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Multiple sclerosis is a neurodegenerative disease associated with demyelination and

neuroinflammation in the central nervous system. There is an urgent need to develop

remyelinating therapies to better treat multiple sclerosis and other demyelinating

diseases. The kappa opioid receptor (KOR) has been identified as a potential target for

the development of remyelinating therapies; however, prototypical KOR agonists, such as

U50,488 have side effects, which limit clinical use. In the current study, we investigated a

Salvinorin A analog, ethoxymethyl ether Salvinorin B (EOM SalB) in two preclinical models

of demyelination in C57BL/6J mice. We showed that in cellular assays EOM SalB was

G-protein biased, an effect often correlated with fewer KOR-mediated side effects. In the

experimental autoimmune encephalomyelitis model, we found that EOM SalB (0.1–0.3

mg/kg) effectively decreased disease severity in a KOR-dependent manner and led to

a greater number of animals in recovery compared to U50,488 treatment. Furthermore,

EOM SalB treatment decreased immune cell infiltration and increased myelin levels in

the central nervous system. In the cuprizone-induced demyelination model, we showed

that EOM SalB (0.3 mg/kg) administration led to an increase in the number of mature

oligodendrocytes, the number of myelinated axons and themyelin thickness in the corpus

callosum. Overall, EOM SalB was effective in two preclinical models of multiple sclerosis

and demyelination, adding further evidence to show KOR agonists are a promising target

for remyelinating therapies.

Keywords: multiple sclerosis, kappa opioid receptor, experimental autoimmune encephalomyelitis, salvinorin A

analog, remyelination, cuprizone-induced demyelination

INTRODUCTION

Multiple sclerosis (MS) is a devastating autoimmune disease characterized by the infiltration of
autoreactive CD4T cells in the central nervous system (CNS) leading to damage of the myelin
sheaths surrounding axons, resulting in demyelination.MS affects approximately 2.8million people
worldwide (1) and can manifest in a range of different symptoms depending on the location
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of the lesions, including vision problems, cognitive impairments,
and motor deficits that can ultimately lead to paralysis (2). MS
can be broadly divided into three different subtypes: relapsing-
remitting, primary progressive and secondary progressive. There
is no cure for MS, with current disease-modifying treatments
targeting the immune system to reduce damage to the myelin
sheath formed by oligodendrocytes. However, the current
treatments have limitations in preventing the progression of
disability and are more successful at treating the relapsing-
remitting forms of the disease (3). Thus, there is a current need to
develop therapeutics that can induce remyelination, which could
greatly benefit patients suffering from progressive forms of MS.

In 2016, activation of the kappa opioid receptor (KOR) was
first shown to enhance oligodendrocyte progenitor cell (OPC)
differentiation and remyelination (4, 5). Using the experimental
autoimmune encephalomyelitis (EAE) preclinical mouse
model of immune-mediated demyelination, KOR knockout
mice exhibited a more severe disease progression, associated
with enhanced demyelination and CNS infiltration (4). The
prototypical KOR agonist, U50,488, significantly reduced EAE
disease scores and enhanced remyelination in the cuprizone-
induced demyelination model in mice (4). Validation that KOR
is a remyelination target is supported by Tangherlini et al. (6)
who showed that the novel quinoxaline class of KOR agonists
were able to reduce disease severity in EAE. However, many
KOR agonists, including U50,488, are not suitable for clinical
development due to adverse side effects (7–11).

Salvinorin A is a neoclerodane diterpene with potent and
selective KOR agonist actions (12). Salvinorin A analogs have
been identified as having potential for the development as anti-
addiction and anti-nociceptive therapeutics (13–16), however,
they have not been assessed in models of MS. Ethoxymethyl
ether Salvinorin B (EOM SalB) has been synthesized by altering
the functional group at the carbon-2 position (17), which has
led to increased binding affinity, potency and metabolic stability
compared to Salvinorin A (18, 19). In addition, EOM SalB
showed improved side effects. In rats, EOM SalB did not cause
sedation in the spontaneous locomotor activity test or anxiety
in the elevated plus-maze (19). The KOR is a G-protein coupled
receptor, therefore, downstream signaling can occur via both the
G-protein and β-arrestin pathways, with many of the negative
side-effects, such as sedation and aversion, associated with the
β-arrestin signaling pathways (20). The extremely G-protein
biased KOR agonist, nalfurafine (21), significantly reduced EAE
disease scores, increased remyelination and was more potent
than U50,488 (22). Together these effects indicate that G-protein
biased KOR agonists are highly effective at reducing EAE disease
with reduced side effects and hold potential for the development
of novel therapeutics to treat MS.

In the present study, we have assessed the G-protein
bias of EOM SalB in vitro and used two complementary
preclinical mouse models that recapitulate different aspects of
MS to assess effects in vivo. The EAE model was used to
assess immuno-modulatory effects in mice and the cuprizone-
induced demyelination model was used to selectively kill the
oligodendrocytes and model remyelination in the absence of
peripheral immune cell infiltrations (23, 24).

MATERIALS AND METHODS

Drug Preparation
EOM SalB was synthesized as previously described (18)
and tested for purity (>99%) using high-performance liquid
chromatography (HPLC). U50,488H and Salvinorin A were
kindly provided by the National Institute on Drug Abuse Drug
Supply Program.

Cellular Assays
The cAMP HunterTM CHO-K1 OPRK1 Gi Cell Line (catalog
# 95-0088C2) and PathHunter R© U2OS OPRK1 β-Arrestin
Cell Line (catalog # 93-0234C3) were both purchased from
Eurofins DiscoverX (Fremont, CA). The cAMP Hunter
cell line was maintained in F-12 media supplemented
with 10% fetal bovine serum (Life Technologies, Grand
Island, NY), 1% penicillin/streptomycin/L-glutamine (Life
Technologies), and 800µg/mL Geneticin (Mirus Bio, Madison,
WI). The PathHunter U2OS cell line was maintained in
MEM media supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin/L-glutamine, 500µg/mL Geneticin, and
250µg/ml Hygromycin B (Mirus Bio). All cells were grown at
37◦C and 5% CO2 in a humidified incubator.

Forskolin-Induced cAMP Accumulation
Following the previously described procedure (25), the cAMP
HitHunterTM cells were seeded (10,000 cells/well) to 384-well
tissue culture plates and incubated at 37◦C overnight. The
cells were treated with various doses of test compounds in
the presence of forskolin for 30min at 37◦C followed by the
detection using HitHunter cAMP assay for small molecules
assay kit (Eurofins DiscoverX) according to the manufacturer’s
directions. BioTek Synergy H1 hybrid reader and Gen5 software
(BioTek, Winooski, VT) were used to quantify the luminescence
generated. Data were blank subtracted with vehicle control,
normalized to forskolin controls, and analyzed with nonlinear
regression using GraphPad Prism 8 software (GraphPad, La
Jolla, CA).

β-Arrestin2 Recruitment Assay
Following the previously described procedure (26) with
modifications, the PathHunterTM cells were seeded (5,000
cells/well) into 384-well tissue culture plates and incubated at
37◦C overnight. The cells were treated with various doses of test
compounds for 30min at 37◦C followed by the detection using
PathHunter detection kit (Eurofins DiscoverX) according to the
manufacturer’s directions. BioTek Synergy H1 hybrid reader and
Gen5 software (BioTek, Winooski, VT) were used to quantify
the luminescence generated. Data were blank subtracted with
vehicle control, normalized to the reference compound U50,488,
and analyzed with nonlinear regression using GraphPad Prism
8 software.

Bias Calculation
The following formula, with U50,488 as the control ligand,
was used to calculate the bias factor as previously described
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(16, 26, 27):

log
(

bias factor
)

= log

(

Emax(test) × EC50(control)

EC50(test) × Emax(control)

)

G−protein

−log

(

Emax(test) × EC50(control)

EC50(test) × Emax(control)

)

β−arrestin2

(1)

Using this formula, a bias factor of 1 is a balanced agonist, >1 is
a G-protein biased agonist and<1 is a β-arrestin2 biased agonist,
relative to U50,488.

Animals
Female C57BL/6J mice (8–12 weeks; 18–27 g) were either
acquired from the Malaghan Institute of Medical Research
(Wellington, New Zealand) or were bred at the Victoria
University of Wellington Animal Facility, New Zealand. The
animals were group-housed (maximum 5 mice/cage) on a 12-
hour light/dark cycle (lights on at 07:00) with stable temperature
(19–21◦C) and humidity (40–50%). Food and water were
provided ad libitum. All procedures were carried out with the
approval of the Victoria University of Wellington Animal Ethics
Committee (approval numbers 25295, 24383 and 28154). All
procedures were carried out in agreement with the New Zealand
Animal Welfare Act, 1999.

EOM SalB and U50,488 were dissolved in a vehicle containing
DMSO, Tween-80 (Sigma-Aldrich, St. Louis, MO) and 0.9%
saline at a ratio of 1:1:8, respectively. The drugs were delivered
at a volume of 5 µL/g of body weight via daily intraperitoneal
(i.p.) injection. The KOR antagonist, nor-binaltorphimine (nor-
BNI) was purchased from Tocris Bioscience and dissolved using
a 0.9% saline vehicle.

Experimental Autoimmune
Encephalomyelitis (EAE) Model
Mice were immunized via subcutaneous (s.c.) injection in
the rear flanks with myelin oligodendrocyte glycoprotein
(MOG)35−55 peptide (50 µg/ mouse; Genescript, Piscataway, NJ)
in complete Freund’s adjuvant (Sigma-Aldrich) containing 500
µg/mouse heat-inactivated Mycobacterium tuberculosis H37Ra
(Fort Richard, Auckland, New Zealand). In addition, mice
were injected i.p. with pertussis toxin (200 ng/mouse; List
Biochemicals, Campbell, CA) on days 0 and 2.Mice were weighed
and scored daily as follows: 0, normal; 1, partial tail paralysis;
2, full tail paralysis; 3, paralysis in one hind limb; 4, paralysis
in both hind limbs; and 5, moribund. Treatments were blinded
throughout the experiment and initiated at disease onset (score
≥ 1). Mice were allocated consecutively to each treatment group
upon disease onset to ensure the treatment regime remained even
across groups. Drugs and vehicle control were administered daily
by i.p. injection. Treatment with the selective KOR antagonist
nor-BNI was performed weekly at 10mg/kg i.p. with the first dose
on the day of disease onset, followed by daily KOR treatments
from 24 h post-nor-BNI treatment. Following CO2 euthanasia,
spleens were isolated, and mice were perfused with phosphate-
buffered saline (PBS, 140mM NaCl, 2.68mM KCl, 8.1mM

Na2HPO4, 1.47mM KH2PO4, pH 7.4) followed by isolation of
the brain tissue.

Primary Cell Isolation Into Single-Cell
Suspension
The brain tissue was mashed through a 70µm cell strainer
and centrifuged at 760 x g for 5min followed by cell pellet
resuspension in 37% PercollTM gradient and centrifuged 30min
at 760 x g without brakes. Myelin layer was removed, supernatant
discharged, and the pellet resuspended for flow cytometry. The
spleen was mashed through a 70µm cell strainer and centrifuged
at 760 x g for 5min, pellet was loosened and resuspended in
Red Cell Lysis buffer for 2min. Afterwards, cell pellets were
resuspended and counted in preparation for flow cytometry.

Analysis of Cytokines
Splenocytes were plated in complete T-cell medium in a round-
bottomed 96-well plate (Corning, NY USA) and stimulated with
medium, MOG35−55 peptide (27µg/mL) or Concanavalin A
(ConA) (1µg/mL; Sigma-Aldrich). Cells were then incubated
for 72 h at 37◦C and 5% CO2. For intracellular cytokine
analysis, splenocyte cultures were stimulated with phorbol 12-
myristate 13- acetate (PMA; 50 ng/mL; Sigma-Aldrich) and
ionomycin (500 ng/mL; Sigma-Aldrich) in the presence of
GolgiStop/monensin (1 µg/106 cells; BD Biosciences, NJ) for 4 h
at 37◦C and 5% CO2 before preparing for flow cytometry.

Flow Cytometry
Cells were incubated with Fc Block (1 µg/106 cells; 2.4G2;
BD Biosciences) for 15min. Extracellular staining was
performed for 30min on ice using the following antibodies:
CD4-BV421 (RM4-5; BioLegend, San Diego, CA, USA), CD45-
BV510 (30-F11; BioLegend), CD3-APC (17.A2, BioLegend),
CD25-PE-Cy7 (PC61; BioLegend), CD8 PerCPCy5.5 (53-6.7;
BioLegend), B220-APC-Cy7 (RA3-6B2; BD Biosciences),
CD11b-PE-Cy7 (M1/70; BioLegend), Ly6C-PE (HK1.4;
BioLegend), Gr1-APC-Cy7 (RB6-8C5; BioLegend), IA/IE-BV421
(M5/114.15.2; BioLegend), F4/80-FITC (BM8; BioLegend),
CD11c-PerCP-Cy5.5 (N418; BioLegend).

After staining for extracellular proteins, cells were fixed
in 4% paraformaldehyde (PFA, pH 7.4) and permeabilized
using 0.1% saponin buffer containing 0.1% bovine serum
albumin. For intracellular cytokine detection, interferon-γ
(IFNγ)-BV421 (XMG 1.2, BioLegend), interleukin (IL)-10-
PE (54902, BD Bioscience), and IL-17A-AF647 (TC11-18H10,
BioLegend) antibodies were used.

Flow cytometry was performed on a BD FACS Canto II (BD
Biosciences) and analyzed using FlowJo software version 10.1
(Treestar Inc., Ashland, OR, USA).

Histological Techniques
Following CO2 euthanasia and perfusion with PBS, spinal
cords were fixed in 4% paraformaldehyde overnight at 4◦C.
The cervical spinal cord was isolated and processed in a
tissue processor (Leica TP1020, Wetzler, Germany) before
paraffin embedding using a Leica embedding station (EG-1160).
Transverse sections of 5–7µm thickness were cut using a Leica
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RM 2235 microtome and mounted on Superfrost-plus slides
(ThermoFisher) for histological staining.

Myelin was detected using luxol fast blue stain (LFB;
Sigma-Aldrich). The protocol previously generated for
Black gold II staining was modified (22) and is shown in
Supplementary Figure 1. Infiltrating immune cells in the spinal
cord were detected using hematoxylin and eosin (H&E) stain
and is shown in Supplementary Figure 2. Using ImageJ software
(version 1.52a, National Institutes of Health, Bethesda, MD,
US), images of H&E-stained sections were converted to a red,
green, blue (RGB) stack, and the red filter was selected. Using
the selected region of interest, the threshold was set to include
infiltrating cell nuclei. The white matter area was selected and
the percentage area of infiltration was measured. Histological
analysis was carried out on 2 sections per animal and these
sections averaged to generate a mean value for each animal.

Cuprizone-Induced Demyelination Model
Cuprizone (0.3%, Santa Cruz Biotechnology, TX, USA) was
mixed into powdered food (Specialty Feeds, WA, Australia) and
administered for 42 days at 5 g per mouse in a dish placed in the
cage and replaced daily (28). Healthy control mice were given
equivalent amounts of normal powdered food. After 42 days
of cuprizone intoxication, all mice were given normal pelleted
food. Drug treatment began on day 35, with treatments assigned
for even distribution of weight loss across the groups. For the
cuprizone model, EOM SalB was administered at 0.3 mg/kg and
U50,488 at 1.6 mg/kg. Healthy control mice received vehicle
injections. Mice were weighed daily with percentage change
calculated using the baseline weight measured on day 0.

Mechanical Sensitivity
An electronic von Frey anesthesiometer with the #7 Supertip
filament (2390 series, IITC Life Science, CA, USA) was used
to measure mechanical sensitivity. Mice were placed in a
transparent chamber on top of a mesh stand and the filament
was applied to the hind paw. The filament was advanced until
the mouse displayed a withdrawal response, with each of the hind
paws measured in triplicate. The experimenter was blinded to the
treatment group during measurement collection.

The Horizontal Bar Test
The triple horizontal bar test was carried out as previously
described (29, 30). The three horizontal bars were 2, 4, and 6mm
in diameter and 38 cm in length and suspended 50 cm above
the bench. The mice were placed on the middle of the bar, only
grasping by their front paws and were timed for 30 s, with the
time stopped if the mice traveled to the end of the bar or fell from
the apparatus. A score was given based on the time the mouse
remained on the apparatus: 1 = 0–5 s; 2 = 6–10 s; 3 = 11–20 s;
4 = 21–29 s; 5 = 30 s or traveled to the end of the bar. Testing
began with the smallest, 2mm, diameter bar. If a mouse scored a
5 it would advance to the next bar, however, if the mouse scored
below 5, it would be repeated two more times and would not
advance to the next bar. Scores were added across all the bars
the mouse was tested on. The experimenter was blinded to the
treatment group during measurement collection.

Immunohistochemistry
Mice were deeply anesthetized with pentobarbital and
transcardially perfused with 5% heparinized PBS followed
by 4% PFA and the brain tissue was dissected and fixed
overnight. The tissue was cryoprotected with 30% sucrose in
PBS overnight, and cut using brain matrix at approximately
bregma +2 to −2mm before embedding in cryo-mountant and
snap freezing in isopentane on a bed of dry ice. Coronal 20µm
sections were cut using a Leica CM3050 S cryostat microtome
and free-floated onto Superfrost-plus slides (ThermoFisher).

Sections were washed with PBS and underwent antigen
retrieval with EDTA buffer (1mM EDTA, 0.05% Tween-20, pH
8) at 70◦C for 15min and incubated with 3 mg/mL glycine
quench for 2 x 10min. The slides were washed with PBST (PBS
with 0.3% TrixonX-100) and blocked with 4% donkey serum
in PBST for 2 h. The primary antibodies for SOX10 (1:500,
R&D Systems, AF2864) and GST-pi (1:200, Enzo Life Sciences,
ADI-MSA-102) were added to 4% donkey serum in PBST and
incubated overnight at 4◦C. The slides were washed with PBST
and incubated with the secondary antibodies: donkey anti-goat
Alexa Fluor 488 (1:500, ThermoFisher) and donkey anti-rabbit
Alexa Fluor 555 (1:500, ThermoFisher) in 4% donkey serum in
PBST for 3 h at room temperature. The slides were washed with
PBS, DAPI solution (300 nM in PBS) added for 10min, further
washed with PBS and mounted with Prolong Gold mounting
media (Invitrogen).

Slides were imaged on an Olympus FV3000 confocal
microscope equipped with a 20x objective (Olympus, New
Zealand). Each section was imaged at the midline of the corpus
callosum. Three focal planes 4µm apart were acquired and
projected into a single image. The images were imported
into ImageJ software to crop to the region of interest across
all channels (612 x 138µm). Three sections per mouse were
analyzed with Cell Profiler software (version 3.1.9) to count
the number of SOX10-positive and GST-pi-positive cells
that were co-localized with DAPI-positive staining, using
the Otsu thresholding method and the following modules:
“ColourToGray”, “IdentifyPrimaryObjects”, “RelateObjects”,
“FilterObjects” and “OverlayOutlines”.

Transmission Electron Microscopy
Mice were deeply anesthetized with pentobarbital and
transcardially perfused using a prewash of 5% heparin in
PBS (pH 7.4) followed by the primary Karnovsky fixative
(0.1M sodium cacodylate buffer, 4% PFA, 0.25% glutaraldehyde,
pH 7.4). The brain was removed and using a brain matrix,
a 1mm coronal brain slice, from approximately bregma 0 to
−1mm, was placed into a modified Karnovsky fixative (0.1M
sodium cacodylate buffer, 4% PFA, 2.5% glutaraldehyde, pH 7.4)
and stored overnight at 4◦C. The brain slice was dissected to
isolate the midline of the corpus callosum under a dissecting
microscope. The tissue underwent secondary fixation in 1%
osmium tetroxide for 2 h, washed in distilled water, and a final
tertiary fixation in 1% uranyl acetate for 2 h. The samples were
dehydrated with ethanol, replaced with acetone and embedded
in epoxy resin (Sigma-Aldrich), which was polymerized at 60◦C
for 48 h.
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Semi-thin sections were cut on a Leica UC7 ultramicrotome
and stained with toluidine blue to determine the correct
area (corpus callosum). Transverse ultrathin sections (85 nm
thickness) were cut with a diamond knife (Diatome, 45◦ angle)
and stained using an LKB ultrastainer with lead citrate and uranyl
acetate. Images were taken at 5,800x magnification on a Phillips
CM100 TEM at the Otago Micro and Nanoscale Imaging unit
located at the University of Otago, Dunedin, New Zealand.

The analysis of the transmission electron microscopy (TEM)
images was carried out within a region of interest (9,736 x
8,095 nm) using ImageJ software. The number of myelinated
and unmyelinated axons in the region of interest were counted
manually. For the g-ratio assessment, the outer and inner axonal
diameter lengths were measured for each axon within the region,
and the g-ratios were calculated by dividing the inner axonal
diameter by the outer axonal diameter. TEM analysis was carried
out on 5 images per animal. The assessor was blinded from the
treatment of each image.

Statistical Analysis
GraphPad Prism (version 7.05, GraphPad Software, La Jolla, CA,
USA) was used to determine statistical significance. Values are
presented as the mean ± standard error of the mean (SEM).
Comparisons between two groups were performed using a paired
Student’s t-test. For comparison of more than two groups, one-
way or two-way analysis of variance (ANOVA) was used with
the recommended multiple comparison tests as indicated in
the figure legend and as recommended by GraphPad Prism.
Comparisons were considered significant when p < 0.05.

RESULTS

EOM SalB Is G-Protein Biased in vitro
EOM SalB is an analog of Salvinorin A with alteration at
the carbon-2 position, which is structurally distinct from the
prototypical KOR agonist U50,488 (Figure 1A). The G-protein
bias of EOM SalB was measured using the HitHunter assay
measuring inhibition of forskolin-induced cAMP accumulation
to assess the G-protein signaling, and compared to the
PathHunter assay assessing the β-arrestin recruitment. Using
U50,488 as the reference ligand, the results show that EOM
SalB was more potent than the parent compound Salvinorin
A and U50,488 in both assays (Figures 1B,C, Table 1). The
bias calculation showed that EOM SalB was G-protein biased
compared to U50,488 with a factor of 2.53, whereas Salvinorin
A had a bias factor of 0.648 (Table 1).

Therapeutic Treatment With EOM SalB
Enabled Functional Recovery of EAE via

KOR Activation
EAE was used to evaluate the therapeutic effect of EOM SalB
(Figure 2A). EOM SalB (0.1 and 0.3 mg/kg) showed a dose-
dependent attenuation of disease score compared to vehicle (p
< 0.0001), with the 0.3 mg/kg dose significantly more efficacious
compared to the 0.1 mg/kg dose (p < 0.01; Figure 2B). Similarly,
both doses of U50,488 (0.5 and 1.6 mg/kg) reduced disease
scores compared to vehicle (p< 0.01; Figure 2C). However, when

comparing the percentage of mice recovered (recovery defined
as a score ≤ 0.5) the 0.3 mg/kg dose of EOM SalB was more
beneficial in enabling recovery than both doses of U50,488 (p
< 0.05; Figure 2D). In addition, both tested doses of EOM SalB
significantly increased the number of days in recovery (days with
a score ≤ 0.5) compared to vehicle (p < 0.05), whereas neither
of the tested doses of U50,488 showed a significant increase (p >

0.05; Figure 2E).
The long-acting KOR antagonist, nor-BNI, was used to

confirm whether the effects of EOM SalB (0.3 mg/kg) were KOR
mediated. Pretreatment with nor-BNI prevented EOM SalB from
enabling recovery (p < 0.0001), with disease scores similar to
those seen in mice administered vehicle (Figure 2F). Nor-BNI
also prevented EOMSalB from enabling full recovery [percentage
of mice recovered (p < 0.001; Figure 2G)], or altering the
number of days in recovery (p < 0.001; Figure 2H). This data
suggests that EOMSalB at the tested doses was significantly better
to reduce EAE severity compared to vehicle and U50,488 and that
the effect of EOM SalB was KOR mediated.

CNS-Infiltrating Immune Cells Are
Reduced by EOM SalB and U50,488
Treatment in the EAE Model
We assessed whether EOM SalB altered the immune
environment contributing to EAE disease reduction. Infiltration
of immune cells (gated as CD45high; gating strategy in
Supplementary Figure 3A) showed reduced infiltration into the
brain following treatment with EOM SalB (0.1 and 0.3 mg/kg)
and U50,488 (1.6 mg/kg) compared to vehicle (Figure 3A).
To further assess which specific cell types were affected, we
assessed CD4+ T cells, regulatory T cells (Tregs), neutrophils
and infiltrating macrophages, as well as CD8+ T cells, resident
macrophages, B cells, monocytes and dendritic cells (gated
on the frequency of CD45int microglia; gating strategy in
Supplementary Figure 3B). Most significantly, the CD4+ T
cells, Tregs, and infiltrating macrophages were reduced following
treatment with both EOM SalB and U50,488 (Figure 3A) while
the other cell types show only a modest reduction in the brain
compared to vehicle (Supplementary Figure 3C). This suggests
that one way these KOR agonists are improving EAE severity is
by targeting immune cell infiltration into the CNS.

Given the previously reported immunomodulatory
effects of KOR agonists, we assessed whether KOR agonist
treatment altered antigen-specific T cells by re-stimulating
splenocytes collected from mice that underwent the EAE
model to analyze intracellular cytokines (gating strategy in
Supplementary Figure 4A). A MOG-specific reduction in the
percentage of IFNγ+ T cells (CD4+ or CD8+) following both
U50,488 and EOM SalB treatment in the EAE model could be
detected (Figure 3B). This is suggestive of a reduction in Th1
pro-inflammatory response. Similarly, there was a reduction
in the percentage of IL-17A+CD4+ T cells (Figure 3C), which
is suggestive of a reduced Th17 pro-inflammatory response
following both U50,488 and EOM SalB treatment in the EAE
model. There were no differences in the percentage of CD4+ and
CD8+ T cells, IL-17A+CD8+ T-cells, or the MFI of IL-10+CD4+
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FIGURE 1 | Chemical structures and in vitro activity. (A) Chemical structures of U50,488, Salvinorin A, and EOM SalB. (B) The KOR agonists were measured for

inhibition of forskolin-induced cyclic adenosine monophosphate (cAMP) using the HitHunterTM assay. (C) The β-arrestin2 signaling pathway was assessed using the

PathHunterTM assay of β-arrestin2 recruitment. Results from ≥3 experiments performed in triplicate. Values presented as mean ± SEM.

TABLE 1 | The in vitro activity of U50,488, Salvinorin A and EOM SalB.

Inhibition of forskolin-induced cAMP accumulation (HitHunterTM) β-arrestin2 recruitment (PathHunterTM)

EC50 (nM) Emax (%) EC50 (nM) Emax (%) Bias Factor

U50,488 0.181 ± 0.060 99.0 ± 0.8 231.8 ± 36.6 103.8 ± 0.5 1

Salvinorin A 0.0262 ± 0.0114 100.1 ± 0.3 18.8 ± 2.9 90.8 ± 2.0 0.648

EOM SalB 0.0015 ± 0.0008 99.2 ± 0.3 4.2 ± 1.2 87.7 ± 2.7 2.53

Results from ≥3 experiments performed in triplicate and are calculated from the data presented in Figure 1. Values are mean ± SEM.

or CD8+ T cells from splenocytes of EAE animals treated daily
from the onset with vehicle, U50,488 (1.6 mg/kg), or EOM
(0.3 mg/kg) (Supplementary Figures 4B,D). Interestingly, the
significant effects observed were in MOG re-stimulated cells,
highlighting the specific sensitization of these cells toward the
MOG peptide. This data suggests that the effect of EOM SalB on
immune cells is shifting the T cell response away from a Th1 and
Th17 pro-inflammatory environment.

We further sought to understand the effects of the treatments
on myelination in spinal cords collected from mice with EAE.
Assessment of the myelin levels with luxol fast blue staining
found that there was increased myelin following EOM SalB (0.1
and 0.3 mg/kg) and U50,488 (1.6 mg/kg) treatment compared
to vehicle (p < 0.05; Figures 3D,E). However, H&E staining in
the spinal cord was used to assess immune cell infiltration, with
no significant differences observed between treatment groups

(Supplementary Figure 5). Overall, this data shows that reduced
EAE severity after treatment with EOM SalB is mediated by
reduced infiltration of immune cells into the CNS, shifting of the
immune environment and increased myelination.

EOM SalB Attenuated Weight Loss in
Cuprizone-Treated Mice
To understand the effect of EOM SalB on demyelination
and remyelination without the influence of immune cells,
demyelination was induced by cuprizone leading to reduced
myelin in the brain. During cuprizone-induced demyelination
(Figure 4A), mice were weighed daily as a measure of general
health. Cuprizone administration lead to a significant weight loss
compared to baseline (day 0) (Figure 4B), andmice administered
cuprizone lost more weight than the healthymice. The area under
the curve analysis from EOM SalB (0.3 mg/kg) treated mice (days
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FIGURE 2 | In experimental autoimmune encephalomyelitis (EAE) mice, treatment with EOM SalB was more effective than U50,488 at enabling KOR-mediated

functional recovery. (A) Mice were immunized with myelin oligodendrocyte glycoprotein (MOG) in complete Freund’s adjuvant (CFA) with pertussis toxin (Ptx) and

treated daily from onset (score ≥ 1) with vehicle, EOM SalB or U50,488. (B) Disease score of EOM SalB or (C) U50,488 treated mice from disease onset to day 23.

Scores aligned to the day of disease onset (day 0 post-treatment). Results are combined from 3-7 independent experiments (n = 7–29, as indicated). (D) Percentage

recovery to 23 days post-treatment (recovery = score ≤ 0.5). Fisher’s exact test for % recovery compared to vehicle or EOM SalB (0.3 mg/kg). (E) Number of days in

(Continued)
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FIGURE 2 | recovery to 23 days post-treatment. (F) Animals treated with vehicle or KOR antagonist nor-BNI (10 mg/kg, weekly) and treated with vehicle or EOM SalB

(0.3 mg/kg). Results are combined from 2 to 3 independent experiments (n = 8–16, as indicated). (G) Percentage of mice recovery by day 23. Fisher’s exact test for

% recovery compared to EOM SalB (0.3 mg/kg). (H) Number of days spent in recovery up to day 23. Two-way ANOVA test with Dunnett’s multiple comparison test

was used for scoring data to compare treatment doses. One-way ANOVA for days in recovery data with Tukey’s multiple comparison test. Data presented as mean ±

SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Image in panel (A) created using Biorender.com.

36–70) showed a significant increase in weight compared to the
vehicle-treated group (Figure 4C).

In addition, two behavioral assays to measure mechanical
sensitivity and motor coordination were performed to
assess whether EOM SalB was able to enhance functional
recovery. It was found there was a significant decrease in
the mechanical withdrawal threshold (Figure 4D) and motor
coordination score (Figure 4E) with cuprizone administration;
however, EOM SalB treatment was not able to reverse
these effects.

EOM SalB Significantly Increased the
Number of Oligodendrocytes in the Corpus
Callosum
The brains of mice from the cuprizone-induced demyelination
model were collected at days 42, 49, and 56 to assess the
number of SOX10-positive (oligodendrocyte lineage cells) and
GST-pi-positive cells (oligodendrocytes) in the corpus callosum
(Figure 5A). At each of the time points, it was found that there
was no significant difference in the number of SOX10-positive
cells when EOM SalB (0.3 mg/kg) treatment was compared
to vehicle (p > 0.05, Figure 5B). However, when comparing
the number of GST-pi-positive cells, there was a significant
increase in the number found in the mice treated with EOM SalB
compared to vehicle at day 42 and 49 (p < 0.05; Figure 5C),
suggesting a significant increase of mature oligodendrocytes in
these animals.

EOM SalB Enhanced Remyelination in the
Corpus Callosum
To test whether the increase in oligodendrocyte numbers reflects
increased remyelination, the corpus callosum from cuprizone-
treated mice were assessed for remyelination using TEM at
days 49 and 70 (Figure 6A). On day 49, there was a decrease
in the number of myelinated axons in the mice that were
administered cuprizone compared to the healthy mice (p <

0.05, Figure 6B). There was no change in the number of
unmyelinated axons at day 49 (Figure 6B). On day 70, EOM
SalB treatment significantly increased the number of myelinated
axons compared to vehicle, however, did not affect the number
of unmyelinated axons (Figure 6C). We used g-ratios to assess
the myelin thickness, at both time points. Cuprizone-intoxicated
mice treated with vehicle had significantly increased g-ratios
compared to healthy controls (p < 0.05), and treatment of
EOM SalB (0.3 mg/kg) lead to a rapid reduction in the g-
ratio to the same level as healthy mice at both day 49 and 70
(Figures 6D,E).

DISCUSSION

There is an urgent need to develop remyelination treatments
to reduce the burden of disease in demyelinating diseases such
as MS (3, 31), optic neuritis (32, 33) and other diseases where
myelin is damaged including Alzheimer’s (34) and Parkinson’s
disease (35). The key to developing these therapeutics lies in
identifying safe therapeutic targets that enable myelin repair and
restoration of lost functions (36). The KOR has been identified as
a potential target for remyelination (4, 5, 37, 38). Unfortunately,
the KOR agonist evaluated in these studies, U50,488 has side
effects including sedation and aversion that limit its clinical use
(7–11). In contrast, the KOR agonist nalfurafine has proven
that some KOR agonists can be clinically safe (39). We aimed
to explore the Salvinorin A structural class of KOR agonists
for its ability to reduce disease and promote remyelination and
repair in preclinical models of MS. The KOR agonist EOM
SalB was selected for its potency, selectivity and reduced side-
effect profile (18, 19). In the current study, we have shown that
treatment with EOM SalB in the two different mouse models
of MS showed a significant recovery in myelination as well as
reduced cellular infiltration.

There is substantial evidence suggesting that G-protein biased
KOR agonists are associated with fewer β-arrestin associated side
effects (40–43). Calculated G-protein bias values vary due to a
range of different factors, including the use of different reference
ligands, cell types, signaling assays and species of the receptor
(44). In the present study, we have shown that EOM SalB has
a bias factor of 2.53 compared to the unbiased reference ligand
U50,488. This is consistent with a previous study, showing that
EOM SalB was G-protein biased using the GloSensor luciferase-
based assay in HEK293T cells to measure cAMP and the Tango
assay to measure β-arrestin recruitment in HTLA cells (45).
The bias factor in this study was 15.26 with U50,488 as the
reference ligand (45). This provides confidence in our data
showing that EOM Sal B is G-protein biased and that these G-
protein bias results are reproducible across different cell types
and signaling assays.

The confirmation that EOM SalB is G-protein biased is also
consistent with the reduced side effect profile. In Sprague-Dawley
rats, we have previously shown that EOM SalB (0.1–0.3 mg/kg)
was not sedative in the spontaneous locomotor activity test, did
not show anxiogenic behavior in the elevated plus-maze, did
not have depressive-like effects in the forced swim test, and did
not show aversion in the conditioned place aversion test (0.1
mg/kg) (19). However, in C57Bl/6J mice, Kaski et al. (45) found
that a 1 mg/kg dose of EOM SalB produced aversion in the
conditioned placed aversion test, impaired motor coordination
in the rotarod performance test and reduced novelty-induced
locomotion. These differences in side effects are likely to be due to
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FIGURE 3 | The number of CNS-infiltrating immune cells were reduced by daily KOR agonist treatment. Analysis of lymphocyte populations from healthy, vehicle,

EOM SalB (0.1 or 0.3 mg/kg) and U50,488 (1.6 mg/kg) treated brain tissue. All infiltrating immune cells were identified by CD45high expression and the relative number

of cells is expressed as a ratio to microglia. (A) Infiltrating cells identified by CD45high expression, CD4+ T cells, CD4+CD25+ regulatory T cells (Treg), neutrophils and

(Continued)
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FIGURE 3 | infiltrating macrophages (MΦ). Shown are the results from 3 independent experiments with 8–12 mice per group. One-way ANOVA with Dunnett’s

multiple comparison test. (B) Splenocyte cultures were either unstimulated (unstim) or stimulated with myelin oligodendrocyte glycoprotein (MOG) or Concanavalin A

(ConA). CD4+ and CD8+ T-cell intracellular interferon (IFN)γ (as frequency of parent, CD4+ or CD8+) from splenocytes of EAE animals treated daily from onset with

vehicle, U50,488 (1.6 mg/kg), or EOM SalB (0.3 mg/kg). (C) CD4+ T-cell IL-17A+ (as frequency of parent, CD4+) from splenocytes of EAE animals treated daily from

onset with vehicle, U50,488 (1.6 mg/kg), or EOM SalB (0.3 mg/kg). (D) Representative images of spinal cord sections from age-matched EAE animals treated with

vehicle, U50,488 (0.5 mg/kg, 1.6 mg/kg) or EOM SalB (0.1 mg/kg, 0.3 mg/kg) until day 44. Scale bars, 100µm. (E) Percentage of white matter area stained for

myelin per region of interest, determined using thresholding in luxol fast blue stained spinal cord sections. Results are shown from 3 independent EAE experiments, n

= 5–10 animals, two sections of the cervical spinal cord per animal. Kruskal-Wallis with Dunn’s multiple comparison test. Data presented as mean ± SEM. *p < 0.01,

**p < 0.05, ***p < 0.001.

FIGURE 4 | (A) Mice were administered 0.3% cuprizone (CPZ) on days 0–42 and daily EOM SalB treatment on days 35-70. (B,C) EOM SalB (0.3

mg/kg/i.p./day)-treated mice gained significantly more weight than vehicle-treated mice [area under the curve (AUC) analysis of the weights on days 36–70)]. (D)

Cuprizone administration significantly decreased the force paw-withdrawal threshold for mechanical stimulation, however, EOM SalB (0.3 mg/kg) treatment showed

no significant change compared to vehicle-treated mice. (E) Cuprizone administration significantly decreased the score on the horizontal bar test, however, EOM (0.3

mg/kg) treatment had no significant effect compared to vehicle-treated mice. (D,E) Two-way repeated-measures ANOVA with Bonferroni post-tests (separate analysis

for days 0–35 and days 36–56). (C) One-way ANOVA with Bonferroni post-tests. Data presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

n = 6–9 per treatment group. Image in panel (A) created using Biorender.com.

the increased dose used by Kaski et al. (45) as well as the different
species used. Nonetheless, it does appear from these results that
the therapeutic window for EOM SalB would be at a dose >1
mg/kg and that the dose of 0.1–0.3 mg/kg is well tolerated.

Using the EAE model, we demonstrated that EOM SalB (0.1–
0.3 mg/kg) reduced disease score and increased recovery at
greater rates than U50,488 (0.5–1.6 mg/kg) when administered
therapeutically. Additionally, this effect was KOR-mediated as
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FIGURE 5 | EOM SalB administration changes the number of oligodendrocytes in the corpus callosum of mice administered 0.3% cuprizone (CPZ). (A)

Representative images showing DAPI-positive nuclei (blue), SOX10-positive cells identifying all cells within the oligodendrocyte lineage (green) and mature

GST-pi-positive mature oligodendrocytes (red) in the region of interest. Scale bar is 100µm. (B) The number of SOX10-positive cells was not significantly altered

following EOM SalB treatment (0.3 mg/kg). (C) EOM SalB administration increased the number of GST-pi-positive oligodendrocyte cells at days 42 and 49 compared

to the vehicle-treated control mice. Images were analyzed using Cell Profiler in 3 sections per animal (averaged), n = 5–6 mice per treatment. Unpaired t-test. Data

presented as mean ± SEM. *p < 0.05, **p < 0.01, n.s. not significant.

the effect was reversed with the KOR antagonist nor-BNI. Our
evaluation of EOM SalB in EAE is the first study to assess the
Salvinorin structural class of KOR agonists for their ability to
promote disease recovery in vivo. Furthermore, we found that
EOM SalB and U50,488 treatment increased the levels of myelin
staining using luxol fast blue indicating enhanced remyelination.

Our data are consistent with previous findings that KOR
agonists reduce EAE disease. Du et al. (4) originally showed
that KOR knockout mice were more susceptible to EAE, which
was not apparent when either the mu or delta opioid receptor
were knocked out. Furthermore, the study demonstrated that
prophylactic treatment with U50,488 (0.5–5mg/kg) reduced EAE
severity. Similarly, Tangherlini et al. (6) showed that prophylactic
administration of quinoxaline-based KOR agonists reduced EAE
severity in a KOR-dependent fashion. Denny et al. (22) showed

that therapeutic KOR agonist administration, where treatment
starts after the initial onset of symptoms, led to a decrease in EAE
disease scores, using both U50,488 (1.6 mg/kg) and nalfurafine
(0.0003–0.1 mg/kg). This therapeutic administration tests the
ability of KOR agonists to induce recovery rather the prophylactic
treatment regimen that tests a combination of disease induction,
progression and recovery. Therapeutic administration models a
clinically relevant treatment strategy.

We assessed whether EOM SalB altered the immune
environment contributing to EAE disease reduction. CNS
inflammation associated withMS and the EAEmodel is regulated
by many cell types including T cells, B cells, neutrophils,
monocytes, macrophages, and resident microglia (46). We found
a reduced infiltration of CD45high immune cells including CD4+

T cells, Tregs, and infiltrating macrophages following treatment
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FIGURE 6 | EOM SalB treatment increased remyelination within the corpus callosum of mice administered 0.3% cuprizone. (A) Representative transmission electron

microscopy images showing myelinated and unmyelinated axons in the corpus callosum of healthy and mice administered cuprizone (CPZ) and treated with either

vehicle (Veh) or EOM SalB (0.3 mg/kg). The number of myelinated and unmyelinated axons were counted at (B) day 49 and (C) day 70. EOM SalB (0.3 mg/kg)

treatment led to an increase in the number of myelinated axons at day 70. Two-way ANOVA with Tukey’s multiple comparisons test. The g-ratio of each axon was

calculated by dividing the inner axonal diameter by the outer diameter at (D) day 49 and (E) day 70. EOM SalB treatment decreased the g-ratio to healthy levels at

days 49 and 70. One-way ANOVA with Tukey’s multiple comparisons test. Five images per animal, three animals per treatment group. Scale bar is 2,000 nm. Data

presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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with both EOM SalB and U50,488. We further assessed the effect
of KOR agonist treatment on antigen-specific T cell responses
by re-stimulating splenocytes to analyze intracellular cytokines.
We identified a MOG-specific reduction in IFNγ+CD4+ and
CD8+ T cells as well as a reduction in IL-17A+CD4+ T cells with
KOR agonist treatment, suggesting that EOM SalB treatment
not only targets the infiltration of immune cells into the CNS
but also shifts the balance from a Th1 and Th17 inflammatory
cytokine response toward a favorable regulatory environment.
The immunomodulatory properties of KOR have been previously
explored, suggesting that the kappa opioid system can interact
with the immune system and is consistent with Tangherlini
et al. (6) and Denny et al. (22), with both studies showing
a reduction in CD45+ cells following KOR agonist treatment,
with a corresponding reduction in IFNγ and IL-17A. Given
that both IFNγ-producing Th1 and IL-17A-producing Th17
are critical drivers of the immune-mediated demyelination in
MS, this finding suggests that KOR agonist treatment not only
enhances remyelination but also reduces the myelin-damaging
immune response.

Cuprizone is a copper chelating neurotoxin with region-
dependent toxicity, selectively causing oligodendrocyte cell
death, activation of astrocytes and microglia, leading to
demyelination (23, 24). As opposed to the EAE model, T cells
are not believed to play a major role in the disease progression
in the cuprizone-induced demyelination model (47). Therefore,
it is believed the model better represents the progressive forms of
MS and enables study into the effect of treatment in a different
demyelination setting. The cuprizone-induced demyelination
model is widely used, however, less is known about the associated
behavioral deficits. A recent review found that approximately 29–
86% of MS patients experience pain, while only 4% of papers
using the cuprizone model tested this behavior (48). Therefore,
we evaluated neuropathic pain using mechanical sensitivity and
function using motor coordination, which is a more commonly
assessed measure in the cuprizone model.

Our results show the behaviors of the cuprizone–treated
mice are significantly different from healthy controls but
once cuprizone is removed from the diet, the cuprizone-
induced behaviors rapidly return to healthy levels resulting in
a very limited window to observe potential therapeutic effects.
Treatment with EOM SalB showed no difference to vehicle-
treated mice. Motor behavior assays have been used in previous
cuprizone studies (48, 49); however, evoked tests may not
have the sensitivity to detect subtle alterations in behavior.
For a more robust behavioral deficit, a more robust model of
demyelination may be required such as the augmented cuprizone
model whereby rapamycin, an mTOR inhibitor, is administered
daily during cuprizone treatment to prevent spontaneous
remyelination and allowing evaluation of therapeutic treatments
over an extended period of time (50, 51). Additionally, a
more complex behavioral model may be able to detect these
deficits, such as the mouse motor skill sequence (MOSS) activity
wheel. This non-evoked model requires communication between
both hemispheres in the brain for complex bilateral motor

coordination, which is an essential role of the corpus callosum
(52, 53). However, complexMOSS behaviors are yet to be utilized
to assess therapeutics in this model.

The cuprizone-induced demyelination model was used to
understand the effects of EOM SalB on remyelination. The
administration of cuprizone is known to specifically cause
oligodendrocyte apoptosis which leads to demyelination (23,
24). For remyelination to occur, OPCs must migrate to the
site of injury and differentiate into mature oligodendrocytes
capable of remyelinating damaged axons. We used a marker
for oligodendrocyte lineage cells (SOX10), which encompasses
OPCs and oligodendrocytes, showing that the lineage cell
numbers were not altered with the administration of EOM
SalB. However, we found that there was an increase in the
number of GST-pi-positive oligodendrocyte cells, indicating that
EOM SalB is not altering the number of OPCs migrating to
the corpus callosum but is specifically altering the number of
mature oligodendrocytes. It has previously been shown that
KOR agonists are capable of differentiating OPCs to mature
oligodendrocytes in vitro (4, 5). Mei et al. (5) showed U50,488
treatment caused differentiation of purified rat OPC cultures into
myelin basic protein (MBP)-positive oligodendrocytes, the effect
of which was abolished in KOR null cultures. Furthermore, Mei
et al. used human induced pluripotent stem cell-derived OPC
cultures and showed U50,488 induced OPC differentiation into
mature oligodendrocytes. While this supports OPC maturation,
these effects may be due to many factors as KOR is located on
all key cell types that enable effective remyelination (54–57). We
know that cuprizone administration also significantly activates
astrocytes and microglia (58), however, the role of KOR on these
cell types is unknown.

To accurately quantify myelin, we used TEM to examine
myelin thickness in cuprizone-administered mice. Our data
showed that EOM SalB (0.3 mg/kg) treatment, lead to an increase
in the number of myelinated axons at day 70, and a decrease
in the g-ratio to healthy levels by day 49, which was also seen
at day 70. We have previously shown that nalfurafine treatment
until day 70 in the cuprizone model led to an increase in the
percentage of myelinated axons and a decrease in the g-ratio
compared to vehicle in the corpus callosum (22). This data shows
that KOR agonists are capable of inducing remyelination in the
cuprizone-induced demyelination model.

Overall, our results show that EOM SalB is a G-protein
biased KOR agonist that effectively reduces EAE disease severity
in a KOR-dependent manner, with a greater percentage of
mice recovered than U50,488. EOM SalB reduced the number
of infiltrating immune cells in the CNS and increased the
myelin in EAE mice. In the cuprizone-induced demyelination
model, EOM SalB treatment rapidly increased the number of
oligodendrocytes in the corpus callosum, which correlated to an
increase in the myelin thickness and an increase in the number
of myelinated axons. This study further provides evidence that
KOR agonists are effective in supporting remyelination and could
be a promising target for future therapeutic development for
demyelinating diseases.
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