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Cellular/Molecular

Identification of the Kappa-Opioid Receptor as a Therapeutic
Target for Oligodendrocyte Remyelination

Feng Mei,'->* ©“Sonia R. Mayoral,'* Hiroko Nobuta,” “Fei Wang,” “Caroline Desponts,’ Daniel S. Lorrain,?
AriJ. Green,'* David Rowitch,? Jennifer Whistler,* and ©“Jonah R. Chan'*¢

'Department of Neurology, University of California, San Francisco, California 94158, 2Department of Pediatrics and Neurosurgery, Eli and Edythe Broad

Lan Xiao,>

Institute for Stem Cell Research and Regeneration Medicine and Howard Hughes Medical Institute, University of California, San Francisco, California
94143, *Inception Sciences, San Diego, California 92121, “Department of Ophthalmology, University of California, San Francisco, California 94158,
SDepartment of Histology and Embryology, Chongqing Key Laboratory of Neurobiology, Third Military Medical University, Chongqing, 400038, China, and
Program in Neuroscience, University of California, San Francisco, California 94158

Remyelinating therapies seek to promote restoration of function and normal cellular architecture following demyelination in diseases,
such as multiple sclerosis (MS). Functional screening for small molecules or novel targets for remyelination is a major hurdle to the
identification and development of rational therapeutics for MS. Recent findings and technical advances provide us with a unique
opportunity to provide insight into the cell autonomous mechanisms for remyelination and address this unmet need. Upon screening a
G-protein-coupled receptor small-molecule library, we report the identification of a cluster of k-opioid receptor (KOR) agonists that
significantly promotes oligodendrocyte differentiation and myelination. KOR agonists were validated in purified rat oligodendroglial
cultures, and the (*)U-50488 compound proved to be most effective for differentiation. (#)U-50488 treatment significantly enhances
differentiation and myelination in purified oligodendroglial cocultures and greatly accelerates the kinetics of remyelination in vivo after
focal demyelination with lysolecithin. The effect of (+)U-50488 is attenuated by KOR antagonists and completely abolished in KOR-null
oligodendroglia. Conditional deletion of KOR in murine oligodendrocyte precursor cells (OPCs) greatly inhibits remyelination after focal
demyelination lacking any response to (*)U-50488 treatment. To determine whether agonism of KOR represents a feasible therapeutic
approach, human induced pluripotent stem cell-derived OPCs were treated with (=)U-50488. Consistent with findings, differentiation of
human OPCs into mature oligodendrocytes was significantly enhanced. Together, KOR is a therapeutic target to consider for future
remyelination therapy.

Key words: kappa-opioid receptor; oligodendrocytes; remyelination

(s )

Remyelination represents a promising strategy to achieve functional recovery in demyelinating diseases, like MS. Thus,
identification of potent compounds and targets that promote remyelination represents a critically unmet need. This study
reports a cluster of compounds that are highly effective in enhancing remyelination and identifies k-opioid receptor (KOR)
as a positive regulator for oligodendroglial differentiation, implicating KOR agonism as a potential strategy to accelerate

remyelination. /

ignificance Statement

Introduction potentials, but also plays fundamental roles in modulating infor-

Myelin is a unique component of the nervous system that not
only maximizes the efficiency and velocity of neuronal action
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Screening a GPCR library to identify a cluster of KOR agonists and validation of (=)-U50488 with purified OPCs

cultured alone or cocultured with DRG neurons. a, Two-hundred-fifty compounds were plotted based on the percentage of
MBP-positive and PDGFRa-positive rings per 100-micropillar-containing field. Compounds were categorized into four quadrants
representing increased proliferation, apoptosis, differentiation and wrapping, and the combination of both proliferation and
differentiation, from control levels. The control (white diamond) is represented at the intersection of the green and red lines and
indicates the average measurement of MBP-positive and PDGFRa-positive rings obtained with vehicle treatment. SEM values are
indicated by the width of the red and green lines for the vehicle control. b, Representative 100 micropillar fieldsimmunostained for
MBP (red) and PDGFR«x (green) for control arrays, KOR antagonists (GNTI and nor-BNI), and KOR agonists [(+)-U50488, GR89696,
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Leeetal., 2012; Morrison et al., 2013; Saab
et al., 2013). After demyelinating insult,
remyelination can occur spontaneously, al-
beit inefficiently, as oligodendrocyte pre-
cursor cells (OPCs) are widely distributed
throughout the adult CNS and maintain
their potential to differentiate into mature
oligodendrocytes (OLs) and myelinate ax-
ons (Zhang et al., 1999; Nunes et al., 2003).
Remyelination by adult OPCs does not ap-
pear to be hampered solely by issues of ac-
cess or recruitment (Keirstead et al., 1998;
Scolding et al., 1998; Wolswijk, 1998; Chang
et al., 2000; Woodruff et al., 2004). This
underscores that a failure of OPC differenti-
ation and myelination, rather than recruit-
ment and/or migration of OPCs, is the
principal barrier impeding remyelination
in demyelinating conditions. Functional
screening for small molecules or biologicals
that promote remyelination represents a
major hurdle to the identification and de-
velopment of rational therapeutics for
multiple sclerosis (MS) and recently has re-
ceived much attention (Deshmukh et al.,
2013; Najm et al., 2015). Identifying novel
therapeutics and promising targets will
impart valuable insight in enhancing stabil-
ity and repair of myelin in diseases, such
as MS, and ultimately promote functional
recovery.

In this study we identified a cluster of
compounds that are highly potent in pro-
moting remyelination by oligodendrocytes,
upon screening a G-protein-coupled recep-
tor (GPCR) small-molecule library. Our re-
sults indicate the k-opioid receptor (KOR)
as a positive regulator for oligodendroglial
differentiation and myelination, which
may be a potential therapeutic target for re-
myelination.

Materials and Methods

Transgenic mice. All mice examined in this
study were handled in accordance with the
approval of the University of California San
Francisco Administrative Panel on Laboratory
Animal Care. KOR knock-out mice were pur-
chased from The Jackson Laboratory (Catalog
#007558). The KOR floxed and Olig2-Cre mice
were described previously (Chefer et al., 2013;

<«

and U54494]. ¢, Representative images and quantification of
purified rat OPC cultures treated with vehicle (control) or (*)-
U50488 for 48 h and immunostained for MBP (red) and
PDGFR« (green). d, Representative images and quantification
of OPC-DRG neuron cocultures treated with vehicle (control) or
()-U50488 for 5 d and immunostained for MBP (red),
PDGFRc (green), and neurofilament (white). Cell nuclei are
identified by DAPI (blue). Error bars represent mean = SEM.
*p < 0.05; significance based on Student's t test. N = 3 forall
experiments.
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Figure2.

Validation of KOR agonists using purified OPC cultures. Representative images of rat OPC cultures treated with vehicle (CTL), (+)-U50488, (—)-U50488, BRL52537, U-54494A, N-MPPP,

GR89696, 6"-GNTI, and dynorphin B. Quantification of the percentage MBP-positive and PDGFRax-positive cells from the treated OPC cultures is shown below. Error bars represent mean == SEM.

*p < 0.05; significance based on Student's ¢ test. N = 3 for all experiments.

Fancy et al., 2014). The KOR floxed line was crossed with the Olig2-Cre
line to generate conditional knock-out homozygous (Olig2-Cre; KOR
fl/fl) and littermate controls (KOR fl/fl). Genotypes of all mice were
determined by PCR analysis of tail genomic DNA using appropriate
primers. Male and female mice were used for all experiments without
bias.

Purification of oligodendrocyte precursor cells. Immunopanning purifi-
cation of OPCs was performed as previously described (S. Lee et al.,
2012). Briefly, OPCs were purified from P7-P9 postnatal rat or mouse
brain cortices. Tissue culture dishes were incubated overnight with goat
IgG and IgM secondary antibodies to mouse (Jackson Laboratories, Cat-

alog #115-005-004) in 50 mm Tris-HCI, pH 9.5, at a final concentration
of 10 ug/ml " Dishes were rinsed and incubated at room temperature
with primary antibodies for Ran-2, GalC, and O4. Rodent brain hemi-
spheres were diced and dissociated with papain (Worthington) at 37°C.
After trituration, cells were resuspended in a panning buffer (0.2% BSA
in DPBS) and incubated at room temperature sequentially on the three
immunopanning dishes: Ran-2 and GalC were used for negative selec-
tion before positive selection with O4. OPCs were released from the final
panning dish using 0.05% Trypsin (Invitrogen).

Screening compounds with BIMA. The 96 micropillar-well plates were
coated with poly-L-lysine (100 wg/ml ') for 1 h, washed twice with
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water and air-dried. In each well, 40,000 rat a
OPC cells were seeded and maintained in
chemically defined medium composed of
DMEM (Invitrogen) supplemented with B27
(Invitrogen), N2 (Invitrogen), penicillin-
streptomycin (Invitrogen), N-acetylcysteine
(Sigma-Aldrich), forskolin (Sigma-Aldrich),
and 12.5 ng/ml ~! PDGF-AA (Peprotech) for
2 d before screening. Compounds (10 mMm in
DMSO; Chemical library, Selleckchem) were
diluted to a final concentration of 1 um in the
absence of PDGF-AA and added to wells for
3 d before immunostaining.

Immunofluorescence. Mice were deeply anes-
thetized with 2.5% avertin and transcardially
perfused with 4% paraformaldehyde in PBS.
Brains and spinal cords were dehydrated in
30% sucrose and sectioned (20 wm) on a cryo-
stat microtome (HM450, Thermo Fisher).
OPCs cultured on coverslips were fixed with
4% paraformaldehyde in PBS. Free-floating
sections or coverslips were blocked with 20%
normal goat serum and incubated with primary antibodies overnight at
4°C, and then incubated with secondary antibodies for 1 h at room tem-
perature. Primary antibodies included the following: rat monoclonal an-
tibody to MBP (1:500; Millipore, Catalog #MAB395), rabbit polyclonal
antibody to Olig2 (1:500; Millipore, Catalog #AB9610), rabbit polyclonal
antibody to PDGFRa (1:8000; gift from W. B. Stallcup, Sanford Burn-
ham Prebys Medical Discovery Institute, La Jolla, CA), AlexaFluor 488-
conjugated anti-NG2 (1:400; Millipore, Catalog #AB5320A4), mouse
anti-APC (1:500, Calbiochem, Catalog #OP80), rabbit anti-NF200 (1:
200, Abcam, Catalog #Ab 1987), and human anti-myelin oligodendro-
cyte glycoprotein (MOG; 1:1000, gift from H. C. Von Biidingen, UCSF,
San Francisco, CA). Secondary antibodies included the following: Alex-
aFluor 488-, AlexaFluor 568-, or Cy5-conjugated secondary antibodies
to rabbit, mouse, or goat (1:500; Invitrogen). Cell nuclei were identified
with DAPI (Vector Laboratories).

Image acquisition and quantification. Fluorescent images from cul-
tured oligodendroglia and cocultures were collected on a Zeiss Axio
Imager Z1 fluorescence microscope or a Zeiss LSM-700 confocal micro-
scope with the excitation wavelengths appropriate for AlexaFluor 488
(488 nm), 596 (568 nm), 647 (628 nm), or DAPI (380 nm). For statistical
analysis, at least three representative fields (20X) were randomly
acquired from each of the wells. Detection and quantification of the
rings were performed using Zen software (Zeiss) and Image-Pro Plus
software 5.0 (Media Cybernetics). Image acquisition on BIMA
(PDGFRa and MBP rings) was scanned using the Zeiss LSM-700
confocal microscope. Images from the screen were acquired at the
z-position at 10—15 mm below the tip of the pillar. For statistical
analysis, at least three representative fields (100 micropillars) were
randomly acquired from each of the wells. Detection and quantifica-
tion of the rings were performed using Zen software (Zeiss) and
Image-Pro Plus software 5.0 (Media Cybernetics).

Electron microscopy. For electron microscopy, animals were perfused
through the left ventricle of the heart with 1.25% glutaraldehyde, 2%
paraformaldehyde in 0.1 M sodium cacodylate, pH 7.4, after an initial
flush with 0.1 M sodium cacodylate, pH 7.4. Tissue was then processed at
the Electron Microscope Core facilities, Gladstone Institutes, University
of California, San Francisco (UCSF). Tissue was postfixed in 2% osmium
tetroxide in the same buffer, en block stained with 2% aqueous uranyl
acetate, dehydrated in acetone, infiltrated, and embedded in LX-112
resin (Ladd Research Industries). Semi-thin sections were stained with
toluidine blue. Samples were next ultrathin sectioned on a Reichert Ul-
tracut S ultramicrotome and counter-stained with 0.8% lead citrate.
Grids were examined on a JEOL JEM-1230 transmission electron micro-
scope and photographed with the Gatan Ultrascan 1000 digital camera.
g-Ratios of myelinated fibers were calculated as the ratio of the diameter
of the axon to the diameter of the axon with the myelin sheath, measured

Figure 3.
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Expression of KOR on oligodendroglia. a, Detection of KOR message RNA in rat OPC cultures and corpus callosum by
RT-PCR. Actin serves as an internal control. b, Purified OPC cultures immunostained for the immature oligodendrocyte marker, NG2
(green), and KOR (red). Cell nuclei are identified by DAPI (blue).

using Image-Pro Plus software. Measurements were made on electron
micrographs from three pairs of mice.

Oligodendrocyte precursor cell-dorsal root ganglion cocultures. OPC-
dorsal root ganglion (DRG) cocultures were prepared as previously
described (Chong et al., 2012). Briefly, DRG neurons from E15
Sprague-Dawley rats were dissociated, plated (150,000 cells per 25
mm cover glass), and purified on collagen-coated coverslips in the
presence of 100 ng/ml ~1 NGF (AbD, Serotec). Neurons were main-
tained for 3 weeks and washed with DMEM (Invitrogen) extensively
to remove any residual NGF before seeding rat or mouse OPCs.
Cocultures were grown in chemically defined medium composed
of DMEM (Invitrogen) supplemented with B27 (Invitrogen), N2
(Invitrogen), penicillin-streptomycin (Invitrogen), N-acetyl-cysteine
(Sigma-Aldrich), and forskolin (Sigma-Aldrich).

RT-PCR. RNA was extracted from rat OPC cultures or rat corpus
callosum using Trizol (Invitrogen, Catalog #15596026). Reverse-
transcription was performed using the RETROscript Reverse Transcrip-
tion Kit (Life Technologies, Catalog #AM1710). PCR was performed as
described previously. Briefly, the DNA polymerase (Invitrogen, Catalog
#10342-020) was used to amplify the target gene of cDNA. Triplicate
samples were analyzed for each cDNA with test and internal control
primers for the house keeping gene, 3-actin. Primers used for expression
analyses are as follows: KORF (tacctgctctcccagtgett) and KORR (gtt
ggttgeggtcttcatct); and ACTINF(cgttgacatccgtaaagacc) and ACTINR
(catcgtactcctgettget).

Lysolecithin-induced demyelination in the spinal cord. Demyelinated le-
sions were induced in the corpus callosum of the brain of 8-week-old KOR
cKO, control littermates, and wild-type mice. The animals were anesthetized
with isofluorane and buprenorphine, and positioned in a stereotaxic frame
(Stoelting). A steel needle (33GA, Hamilton) was attached to a 10 ul Ham-
ilton syringe through a segment of microtube (PE20, Braintree Scientific)
and mounted on a stereotaxic micromanipulator (Harvard Apparatus). Fo-
cal demyelination was induced by stereotaxic injection of 1 ul of a solution of
1% LPC (r-a-lysophosphatidylcholine, Sigma-Aldrich) in 0.9% NaCl. The
demyelinating agent was injected unilaterally into the corpus callosum using
stereotaxic coordinates of 1.04 mm posterior to the bregma, 1 mm lateral,
and 1.75 mm deep from the skull surface. The needle was kept in place for 5
min to reduce reflux along the needle track. After lesioning, mice were ad-
ministered with (£)U-50488 or 10% DMSO in sterile water (vehicle) by oral
gavage (10 mg/kg/d) from 0 d postlesion (dpl) to 10 dpl.

iPSC generation and culture. Human induced pluripotent stem cells
(iPSCs) were generated from a postnatal patient fibroblasts obtained
under approval from UCSF Institutional Review Board. iPSC clones were
established by electroporation of a CoMiP episomal vector containing
four reprogramming factors (Oct4, KIf4, Sox2, and c-Myc) following a
published protocol (Diecke et al., 2015). The patient carried a mutation,
which was corrected to wild-type sequence by gene targeting. iPSCs were
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medium and human ES medium without basic
FGF were used in place of mTeSR and custom
mTeSR, respectively. The concentration of
SAG was 0.5 uMm, T3 was 40 ng/ml, and NT3
was 1 ng/ml. Penicillin-streptomycin  was
omitted from N2 medium, HGF from PDGF

(+)-U50488 0.5 M : _ :
— % - medium, and HEPES from glia medium. On

* %

* day 0, iPSC were plated at 0.25 X 10° cells/well
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in a matrigel-coated six-well plate with ES me-
dium without basic FGF, supplemented with
dual SMAD inhibitors, RA, and ROCK inhibi-
tor thiazovivin (Santa Cruz Biotechnology).
From day 1 to day 4, N2 medium was gradually
increased by 25% each day, reaching 100% on
day 4. On day 8, dual SMAD inhibitors were
replaced with SAG. On day 12, cells were lifted,
dissociated, and seeded on Petri dish for sphere
formation. On day 20, medium was changed to
PDGF medium. On day 30, spheres were plated
on poly-r-ornithine/laminin-coated dishes.
On day 45, medium was changed to glial me-
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Figure 4.

test. N = 3 for all experiments.

maintained on CF1 MEF feeder cells in ES medium containing knock-
out DMEM/F12, 20% knock-out serum replacement, nonessential
amino acids, Glutamax (Thermo Fisher), and 10 ng/ml human basic FGF
(Peprotech). Pluripotency was confirmed by immunocytochemical
staining of Tral-60 (Cell Signaling Technology) and OCT3/4 (Santa
Cruz Biotechnology), as well as teratoma formation and differentiation
into ectoderm, mesoderm, and endoderm lineages. Normal karyotype
was confirmed. Detailed description of this iPSC will be published
elsewhere.

OPC differentiation from iPSC and (*)U-50488 treatment. A previ-
ously published protocol for directed iPSC differentiation to OPC was
used with following modifications (Douvaras et al., 2014): human ES

dium to initiate differentiation. Cells were ex-
posed to (+)U-50488 at 1 uM from day 45 and
analyzed on day 55.

Statistical analyses. Statistical analyses were
performed using two-tailed Student’s ¢ test to
determine statistical significance that is ex-
pressed as *p < 0.05 and **p < 0.01 compared
with control cultures or control mice without
compound treatment (vehicle). The investiga-
tors were blinded to allocation of compounds
during the high-throughput screening until the
final statistical analysis.

Results

GPCRs constitute a large family of recep-
tors that are crucial for numerous cellular
processes by transducing extracellular sig-

OPDGFRa
W MBP

nals into activation of intracellular signal-

Identification of KOR as the target receptor for (*-)-U50488. a, Representative images and quantification of purified
rat OPCs treated with ()-U50488 at 0.5 wum with or without the presence of KOR-specific antagonists (nor-BNI or GNTI) at 1 um
for 48 h and immunostained for MBP (red) and PDGFRc (green). b, Representative images and quantification of purified KOR-null
mouse OPCs treated with ()-U50488 or clemastine at 0.5 wuu for 48 or 72 h and immunostained for MBP (red) and PDGFR«x
(green). Cell nuclei are identified by DAPI (blue). Error bars represent mean == SEM. *p << 0.05; significance based on Student’s t

ing cascades. GPCRs are therapeutically
targeted by ~40% of all modern medici-
nal drugs (Overington et al., 2006); there-
fore, GPCRs are likely targetable receptors
for the development of small molecule
therapeutics for remyelination. We set out
to screen ~250 bioactive molecules that
specifically target GPCRs (SelleckChem),
using the high-throughput micropillar-
screening platform, BIMA (binary indi-
cant for myelination using micropillar
arrays; Mei et al., 2014; Fig. 1a). Micropil-
lars represent freestanding microfibers
around which membrane wrapping can
be visualized in cross-section, a feature
that allows for the detection of “rings” of
myelin membrane. The exquisite flexibility in the design of mi-
cropillars guarantees consistent uniformity in the experimental
approach and any effects from compounds tested can be attrib-
uted solely to direct influences on oligodendroglia without indi-
rect effects from neurons (Mei et al., 2014). Purified OPCs were
cultured in 96-well plates fabricated with micropillars and were
treated with individual compounds at a concentration of 1 uM for
3 d before immunostaining for mature OLs (MBP) and OPCs
(PDGFRa). The effect of each compound was quantified by an-
alyzing MBP (red) and PDGFRa (green) rings from three ran-
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dom 100-micropillar-containing fields by
confocal microscopy (Fig. 1b). The data
were plotted and grouped into four quad-
rants based on control compounds. As ex-
pected, clemastine, and thyroid hormone
(T3), compounds that promote differen-
tiation and myelination, significantly
increased the number of MBP-positive
rings with a concomitant depletion of
PDGFRa-positive rings (Fig. 1la,b).
PDGF, a known mitogen for OPCs, in-
creased the number of PDGFRa rings,
while greatly depleting MBP-positive
rings (Fig. 1a). Upon completion of
screening the GPCR library, we identified
a cluster of 12 compounds, namely KOR
agonists that significantly enhanced dif-
ferentiation and wrapping by oligoden-
drocytes (Fig. 1a). This cluster includes
(*£)-U50488, (—)-U50488, ICI-199441,
U54494, Matrine, N-MPPP, (+)-U50488,
BRL52537, GR89696, dynorphin B,
6'-GNTI, and salvinorin A (Fig. la,b).
Among all agonists, (£)-U50488 proved
to be most effective for oligodendrocyte
differentiation (Fig. 1a,b). Furthermore,
KOR antagonists, nor-binaltorphimine
(nor-BNI), DIPPA, GNTI, nalmefene,
and naltrexone, exhibited inhibitory eff-
ects on oligodendroglial differentiation as
shown by decreased MBP rings (Fig.
la,b). The inverse effects between KOR
agonists and antagonists suggest that
KOR is an important regulator of oligo-
dendroglial differentiation and myelina-
tion. To validate the effects of the KOR
agonists identified by BIMA, we tested
individual compounds on purified OPC
cultures (Figs. 1lc, 2). Consistent with
findings from BIMA, the KOR agon-
ists promoted OPC differentiation by
dramatically increasing OL numbers
(MBP+) with a concomitant depletion of
OPCs (PDGFRa+; Figs. 1¢, 2). To test the
potential of KOR agonists as candidates
that promote myelination, we tested (*)-
U50488 on purified OPC-DRG neuronal
cocultures (Chan et al., 2004; Fig. 1d).
OPCs were seeded on DRG cultures for
4 d before (*)-U50488 administration.
OLs generate multiple “tube-like” myelin
segments and (*)-U50488 treatment at 1
uM for 5 d significantly enhanced myeli-
nation in the OPC-DRG cocultures (Fig.
1d). Together, we identified a cluster of
KOR agonists that are highly potent in
promoting oligodendroglial differentia-
tion and myelination in vitro.

Given that most of the KOR com-

pounds identified are specific to KOR and not other opioid re-
ceptor subtypes, we examined KOR expression on purified OPCs
by RT-PCR and immunostaining (Fig. 3). KOR mRNA was de-
tected in the corpus callosum and purified OPC cultures (Fig.
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KOR deletion in OPCs delays myelination in the developing CNS. a, Cocultures of wild-type (WT) and KOR-null (KO)

mouse OPCs on DRGs. a, Representative images of MBP (red), APC (green), and DAPI (blue) immunostaining after 11 DIV. b, d, f,
Representative images of MBP (b), APC (d), and PDGFR« (f) immunostaining in the spinal cord of WT and KOR cKO mice at P6.
Boxes in b show regions analyzed in d and f. ¢, e, g, Quantification of MBP (c), APC (e), and PDGFRcx (g) immunostaining shows
significant differences between the groups. h, i, MBP immunostaining and quantification in the corpus callosum at P8 (h), and
cortex at P14 (i) of wild-type and KOR cKO mice. Boxes in i show regions of cortex quantified. Error bars represent mean == SEM.
*p < 0.05, ***p << 0.001; significance based on Student's t test. N = 3 for all experiments.

3a). OPCs expressed the KOR in processes and cell bodies, sug-
gesting that KOR may play a role during oligodendroglial devel-
opment (Fig. 3b). To demonstrate specificity, we investigated
whether KOR inhibition could counteract the effect of agonist
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3 i trinsically capable of differentiating into
9 mature OLs in vitro (Fig. 4b). Interest-
N 0 &M ingly, KOR knock-out OPCs did not re-
EBOO spond to (£)-U50488, resulting in similar
2 t numbers of OPCs (PDGFRa+) and OLs
?300 [ (MBP+) compared with vehicle control,
Q indicating that KOR is the sole receptor
< O_C_SM mediating the effect of (*+)-U50488 on
1300 oligodendroglial differentiation (Fig. 4b).
£ h To explore the role of KOR in regu-
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Figure 6.

experiments.

treatment. We exposed purified wild-type OPCs to (*)-U50488
with or without the presence of KOR-specific antagonists (Fig.
4a). (£)-U50488 significantly enhanced OPC differentiation at a
concentration of 0.5 uM. This effect was significantly abolished by
KOR-specific antagonists (nor-BNT or GNTT at 1 um) compared
with the vehicle control (Fig. 4a). To determine whether KOR is
the receptor that mediates the effect of (*)-U50488, OPCs were
purified from KOR knock-out mice. The number of MBP+ OLs
and PDGFRa+ OPCs were quantified after treatment with clem-
astine or (*)-U50488 for 48 or 72 h (Fig. 4b). Clemastine was
used as a positive control to ensure that the KOR knock-out
OPCs retained their potential to differentiate. As expected, OL
(MBP+) numbers were greatly increased with a simultaneous

Myelination delay in KOR cKOs catches up in adults. a, ¢, e, Representative images of MBP (a), APC (c), and Olig2 (e)
immunostaining in the spinal cord of control and KOR cKO mice at 6 weeks of age. Dotted lines in ¢ and e separate white matter
(WM; top) and gray matter (GM; bottom). b, d, f, Quantification of MBP (b), APC (d), and Olig2 (f) immunostaining in gray matter
shows no differences between the groups. g—i, Representative images of MBP (g), APC (h), and Olig2 (i) immunostaining and
quantification in the cortex of control and KOR cKO mice at 6 weeks of age. Error bars represent mean == SEM. N = 3 for all

mKORcko  and myelination in the KO cultures

6w (Fig. 5a). We decided to examine this in

vivo during development. We crossed a
floxed KOR (KOR fl/fl) mouse line
with the Olig2-Cre driver to induce con-
ditional deletion of KOR in OPCs
(Olig2-Cre; KOR fl/fl). Because KOR
agonism promotes oligodendroglial dif-
ferentiation and myelination in vitro,
we hypothesized that KOR positively
regulates the differentiation and myeli-
nation of oligodendroglia in the devel-
oping CNS. Initially, myelination in the
P6 mouse spinal cords was examined
(Fig. 5b—g), and the myelin sheaths are
significantly less dense with a decrease
of myelin density by 50% in the gray
matter in KOR ¢KO mice (Olig2-Cre;
KOR fl/fl) compared with littermate
wild-type mice (KOR fl/fl; Fig. 5b,c),
with a corresponding significant de-
crease in the number of OLs (Fig. 5d,¢)
and an increase of PDGFRa+ OPC
numbers (Fig. 5f,¢). To extend these ob-
servations into the brain, we assessed
early myelin development along white
matter tracts. Consistent with spinal
cord analyses, an obvious delay of my-
elin development was observed in the
corpus callosum of KOR c¢KO mice
compared with wild-type mice at P8
(Fig. 5h). The myelin development in
KOR ¢KO mice quickly catches up in the corpus callosum by
P14 (Fig. 5i), but remains delayed in the cortex (Fig. 5j). By 6
weeks, the myelin density in spinal cord (Fig. 6a,b) and cortex
(Fig. 6g) was not found significantly different between KOR
cKO and wild-type mice. Mature oligodendrocyte (APC+)
and total oligodendrocyte (Olig2+) densities also appeared
similar between KOR cKO and wild-type mice by 6 weeks (Fig.
6c—f,h,i). These results indicate KOR as a positive regulator for
oligodendroglia differentiation and myelination in the devel-
oping CNS.

To evaluate the effect of (£)-U50488 and the role of KOR
on the kinetics of remyelination, we used the lysolecithin-

w o ©
o O O

MBP density

o

-
o
o

APC+ cells/mm?
o 8

Olig2+ cells/mm?
[¢)]
o

o



7932 - J. Neurosci., July 27,2016 - 36(30):7925-7935

Mei, Mayoral et al. @ KOR as a Therapeutic Target for Remyelination

a b KOR fl/fl Olig2-cre; KOR fl/fl

DAPI

o
o

o~

2
2

8 50
+

N

k=)

o

\;“\2“38‘/“0
Olig2-cre; KOR fi/fl

o
m
=
o
<
()]
O
o
<
9 KoR fl/ﬂ-__:li]; KOR I/ ]:]* KORfI/fI-_:*‘]I]* E(\i‘;_hd‘ggm
KOR cKO jamm. 1% KOR cKOfamm] s KOR cKO ] ns —
0 15 30 45 0 5 10 15 0 100 200 300
MBP density MOG density APC+ cells/mm?
1.0 , o en o
c 0.9 shig @ A.A. ® o NS
8 5 or St
< O 06 TS ]
[¢) . A Vehicle 3 % 31
Z 0.5 @ (+)U-50488 z
%405 1o 15 20 . ®
5 1 : : 108 _ (0D
Axon diameter (um) \le‘\‘f\ﬂ\)@b‘
10 ARRERSSMAMAML A A AA A
e b @ 2 6 X,
< 0 %% it Bo
B E 0.8 i BE4T
) 1 & A \Vehicle g”’g
| D g7 ‘9‘ 52% unmyelinated | 35 < 2 4
@ (+)U-50488 3
8 25% unmyelinated | =
"0 051015202523035
; a0 \ABD
|| Axon diameter (um) \IGCA,\)‘J“A

Figure 7.  (==)-U50488 accelerates remyelination via KOR on oligodendroglia in the lysolecithin-induced demyelination model. @, MOG staining displays focal demyelination (outlined area) in
mouse corpus callosum at 6 dpl. b, Representative images and quantification of OPC recruitment in the lesions of KOR cKO and control mice at 6 dpl. Olig2 (red) identifies recruited OPCs and DAPI
(blue) identifies cell nuclei. ¢, Lesions were identified by the accumulated nuclei (DAPI, blue) and outlined. Brains were analyzed by immunostaining for MOG (d), MBP (e), and APC (f) at 10 dplin
KOR cK0 and control mice treated with or without (+)-U50488 via oral gavage at 10 mg/kg/d from 0 dpl. g, Quantification of MBP and MOG density and APC+ cell numbers in the lesions. h, i,
Remyelination was analyzed at 14 dpl using electron microscopy in wild-type mice treated with vehicle or (=)-U50488 via oral gavage from 0 dpl in non-lesioned areas (h) and in the lesions (i).
Quantification of myelin sheath thickness and the proportion of myelinated and unmyelinated axons are shown on the right. The scatterplot displays g-ratios of individual axons as a function of
axonal diameter. Error bars represent mean == SEM. *p << 0.05, **p << 0.01; significance based on Student’s t test. N = 3 for all experiments.

induced demyelination mouse model (Fancyetal.,2011,2014;
Chefer et al., 2013). Demyelination was induced by injecting 1
ul of 1% lysolecithin solution at the coordinates: AP: —1.04,
ML: 1, and DV: —1.75 from bregma into the corpus callosum
of 8-week-old mice. Indicative of this demyelinating model is

the timeline for repair, comprising active demyelination (1-3
d postlesion (dpl)), OPC recruitment (3-7 dpl, peaking at 5
dpl), oligodendrocyte differentiation (7-10 dpl) and active
remyelination (14-21 dpl; Chongetal., 2012; Meietal., 2014).
MOG immunostaining clearly illustrates the demyelinating
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SEM. *p << 0.05; significance based on Student’s ¢ test. N = 3 for all experiments.

lesion induced by lysolecithin in the corpus callosum at 6 dpl
(Fig. 7a). To investigate the recruitment or proliferation of
OPCs upon KOR deletion, we examined the number of Olig2-
positive cells in the lesions at 6 dpl, which were outlined by the
accumulation of nuclei (DAPI). We did not find a significant
change between KOR conditional knock-out (cKO) and con-
trol (KOR fl/fl) mice (Fig. 7b), suggesting that KOR deletion
does not effect OPC proliferation or migration. To investigate
the role of KOR on remyelination, (#+)U-50488 or vehicle was
administered by oral gavage (10 mg/kg/d) from 0 dpl to KOR
cKO and littermate controls (KOR fl/fl), and oligodendroglial
differentiation was quantified at 10 dpl (Fig. 7¢—¢). Immuno-
staining for MBP and MOG displayed enhanced myelin pro-
tein expression in the lesion of control mice treated with
(*+)U-50488 compared with vehicle, likely due to accelerated
oligodendroglial differentiation, as illustrated by the increase
in mature OL (APC+) cell number after (+)U-50488 treat-
ment (Fig. 7c—g). In the KOR ¢KO mice, oligodendroglia dif-
ferentiation was equally inhibited in the lesions treated with
either (*£)U-50488 or vehicle control (Fig. 7¢—g), indicating
that KOR is an important regulator for oligodendroglial dif-
ferentiation and also the target receptor that mediates
the effect of (=)U-50488 on remyelination after toxic demy-
elination (Fig. 7c—g). Interestingly, there also seemed to be less
remyelination in vehicle-treated KOR c¢KO mice versus
vehicle-treated controls (Fig. 7c—g). This suggests that KORs
play a role during remyelination as in development as shown
previously. We analyzed the effect of (£)U-50488 on remyeli-
nation in wild-type mice at 14 dpl by transmission electron
microscopy with (#)U-50488 or vehicle treatment from 0 dpl

% MBP+ / O4+ cells

(==)-U50488 enhances the maturation of human iPSC-derived oligodendroglia. Human iPSC-derived oligodendro-
glia were treated with vehicle or ()-U50488 at 1 um for 10 d and immunostained with markers for immature oligodendrocytes
(04; green), differentiation (MBP; red), and cell nuclei (DAPI; blue). a, High-magnification images of human iPSC-derived oligo-
dendroglia showing faint MBP immunostaining in vehicle-treated cells while (==)-U50488-treated cells show intense MBP immu-
nostaining and elaborate MBP+ membranes. b—d, Representative fields of human iPSC-derived oligodendroglia treated with
vehicle (b) or (£)-U50488 (c) and quantification of the percentage of 04+ cells that are MBP + (d). Error bars represent mean =+
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(Fig. 7h,i). In the non-lesioned areas,
(£)U-50488 treatment did not alter the
g-ratio nor the myelinated axon density
compared with the vehicle, indicating
(+)U-50488 administration does not
result in abnormal myelination (Fig.
7h).In the lesioned areas, remyelination
is identified by thinner myelin sheaths
with an increased g-ratio (Fig. 7i).
(£)U-50488 treatment greatly in-
creased the number of remyelinated ax-
ons in the lesions compared with the
vehicle control, with a concomitant de-
crease in the number of unmyelinated
axons (Fig. 7i). These findings further
support the conclusion that (*)U-
50488 greatly promotes remyelination
after toxic demyelination via KOR on
OPCs.

To determine whether these findings
are relevant to human oligodendrocytes,
human iPSC-derived OPCs were exam-
ined to determine whether agonism of the
KOR could be a potential and effective
therapeutic approach for clinical use
(Wangetal., 2013; Yang et al., 2013; Dou-
varas et al., 2014; Fossati and Douvaras,
2014). We treated human iPSC-derived
OPCs with (£)U-50488 at 1 uMm for 10 d
and immunostained for O4 and MBP
(Fig. 8). Immature oligodendroglial cells
express O4 with multiple elaborated pro-
cesses and initiate MBP expression upon
terminal maturation (Fig. 8a). Exposure to (*)U-50488 resulted
in a significant increase in the ratio of MBP+ cells to O4-positive
cells compared with the vehicle control (Fig. 8b—d), indicating
that agonism of KOR enhanced maturation of human oligoden-
droglial cells in vitro.
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Discussion

Remyelination therapy promises to be an effective approach, be-
cause achieving even partial functional recovery from demyeli-
nating diseases is clearly an unmet need. Increasing evidence
indicates that myelin is important for maintaining axonal integ-
rity, presumably by providing physical and metabolic support to
axons (Lappe-Siefke et al., 2003; Flinfschilling et al., 2012; Y. Lee
etal., 2012; Morrison et al., 2013; Saab et al., 2013). Recent efforts
with high-throughput screening have identified a number of
compounds that enhance remyelination (Deshmukh et al., 2013;
Meietal., 2014; Najm etal., 2015). However, the clinical potential
for these drugs are limited by deleterious side effects and/or off-
target receptors. Continued screening of novel and existing small
molecule libraries combined with medicinal chemistry should
greatly reduce side effects and improve potency. Our screening
efforts with a GPCR library identified a cluster of compounds
that greatly enhance oligodendroglial differentiation including
the KOR agonist, (*)U-50488, which enhanced remyelination in
lysolecithin-induced lesions and underscores KOR agonism as a
means to accelerate remyelination.

Consistent with our findings, a recent study showed that
(*+)U-50488 treatment was capable of alleviating the clinical
score of EAE mice, an inflammatory demyelination model,
and protected myelin from breakdown in the cuprizone demy-
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elination model (Du et al., 2016). However, cell autonomy of
KOR effects remains unclear and the potential for KOR ago-
nism to influence inflammation remains a possibility.
Through the use of oligodendroglial-specific KOR-null mice
our results demonstrate that KOR agonism specifically in oli-
godendroglia is required for the myelination-promoting
effects of (+)U-50488 treatment. Furthermore, our data indi-
cate that KOR acts as a positive regulator of myelination dur-
ing both development and remyelination. Moreover, to
translate the findings into potential clinical therapeutics, it is
important to understand whether human OPCs respond to
KOR agonists similar to rodent OPCs. Our results indicate
that KOR agonists promote the differentiation of human
iPSC-derived OPCs, suggesting that KOR agonism is likely to
be an effective strategy for remyelination therapy in humans.

KOR is widely expressed throughout the CNS. Selective
activation of KOR produces anti-nociception in animal mod-
els without a risk of physical dependence or respiratory failure
(Millan et al., 1989). However, it is notable that, in addition to
the analgesic effect, KOR activation has been shown to have a
number of undesirable side effects including dysphoria (Land
et al., 2008) and sedation (Dykstra et al., 1987). These side
effects might dampen the therapeutic potential of KOR ago-
nists in the treatment of demyelinating diseases. Thus, a rede-
sign or structural modification of KOR agonists to diminish
side effects and improve potency may overcome this hurdle in
the future (Zhou et al., 2013).

All together, we identify a cluster of KOR agonists that are
highly potent in promoting oligodendroglial differentiation
and myelination and KOR as the mediator of these effects. Our
results further demonstrate a role for KOR agonism in pro-
moting remyelination and offer a promising target for future
remyelinating therapies.
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