists on
inflammatory cell populations using an array of antibodies to identify inflammatory cell
populations. One-way ANOVA analysis showed a significant effect of treatment
(F(3,55)=5.387, p=0.0016) for the neutrophil population. SalA (p=0.0387) and ICI 204,448
(p=0.0045) both show a significant reduction in the neutrophil cell counts (Fig. 4a). No
changes were seen in monocyte and macrophage cell numbers (data not shown). Following
the flow cytometry data, we further quantified neutrophil numbers in H&E stained tissue
sections prepared from the mice that underwent the formalin assay. A significant effect of
treatment was observed (F 4 31)=43.37, p<0.0001). ICI 204,448 (p<0.0001), SalA
(p<0.0001) and B-THP SalB (p<0.0001) all showed a significant reduction in neutrophil
numbers (Fig. 4b, Fig. 5).

Paw oedema was calculated by measuring the paw size before and after administration of
formalin. The results showed a significant effect of treatment (F4,84)=20.10, p<0.0001) and
a significant reduction in paw oedema with all compounds (ICI 204,448 vs. formalin
p=0.0289, SalA vs. formalin p=0.0113, B-THP SalB vs. formalin p=0.0040) (Fig. 4c).

To induce neuropathic pain, mice were given a cumulative dose of 16 mg/kg of paclitaxel.
Hypersensitivity was measured on alternate days, showing a significant decrease in the

mechanical threshold (F(g 192)=28.27, p<0.0001)(Fig. 6a) and a significant increase in the
response time to cold stimulation (Fg 192)=11.45, p<0.0001)(Fig. 6b) in paclitaxel-treated

Eur J Pain. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paton et al.

Page 7

animals. On day 15, paclitaxel-treated animals underwent a cumulative dosing experiment to
assess the dose-response effects of SalA and B-THP SalB. Non-linear regression analysis
revealed that SalA and p-THP SalB were able to reduce mechanical allodynia, thereby
showing an increase in the mechanical threshold. p-THP SalB was the most potent (ECsg
1.4 mg/kg) followed by SalA (ECsg 3.3 mg/kg)(Fig. 6¢). Cold allodynia response time was
also reduced by B-THP SalB (ECsq 0.49 mg/kg) and SalA (ECsg 0.59 mg/kg)(Fig. 6d) to a
level lower than the pre-paclitaxel baseline.

Discussion

SalA is the active ingredient of Salvia divinorum, a plant from the sage family native to
Mexico (Valdés, 1994; Wasson, 1962) and is the first naturally occurring non-nitrogenous
KOPr agonist to be discovered (Roth et al., 2002). While its hallucinogenic properties
(\Valdés et al., 1983) and short duration of action (Butelman et al., 2009; Prisinzano, 2005;
Ranganathan et al., 2012; Teksin et al., 2009) limit its clinical usefulness, SalA has proven
preclinical analgesic and anti-inflammatory properties (Aviello et al., 2011; Fichna et al.,
2012; Guida et al., 2012; John et al., 2006; McCurdy et al., 2006; Rossi et al., 2016). As a
KOPr agonist, SalA is structurally unique and structure—activity studies have shown that the
C-2 position of SalA is important for binding to KOPr and metabolic stability (Chavkin et
al., 2004; Prisinzano, 2005).

In this study, we tested the analgesic and anti-inflammatory properties of a SalA analogue
with a C-2 modification, p-THP SalB (Figure 1). The analogue has a large protecting group
at the C-2 position which we postulated would increase the duration of action. -THP SalB
has similar binding affinity and efficacy at the KOPr compared to SalA (Prevatt-Smith et al.,
2011), and both have previously been shown to attenuate cocaine-induced drug-seeking
behaviour without sedation in spontaneous locomotion tests in rats (Morani et al., 2009;
Morani et al., 2012; Prevatt-Smith et al., 2011).

In the hot water tail-withdrawal assay, we assessed the nociceptive processes at the spinal
cord level. Utilising this test we showed that SalA significantly attenuates pain between 5
and 30 min, whilst the novel KOPr agonist p-THP SalB has a longer duration of action. -
THP SalB is as fast acting as SalA, showing anti-nociceptive effects at 5 min and lasting
until 45 min. This suggests that f-THP SalB may have an improved metabolic profile and
bioactivity /n vivo compared to SalA. Previous studies on SalA have shown analgesic effects
at around 20 min following subcutaneous administration (McCurdy et al., 2006) and a half-
life of approximately 8 min in non-human primate brain (Hooker et al., 2008). The
cumulative dose-response effects of p-THP SalB, SalA and U50,488 reveal differences in
both potency (EDsgp) with B-THP SalB> SalA> U50,488 and efficacy (Emax). It is interesting
to note that /in vitro, all are full agonists at KOPr (Prevatt-Smith et al., 2011). Further
exploration of /n vivo effects and potential identification of biased agonism effects warrants
further investigation.

To further investigate the analgesic properties of B-THP SalB, we utilised the formalin
model which measures both phase 1 nociceptive pain and phase 2 inflammatory pain.
Previous studies using SalA have shown a dose-dependent reduction in both phase 1 and 2
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pain in mice, effects that were prevented by the administration of the KOPr antagonist nor-
binaltorphimine (Aviello et al., 2011). The current study supports this, with SalA showing a
reduction in both phases of pain (Fig. 3b). The peripherally restricted compound ICI
204,448 did not reduce the centrally-mediated phase 1 pain, but significantly reduced phase
2 inflammatory pain, supporting its known reduced CNS-mediated effects (Fig. 3a). We
evaluated the effects of novel -THP SalB in the formalin model, which showed significant
attenuation of both phase 1 and 2 pain (Fig 3c).

Previous studies have shown that KOPr agonists have anti-inflammatory properties. The
KOPr agonist U69,593 significantly reduced paw volume and histological score in the
Freud’s adjuvant model of arthritic pain in Wistar rats (Binder et al., 2001). Administration
of U50,488 also reduced the spread of inflammation following injection of Mycobacterium
butyricum into the ankle joint (Bileviciute-Ljungar et al., 2006) and in the adjuvant arthritis
model in Lewis rats (Wilson et al., 1996). Previously, SalA has also been shown to reduce
carrageenan-induced paw oedema in mice (Aviello et al., 2011). The current study measured
the level of oedema resulting from intradermal 2% formalin administration. Results show
SalA and B-THP SalB both reduce formalin-induced oedema when compared to the vehicle-
treated controls (Fig. 4c). SalA and p-THP SalB reduced the level of inflammatory pain, in
parallel with a reduction in inflammation, indicating that the KOPr agonists may be having
peripheral anti-inflammatory effects.

To better understand the effect of KOPr agonists on formalin-induced inflammation, we
utilised two methods to quantify the infiltration of immune cells. As a preliminary screen to
understand the immune cell populations in digested footpad tissue, cells were labelled with
an array of antibodies to known immune cell surface markers and flow cytometry used to
profile immune cell infiltration. Both SalA and ICI 204,448 significantly reduced neutrophil
infiltration into the paw. In the present study, however, we did not see a reduction in the
macrophage, monocytes or dendritic cell numbers (data not shown). This is likely due to the
short one-hour duration of the formalin model of acute inflammation. We then measured the
neutrophils via histological counts in H&E stained footpad tissue (Figs. 4c and 5) matched
from the animals in the formalin assay. The results confirmed that SalA and ICI 204,448
significantly reduced neutrophil numbers. B-THP SalB also showed a significant reduction
in the neutrophil numbers compared to the formalin control, indicating an anti-inflammatory
effect.

Finally, we measured the effect of the KOPr agonists in a neuropathic pain model. Paclitaxel
is a taxane chemotherapy drug commonly used to treat breast, ovarian, head, neck and non-
small cell lung cancers. As a side-effect, paclitaxel induces neuropathic pain, which is
commonly characterised by spontaneous tingling or burning pain, mechanical and cold
allodynia, and numbness, often occurring in the hands and feet in a ‘stocking and glove’
type distribution (Dougherty et al., 2004; Forman, 1990). Chemotherapy-induced
neuropathic pain is often the reason for limiting the dose and length of treatment in cancer
patients (Holmes et al., 1991; Rowinsky et al., 1993). There are limited options of clinically
available treatments and neuropathic pain may continue months past the last chemotherapy
dose (van den Bent et al., 1997), making this neuropathy difficult to control. Previous animal
studies have shown morphine reduced cold and mechanical allodynia in paclitaxel-treated
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rats (Pascual et al., 2010; Rahn et al., 2008). However, in the present study, we believe we
have the first evidence of KOPr agonists as a potential treatment for paclitaxel-induced
neuropathy. Both SalA and B-THP SalB dose-dependently reduced mechanical and cold
allodynia to pre-paclitaxel levels, with the novel B-THP SalB demonstrating increased
potency over the parent compound. This finding indicates that KOPr agonists have the
potential to treat this difficult to manage condition.

The recent success of nalfurafine is a promising example of the clinical benefits of
developing KOPr agonists. The potent KOPr agonist (Seki et al., 1999) (also called
TRK-820 and the trade-name Remitch) exhibits strong analgesic effects (Endoh et al., 1999;
Endoh et al., 2000) and is the first KOPr agonist to be made clinically available for the
treatment of medication-resistant pruritus in haemodialysis patients (Kumagai et al., 2010).
Co-administration of nalfurafine with spinal morphine reduces morphine-induced pruritus
without altering the analgesic effects (Ko and Husbands, 2009). Furthermore, there is no
evidence of abuse liability (Ueno et al., 2013) or reinforcement of self-administration
(Nakao et al., 2016), demonstrating that KOPr agonists can have therapeutic utility without
abuse potential.

In conclusion, KOPr agonists show attenuation of acute nociceptive and inflammatory pain.
Substitution of the tetrahydropyran group at the C-2 position increased the duration of action
/n vivo beyond that of SalA. In addition, p-THP SalB showed reduced phase 1 and 2 pain in
the formalin assay and reduced formalin-induced oedema and neutrophil numbers in the
inflamed footpad tissue, similar to SalA and ICI 204,448. More importantly, this is the first
report of a KOPr agonist attenuating mechanical and cold allodynia in the paclitaxel-induced
neuropathic pain model. B-THP SalB displays greater potency than SalA, highlighting the
potential for the development of KOPr agonists as analgesics with little potential for abuse.
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What’s already known about this topic?

. Compounds activating the kappa opioid receptor modulate pain and
inflammation with low abuse potential. However, side-effects of traditional
kappa-opioid receptor agonists limit potential therapeutic utility.

What does this study add?

. Salvinorin A and the novel analogue B-THP Salvinorin B show analgesic
effects in the tail-withdrawal and formalin assays.

. Reduce oedema and decrease neutrophil infiltration into inflamed tissue.
. Suppress mechanical and cold allodynia in paclitaxel-induced neuropathic
pain.
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(b)

(d)

Chemical structures for (a) U50,488, (b) ICI 204,448, (c) SalA and (d) p-THP SalB.
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The analgesic effects of KOPr agonists in the hot water tail-withdrawal assay in mice. The
maximal possible effect (%0MPE + SEM) at each time point was calculated as a percent
based on pre-treatment control latencies. Values shown in brackets represent dose in mg/kg.
Mice were treated with the KOPr agonists (a) ICI 204,448, (b) SalA and (c) B-THP SalB.
Analysed using two-way repeated measures ANOVA followed by Bonferroni post-test. (d)
Non-linear regression analysis showing dose-response effect of KOPr agonists. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 for 2 mg/kg doses compared to

vehicle. #p<0.05, #p<0.01, ##p<0.001, ##p<0.0001 for 1 mg/kg doses compared to
vehicle. *p<0.05 and ~p<0.001 for comparison between the two dosages. (n=6-12 per

group).
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Antinocicpetive effects of KOPr agonists in the 2% formalin assay in mice. Time course of
pain behaviours in mice treated with (a) I1CI 204,448, (b) SalA and (c) B-THP SalB. Data
shown as mean + SEM. Values shown in brackets represent dose in mg/kg. Two-way
repeated measures ANOVA followed by Bonferroni post-test. Area under the curve (AUC)
calculated for the (d) phase 1 (5-15 min) and (e) phase 2 (15-60 min) pain for 2 mg/kg
doses. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 for 2 mg/kg doses compared to
vehicle. #p<0.05, #p<0.01, ##p<0.001, ##p<0.0001 for 1 mg/kg doses compared to
formalin control. F indicates intradermal administration of formalin as opposed to PBS. (n=6

for each group).
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Figure 4.
Anti-inflammatory effects of KOPr agonists. (a) Neutrophil counts in footpad tissue

evaluated using antibody markers and flow cytometry following administration of ICI
204,448 (2 mg/kg i.p.) and SalA (2 mg/kg i.p.) with no significant changes in any other
inflammatory cells (data not shown) (n=13-23). (b) Neutrophil counts in H&E stained
footpad tissue (per mm? of sectioned footpad tissue)(n=6-12). (c) Paw oedema following
2% formalin. Data shown as mean £ SEM. One-way ANOVA with Bonferroni post-test
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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e

Representative images showing neutrophil infiltration into inflamed footpad tissue following
(a) vehicle/PBS, (b) vehicle/2% formalin, (c) IC1/2% formalin, (d) SalA/2% formalin and (e)
B-THP SalB/2% formalin. KOPr agonists (2 mg/kg i.p.) and vehicle treatments given 5 min
prior to 2% formalin or PBS intradermal injection. Tissue samples taken one hour following
formalin or PBS administration. Markers indicate neutrophils. Images were taken at 100 x

magnification. Scale bar = 20 pm.
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The effect KOPr agonists on paclitaxel-induced neuropathic pain. (a) Paclitaxel treatment
resulted in withdrawal responses to a lower filament number. (b) Paclitaxel treatment
increased the time responding to acetone stimulation. Two-way repeated measures ANOVA
followed by Bonferroni post-test. Arrows indicate the days that animals received either
paclitaxel or vehicle injections. Dose-response effects of SalA and B-THP SalB on (c)
mechanical and (d) cold allodynia (n=7 per group). Veh refers to paclitaxel-treated animals
administered with vehicle as opposed to the KOPr agonists. BL refers to pre-paclitaxel
baseline values. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 for paclitaxel-treated

animals compared to vehicle-treated.
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Table 1

Dose-response effects in the 50 °C tail-withdrawal assay in mice

KOPr agonist | EDsq+ SEM (mg/kg) | Emax + SEM (%)

U50,488 6.7+0.1 100 + 23
SalA 21+0.1 88+ 12
B-THP SalB 14+05 107 7

Cumulative dose-response effects in tail-withdrawal latency in vivo following s.c. administration in the mouse.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Eur J Pain. Author manuscript; available in PMC 2018 July 01.



	Abstract
	Introduction
	Materials and Methods
	Animals
	Drug preparation
	Hot water tail-withdrawal assay
	Formalin test and oedema
	Cell isolation and Flow cytometry
	Quantification of neutrophils in inflamed footpad tissue
	Paclitaxel-induced neuropathic pain
	Data Analysis

	Results
	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

