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Abstract

Gpr126/Adgrg6, an adhesion family G protein-coupled receptor (aGPCR), is required for the
development of myelinating Schwann cells in the peripheral nervous system. Myelin supports and
insulates vertebrate axons to permit rapid signal propagation throughout the nervous system. In
mammals and zebrafish, mutations in Gpr126 arrest Schwann cells at early developmental stages.
We exploited the optical and pharmacological tractability of larval zebrafish to uncover drugs that
mediate myelination by activating Gpr126 or functioning in parallel. Using a fluorescent marker of
mature myelinating glia ( 7g/mbp:EGFP-CAAX]), we screened hypomorphic gor126 mutant
larvae for restoration of myelin basic protein (mbp) expression along peripheral nerves following
small molecule treatment. Our screens identified five compounds sufficient to promote mbp
expression in gpr126 hypomorphs. Using an allelic series of gpr126 mutants, we parsed the ability
of small molecules to restore mbp, suggesting differences in drug efficacy dependent on Schwann
cell developmental state. Finally, we identify apomorphine hydrochloride as a direct small
molecule activator of Gpr126 using combined /in vivo/in vitro assays and show that aporphine class
compounds promote Schwann cell development /n vivo. Our results demonstrate the utility of /n
vivo screening for aGPCR modulators and identify small molecules that interact with the gpr126-
mediated myelination program.
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INTRODUCTION

Adhesion G protein-coupled receptors (aGPCRs) are the second largest class of GPCRs and
facilitate proper function across different organ systems?-3. Within the peripheral nervous
system, Gpr126/Adgrg6 is necessary for myelination, the process by which Schwann cells
iteratively wrap axons to permit rapid conduction of action potentials*®. Gpr126 functions
cell-autonomously in myelinating Schwann cells to elevate cAMP, which drives Schwann
cell wrapping in both development and regeneration’: 8. The necessity of Gpr126 in
myelination is conserved between zebrafish and mice-11, illustrating the importance of
Gprl26 in nervous system function across vertebrates.

Like other aGPCRs, Gpr126 has a large extracellular N-terminal fragment (NTF) which is
cleaved from the 7-pass transmembrane C-terminal fragment (CTF) by the GPCR
autoproteolysis-inducing (GAIN) domain at the GPCR proteolysis site (GPS)2 3 12,13,
Gpr126-CTF is sufficient for cCAMP elevation via Gg protein/adenylyl cyclase pathway to
activate protein kinase A, which promotes wrapping of Schwann cells around axons’: 14,
Gprl126-NTF has multiple domains that classically promote cell-cell and cell-matrix
adhesion (Figure 1A). Recently, we identified laminin-211 as a novel binding partner for
Gpr126-NTF that modulates Gpr126 activation states in Schwann cell development!®. Other
ligands, collagen IV and the cellular prion protein PrP¢, are proposed to interact with the
CUB/PTX domains in Gpr126-NTF6: 17_ Interacting ligands likely regulate Gpr126-CTF
signaling by mediating availability of the Stachel, a tethered agonist at the N terminus of
Gpr126-CTF that is both necessary and sufficient for Gpr126 activation8. Furthermore,
Gpr126-NTF is independently sufficient to mediate radial sorting, the process by which
Schwann cells select and encompass a single axon segment in a 1:1 relationship. Based on
our /n vivo studies and /n vitro assays, we predict that laminin-211 stabilizes Gpr126-NTF-
CTF interaction to prevent Stache/-mediated activation during Gpr126-NTF-mediated radial
sorting. During maturation of the Schwann cell basal lamina, laminin-211 polymerization
facilitates mechanical modulation of the Gpr126-NTF or isomerization of the tethered
agonist to promote Stachel-mediated signaling and Schwann cell myelination1® 18,

Because GPCRs promote intracellular signaling in response to extracellular stimuli, they are
superb candidate targets for pharmacological manipulation and therapeutics® 20, Indeed,
GPCRs have served as targets in screening compounds for myelination in the central
nervous system (CNS)21: 22, Given its central role in multiple stages of Schwann cell
development, we reasoned that Gpr126 is an informative target for identification of small
molecules mediating myelination. Furthermore, because the Gpr126-mediated myelination
program is conserved in zebrafish, we could perform /n vivo pharmacological screening for
small molecules that modulate Gpr126. Zebrafish larvae are a premiere model system for /n
vivo drug screening for myelin development due to their optical transparency, large numbers
of embryos from a single mating event, and ability to readily absorb small molecules within
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their culture water23-25, We previously demonstrated pharmacological activation of the
Gpr126-mediated peripheral myelination program by addition of the adenylyl cyclase
activator forskolin (FSK). A short pulse of FSK during development of gpr126 mutant
Schwann cells is sufficient to promote mbp expression and, in radially sorted Schwann cells,
wrapping and myelination® 15, Furthermore, Schwann cell development can be modulated in
parallel to Gpr126 signaling; for instance, the ErbB2/3 receptor inhibitor AG1478 is
sufficient to disrupt Schwann cell migration and differentiation in zebrafish larvae?8. The
unique utility of the system is highlighted by several screens and recently developed tools
designed to identify compounds that modulate myelination in zebrafish, including those that
target gori12627-33,

In the present study, we describe an unbiased small molecule drug screen in gor126
hypomorphs that revealed mediators of Schwann cell maturation. For rapid screening, we
utilized larvae carrying a fluorescent transgenic marker of myelinating glial cells that
reliably labels differentiated glial cells in the central and peripheral nervous systems34: 35,
Our screen uncovered five compounds capable of suppressing the hypomorphic gpri26
phenotype and restoring mbp expression in the periphery to different degrees. Using an
established allelic series of gpr126 zebrafish mutants® 1518 e characterized the efficacy of
drugs that suppress the hypomorphic gpr1265%3 phenotype and restore mbp expression at
different stages of Schwann cell development as well as different Gpr126 signaling
modalities (e.g. Stachel dependent or independent). From these assays, we identified and
characterized apomorphine hydrochloride, an aporphine class morphine derivative, as a
direct Gpr126 agonist sufficient to elevate cAMP /n vitro and promote mbp expression in
vivo. Characterization of other aporphines revealed that a related compound, glaucine, has
similar ability to interact with Gpr126 and promote myelination. Our screen therefore has
identified novel regulators of the Schwann cell myelination program as well as new agonistic
ligands for Gpri126.

MATERIALS AND METHODS

For all assays, detailed methods are available in the supplementary material.

Zebrafish strains and husbandry

All animal experiments were performed in compliance with institutional animal protocols.
Established wild-type AB*, gpr126°9 and gpr126563 mutants® 36, gor1265M#/mutants®®,
gpr126°t215 mutants!8, and Tg/mbp:EGFP-CAAX] (mbp:gfo)3* were used in this study.
Zebrafish embryos were collected, raised, and staged using standard techniques3”: 38,

Primary and secondary screening in gpr126st63; mbp:gfp

Schematics are provided in Figure 1G and 2G. Primary screen: gorl26°%63- mbp:gfp larvae
were treated with 10 pM Pharmakon 1600 library (MicroSource Discovery Systems, Inc.)
from 48-72 hpf. 25 uM forskolin (FSK, Sigma-Aldrich) treated at 48-53 hpf served as
positive control®; negative controls were untreated or 1% DMSO. mbp:gfo in the CNS,
PLLn, and motor nerves was scored at 5-6 days post-fertilization (dpf). See detailed methods
for scoring criteria including hit threshold. Secondary screen: gor12653; mbp.gfp were
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treated 48-72 hpf with hit compounds from the Pharmakon library and scored as before.
Compounds that met hit criteria were validated with whole-mount /7 situ hybridization
(Table 1).

Small molecule treatment for in vivo dose-response and allelic series experiments

See detailed methods for chemical source and dilution information. Embryos were collected
from heterozygous in-crosses and raised in 0.003% PTU for whole-mount /7 situ
hybridization. 25-50 uM FSK served as positive control and 1% DMSO served as negative
control. Other drugs and concentrations were added as indicated. Whole-mount /n situ
hybridization was performed using standard protocols3® 40. The mbp riboprobe was
previously established?6. An established PLLn scoring rubric was applied for measuring
mbp expression!®. For dose-response experiments with apormorphine and other aporphines,
survival was recorded as the proportion of larvae alive immediately before and after drug
treatment. Aporphine screening was performed in a smaller volume (2 mL), resulting in
higher toxicity for apomorphine; see detailed methods. Scoring was performed with the
observer blinded to genotype and treatment. Data are pooled across at least two technical
replicates for each drug and allele and analyzed with GraphPad Prism.

In vitro functional assays

Full-length and A6bp mutant zebrafish gpr126 constructs were cloned as described
previously8 and heterologously expressed in COS-7 cells. For cAMP accumulation assays,
cells were transfected with 100 ng of plasmid using Lipofectamine™ 2000 (Thermo Fisher
Scientific, Darmstadt, Germany) and incubated with concentrations of test substances. To
measure cCAMP concentration, the AlphaScreen cAMP assay kit (PerkinElmer Life
Sciences) was used according to the manufacturer’s protocol.

Imaging and analysis for aporphine compound screening

RESULTS

gpri126; mbp.gfp larvae were visualized at 5 dpf using a Vertebrate Automated Sorting
Technology (VAST) Biolmager (Union Biometrica, Holliston, MA) coupled to a spinning
disc confocal microscope (SDCM) at 16X magnification (Carl Zeiss Microscopy GmbH,
Jena, Germany). Maximum intensity projections were generated from z-stacks to quantify
PLLn mbp:gfoin region of interest. See detailed methods for more information. Images
were quantified with Fiji4! and data were analyzed with GraphPad Prism.

A suppressor screen for mbp:gfp expression in gpr126 hypomorphs

Because Gprl126 has differential and necessary roles in multiple stages of Schwann cell
development, we hypothesized that we could identify small molecule modulators of
peripheral myelination by screening for suppressors of gpr1263 hypomorphs. Several
established gpr126 zebrafish alleles result in complete abrogation of mbp expression
(gori265M7, gpr126°4, and gpr126°%21%) due to loss of Stachel-mediated CTF

signaling®: 1518 (Figure 1A). We instead utilized the gpr126°6 allele, which contains a
lesion exchanging a conserved cysteine for tyrosine (Figure 1A) that results in reduced
membrane expression, radial sorting, /7bp expression, and myelinationl® 18, The remainder
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of the gene sequence is intact in gpr126563 and should encode a functional NTF, complete
Stachel sequence, and partially functional CTF sufficient to elevate CAMP to produce
myelinated axons, though fewer than in wild-type. We reasoned that screening for gpr1265163
suppressor molecules would allow us to identify modulators of Schwann cell development
mediated by different domains of Gpr126.

Gprl26-NTF is necessary and sufficient for radial sorting, which begins in zebrafish around
36 hpf in the posterior lateral line nerve (PLLn) (Figure 1B-C). Following radial sorting,
Gpr126-CTF signals to promote mbp expression and wrapping around 60 hpf in the PLLn.
Soon after, Schwann cells populate motor axons emanating from the spinal cord (Figure 1C).
We predicted that small molecule treatment from 48-72 hpf would encompass this window
and capture potential suppressor molecules that interact with gpr126 during sorting and
wrapping stages of Schwann cell development in different peripheral nerves.

To increase throughput, we observed differentiation of Schwann cells using a well-
established transgenic zebrafish strain carrying membrane-tagged EGFP under the control of
the myelin basic protein (mbp) promoter ( Tg/mbp.EGFP-CAAX], henceforth referred to as
mbp:gfo)3* 35. In wild-type larvae, mbp.gfo s strongly expressed in the spinal cord, PLLn,
and initial segments of motor nerves by 5 dpf. In contrast, gpr12656% have substantially
reduced PLLn mbp.gfp while maintaining strong fluorescence in the spinal cord (Figure 1D-
E). We reasoned that small molecule treatment could suppress the gpri26563: mbp.gfo
phenotype, restoring fluorescence in the PLLn (Figure 1F). Because motor nerve
myelination commences at 4-5 dpf, it is conceivable that drugs activating Gpr126 could also
promote mbp.gfp expression and myelination of motor nerves. In contrast, small molecules
that prevent myelination would enhance the gpr1265%3 phenotype, resulting in reduced
peripheral mbp.gfp.

Given these tools and rationale, we designed a screen to test compounds in the Pharmakon
1600 library for restoration of mbp:gfoin gor1265%3 hypomorphs (Figure 1G). This library
contains 1,600 compounds with wide structural variety that are approved for therapeutic use
in humans. To screen for gpr1265%3 suppressors, we generated large numbers of gpr12663;
mbp:gfp embryos and arrayed the progeny into 96-well plates with three larvae per well, the
maximum number that could survive the well volume. At 48 hpf, coincident with Schwann
cell radial sorting, we added 10 pM library drug to each well. Larvae were incubated with
drug in embryo medium for 24 hours from 48-72 hpf, encompassing the critical window for
cAMP elevation and initiation of the Schwann cell terminal differentiation program. At 5-6
dpf, we scored mbp.gfp expression as follows: First, we ensured bright fluorescence
mbp:gfpin the CNS to control for transgene expression. Then, we scored relative mbp.gfp
fluorescence of the PLLn categorically as previously defined!8. We also counted the number
of motor nerves with mbp.gfp ventral to the horizontal myoseptum. Because central nervous
system glia can myelinate the initial segment of motor axons exiting the spinal cord42 43 and
because myelination is typically incomplete at 5-6 dpf, these could represent drugs
promoting Schwann cell myelination of motor nerves. We scored samples manually because
bright CNS mbp.gfp directly adjacent to the PNS precludes automated scoring. Manual
qualitative scoring (with a dissecting stereoscope and established rubric) was ultimately
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higher throughput and more consistent than quantitative scoring, which introduced
methodological variability.

With these parameters, we were able to screen 1,462 drugs for suppression of the gpr126563
hypomorphic phenotype, or 91.4% of the Pharmakon 1600 library. Of the 138 drugs not
scored, 134 were lethal to all treated larvae, representing 8.4% of the total drugs screened
(Supplementary Table 1). This moderate lethality rate suggests that our initial screen dose of
10 uM was appropriate to balance high hit rate with general health of screened larvae. The
remaining four unscreened drugs had larvae with no transgenic fluorescence, including no
expression of co-selection marker. These larvae likely exhibited transgene silencing
independent of drug treatment, a common issue** that we observed stochastically throughout
other drug treatment groups.

Identification of small molecules that restore mbp:gfp in gpr126st63 hypomorphs

To set a threshold for significant suppression of gpr126°%63, we analyzed mbp:gfo expression
in control (either DMSO-treated or untreated) or 25 UM FSK-treated larvae. Control gpr126
larvae had weak or no fluorescence along the PLLn, the location of which is marked by
adjacent pigment cells along the side of the larvae (Figure 2A). In contrast, larvae treated
with a moderate dose of 25 pM FSK (comparable to 10 pM dose of drugs in library) exhibit
restored PLLn mbp.gfo due to activation of the Schwann cell differentiation program
downstream of Gprl26 (Figure 2B). We scored the PLLn of negative and positive control-
treated larvae by binning into categories of none, weak, some, or strong mbp.gfp expression
and found that the vast majority (95.6%) of control larvae have weak or no fluorescence
(40/113 or 35.4% “none”, 68/113 or 60.2% “weak”, Figure 2C). mbp.gfp expression is
significantly restored in FSK-treated larvae with over half (13/22, 59.1%) scored as either
some or strong mbp:gfo expression. We therefore called “none” and “weak” gpr126°3-like
PLLn phenotypes, while “some” and “strong” were considered non-gpr126°%-like PLLn
phenotypes (p<0.001, control vs. FSK, Fisher’s exact test). Because we screened a large
number of drugs with relatively few larvae (n<3), we transformed these data to numerical
scores to set a threshold for primary screen hits. Conversion of qualitative scores to
numerical scores (none = 0, weak = 1, some = 2, strong = 3) demonstrated the significant
difference between control and FSK-treated larvae (Figure 2D, 0.69+0.55 in control vs.
1.6+0.85 in FSK-treated, p<0.001, Student’s t-test). Finally, we found that mbp.gfp in motor
nerves is not significantly restored with FSK treatment (Figure 2E, 0.96+1.4 in control vs.
0.73+1.1 in FSK, p>0.45).

With these control values, we set a hit threshold for average PLLn score and average number
of mbp:gfa(+) motor nerves above the standard deviation for gpr126°%3 controls. Primary
screen drugs were counted as a “hit” if the average PLLn score across larvae (n<3) was 1.5
or greater (yellow dotted lines in Figure 2D, F), nearly the mean of FSK rescue. In addition,
the presence of at least three mbp.:gfo(+) motor nerves signified a primary screen hit (green
dotted lines in Figure 2E-F) as this indicated significantly more gfp(+) motor axons than
observed in either control treatment. With these thresholds applied, we found 98 compounds
that met one or both criteria: 50 compounds (51%) had a PLLn score =1.5, 39 (40%) had >3
mbp:gfp motor nerves, and 9 (9%) met both criteria (Figure 2F).
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Because of the high hit rate (98/1462, 6.7% of compounds tested), we performed a
secondary screen with only hit compounds from the primary screen. We reasoned that
additional rounds of screening hit compounds would ultimately remove false positives
without the need for repeatedly screening the entire library. In this second round of testing,
we found that treatment with 25 compounds increased PLLn score in at least one larvae
and/or had an average of >3 myelinated motor nerves (Figure 2G, Table 1). We assigned
functional terms to these secondary screen hits based on predicted function in PubChem
(pubchem.nchi.nim.nih.gov/). Six hits in the secondary screen interact with GPCRs (Table
1), which represents the largest functional class in our secondary screen. Interestingly, two
compounds are derivatives of morphine, naloxone hydrochloride and apomorphine
hydrochloride.

Rolipram restores mbp:gfp in PLLn of gpr126st63 hypomorphs

As a proof-of-principle for our primary and secondary screens, we found elevated mbp.gfo
expression in gor126°%3 |arvae treated with rolipram, a selective phosphodiesterase-4
inhibitor. Rolipram treatment is sufficient to elevate Schwann cells’ cAMP levels to promote
myelination in mouse models*?. Using a new stock of rolipram (/.e., not from the
Pharmakon library), we confirmed that PLLn mbp.gfp is partially restored in 10 uM
rolipram-treated gpr126°%63 larvae (Figure 2H, 3.6% “some” score in control vs. 25.9%
“some” in rolipram-treated, p<0.05, Fisher’s exact test). PLLn mbp.:gfpis further restored in
a dose-dependent manner with 50 UM rolipram treatment (22.9% “some” and 2.9% “strong”
in 50 uM rolipram, p<0.05, Fisher’s exact test vs. control). However, similar to FSK,
rolipram treatment is insufficient to significantly elevate mbp.gfoin gpr126°%3 motor nerves
at either 10 uM (1.19+1.44 mbp:gfo(+) motor nerves) or 50 uM (0.94+1.1) rolipram relative
to control (0.67+0.98, p>0.05 vs. 10 uM and vs. 50 UM, Student’s t-test, Figure 21). The
identification of rolipram in our screens highlights our ability to identify small molecules
that regulate cCAMP in Schwann cells in an unbiased manner. Additionally, the difference in
restoration of mbp.gfpin PLLn vs. motor nerve with rolipram treatment supports our
hypothesis that cCAMP elevation can promote differentiation in the PLLn, but is not sufficient
to drive Schwann cell development in motor axons.

Validation of secondary screen hits in gpr126st3 hypomorphs

Based on the results of our secondary screen, we attempted to validate these hits using a
different assay to visualize mbp expression and an independent gpr126%%3 strain. We used
Pharmakon 1600 library drug hits from the secondary screen to treat gpr126°%3 larvae
without mbp:gfo to ensure drug efficacy between different strains of hypomorphic mutants.
In addition, we co-treated larvae with phenylthiourea (PTU) to abolish pigment formation
and allow visualization of mbp via established whole-mount /in situ hybridization
methods3 40, In our validation assay, four drugs were sufficient to elevate PLLn mbpin at
least one of three gpr126%63 hypomorphs: telmisartan, naloxone hydrochloride, rolipram,
and undecylenic acid (Table 1, Figure 3). Another small molecule hit, apomorphine
hydrochloride, did not survive the validation assay, but rescue was observed in subsequent
assays using new drug stock (see Figure 4). Because the mechanistic role of rolipram in
Schwann cell development is established, apomorphine, telmisartan, naloxone, and
undecylenic acid were selected for further study.
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Prediction of direct vs. indirect gpr126 interaction with an allelic series of gpr126 mutants

We next considered the structure and function of hit compounds to predict whether they
might function by binding/ activating Gpr126 directly (Figure 3A). Undecylenic acid is a
hydrophobic fatty acid with antifungal properties; however, its mechanism of action is
unknown?®: 47 The other three hits are able to bind GPCRs, though they show diverse
molecular structures (Figure 3A) and have demonstrated ability to modulate GPCRs in
distinct ways. Naloxone hydrochloride is a noncompetitive opioid receptor antagonist that
blocks the effects of opiates in drug overdose patients*®: 49, Naloxone is a morphine
derivative, as is another screen hit, apomorphine hydrochloride. However, apomorphine is
structurally distinct from naloxone and is instead a dopamine receptor agonist sufficient to
bind both D1 and D,-type receptors which have differential effects on CAMP
production®® 51, Telmisartan also modulates cCAMP as an antagonist for the angiotensin |1
type 1 receptor®? 93, Given the variety of screen hits, we elected to test whether they act
directly on Gpr126 or in parallel/downstream using an allelic series of gpr126 mutants.

Because gpr126°3 encodes a full-length sub-functional protein, we used three other
established gpr126alleles with distinct phenotypes based on the lesion effect on Gpr126
structure. The strongest loss-of-function allele, gpr126°%47, contains a A5+3 base pair lesion
in exon 2 that produces an early STOP codon and truncates the protein in the CUB domain
(Figure 1A). In gor126°7 mutants, Schwann cells neither radially sort nor myelinate
axons!® (Figure 3B). In contrast, both gpr126°49 and gpr126°215 mutants have intact
coding sequences for Gpr126-NTF and consequently have normal radial sorting (Figure 1A,
3B). However, gor126°# contains a nonsynonymous point mutation that produces a STOP
codon within the GAIN domain, and therefore is predicted to lack a functional CTF to
promote Schwann cell wrapping of axons. gpr126°t215 mutants have an intact CTF signaling
domain with the exception of a A6 base pair lesion in the Stachel sequence that precisely
deletes two amino acids necessary for Stachel-mediated signaling and myelination!® (Figure
3B). In all three gpri26alleles, PLLn mbp expression is completely absent due to a failure
of Gprl26 signaling, in contrast to strong /mbp expression in wild-type (WT) and reduced
expression in gpr126°%3 (Figure 3C-G). Finally, gor126%7 has an intact NTF to promote
radial sorting, though decreased receptor trafficking results in less available surface NTF and
reduced radial sorting>: 18, We therefore tested for restoration of PLLn /mbp expression
across alleles, which would allow us to infer the mechanism of drug action on Gprl26 as
schematized in Figure 3B.

Undecylenic acid, naloxone hydrochloride, and telmisartan modulate mbp expression in
parallel to Gpr126-CTF

We found that undecylenic acid is sufficient to drive mbp expression in radially sorted PLLn
Schwann cells (Figure 3H-L). In gpr126°47 mutants, PLLn mbp is absent in control and 10
UM undecylenic acid-treated larvae (Figure 3D, I). However, we observed partial restoration
of mbpin a subset of gpr126°9 and gpr1265'215 mutants treated with 10 pM undecylenic
acid (Figure 3J-K), though not to the level of mbp expression observed in gpr126°%3 (Figure
31). Because gpr12659 lacks a CTF signaling domain, we concluded that undecylenic acid
acts in parallel or potentially downstream of Gpr126 to promote Schwann cell mbp
expression.
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Similar results were obtained with naloxone hydrochloride (Figure 3M-Q). We observed no
PLLn mbpin 10 pM naloxone-treated gpr1265#7 mutants (Figure 3N), but very slight
suppression of gor12659 and gpr126°121% (Figure 30-P). mbp was observed in only one
larva for each allele treated with naloxone; however, mbp is never observed in the PLLn of
untreated mutants®: 1518 and therefore suggests a small but weak level of mutant phenotype
suppression. This is in contrast to gpr126%63 mutants with strong PLLn mbp following
naloxone treatment (Figure 3Q). We therefore conclude that naloxone is a weak suppressor
in Stachel-absent mutants and requires Schwann cell radial sorting to suppress gpr126
mutant phenotypes.

In contrast to undecylenic acid and naloxone, we observed PLLn mbp expression in all
alleles following telmisartan treatment (Figure 3R-U). mbp was weakly expressed in a
subset of 5 UM telmisartan-treated gor12657 (Figure 3R), gpr1265#9 (Figure 3S), and
gpri265215 (Figure 3T) mutant larvae. Because all three alleles lack a Stachel-containing
CTF, we predict that telmisartan functions either in parallel or downstream of the gpr126-
mediated myelination program in Schwann cells. We note that even though gpr126547
Schwann cells fail to undergo radial sorting, we have nonetheless observed mbp expression
in immature gor126°47 Schwann cells treated with FSK1®. Therefore, we predict that
telmisartan also activates Schwann cell differentiation in the absence of both Gpr126 and
radial sorting.

Apomorphine hydrochloride rescues mbp expression in gpr126st63 hypomorphs

We next tested the fourth hit from the validation assay, apomorphine hydrochloride, for its
efficacy in gor126suppression. Because apomorphine only weakly rescues gpor126°63
mutants at 10 pM, we tested a high dose of apomorphine (100 uM) and found it significantly
restores mbp expression along the PLLn in 5 dpf larvae relative to DMSO-treated controls
(Figure 4A-B, D), though not to the same degree as a high dose of FSK (50 uM pulse)
(Figure 4C-D, 1/34 or 2.9% non-gpr126°%3 phenotype in control vs. 25/25, 100% in FSK-
treated, p<0.001 st63-like vs. non-st63-like, Fisher’s exact test). Higher doses of FSK (100
UM, analogous to apomorphine) result in larval death. To identify an optimal dose of
apomorphine for significant restoration of mbp, we performed a dose-response experiment
with increasing concentrations of apomorphine in gpr1265%% larvae. We observed a dose-
dependent increase of mbp expression in 10, 20, and 100 uM apomorphine-treated larvae,
though the effect was only significant at 100 pM (Figure 4D, 4/11, 36.4% non-gpr1265%63
phenotype, p<0.05, Fisher’s exact test). However, this dose had an adverse and often lethal
effect on larval development. We counted the number of larvae before and after drug
treatment to measure this effect. Nearly all DMSO-treated control gpr126°63 larvae
(95.6+4.2%) survive over the 24-hour treatment, and this survival rate is only slightly
decreased in 10 and 20 uM (93% and 91%, respectively, Figure 4E). Only 77.8% of larvae
survive overnight treatment with 50 uM apomorphine, and the most efficacious dose for mbp
expression, 100 UM, has a survival rate of only 26.8+13% (p<0.001, Student’s t-test). A
shorter pulse of 100uM apomorphine (48-52 hpf, similar to FSK treatment) permitted larvae
survival but was insufficient to restore mbp in gor1265%3 (data not shown). Altogether, these
data show that apomorphine partially suppresses the gpr1265%3 phenotype but with very
similar effective and toxic concentration doses.

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bradley et al.

Page 10

We also treated the allelic series of gpr126 mutants with apomorphine to test its ability to
promote mbp expression. Because of the high rate of lethality with an effective 100 uM dose
of apomorphine, we were unable to efficiently conduct assays across all gor126allelic
mutants. However, we recovered enough treated Stachel-dead gpr1265t22% |arvae to assay
despite high lethality rate (30.8+36.9% with 100 uM apomorphine vs. 95.7+5.8% in
controls, 97.1% in 10 uM, 93.7% in 25 pM and 92.4% in 50 uM, Figure 4F). Treatment with
apomorphine resulted in reduced mbp expression in wild-type larvae relative to control
(Figure 4G-H, K, 4/6, 66% non-strong phenotype) likely due to compromised larval health.
In control-treated gpr126°215 we observed complete loss of mbp expression in the PLLn
(Figure 41, K, 0/20, 0%), in line with previous studies demonstrating that the Stache/
tethered agonist is absolutely required to promote endogenous Gprl126 signaling in Schwann
cells!®, Critically, treatment with apomorphine partially restored mbp in the PLLn even
though mbp was reduced overall. Like with gpr126563 we found that sub-threshold doses of
apomorphine were insufficient to restore mbp (0/11 10 uM, 0/6 25 uM, 0/7 50 uM), while
100 puM partially restored mbp in the PLLn (Figure 4J, 3/10, 30% non-gpri12651215
phenotype, p<0.05, Fisher’s exact test vs. gpr126563 phenotype). These data suggest that the
Stachel sequence is dispensable for rescue of mbp expression by apomorphine. We conclude
that apomorphine is sufficient to suppress both gpr126563 and gpr126°%21%, though with
reduced potency relative to other screen hits at a sublethal dose.

Apomorphine directly agonizes Gprl26 in vitro

To extend and verify the /n vivo data, we performed /n vitro assays to test for direct Gpr126
activation. Full-length wild-type (WT) Gpr126 expressed in COS-7 cells is sufficient to
elevate CAMP compared to vector control (Figure 5A-B). Because 0.1% DMSO has an
effect on cCAMP levels in vitro, we compared substances that were solubilized in water
(Figure 5A) separately from substances solubilized in DMSO (Figure 5A). Upon treatment
with 100 uM apomorphine, naloxone, telmisartan, and undecylenic, significant elevation of
cAMP was observed only with apomorphine (Figure 5A-B, p<0.05, 1-way ANOVA vs. basal
activation). These data suggest that apomorphine is likely a direct activator of Gpr126,
whereas the other compounds increase mbp in Schwann cells in a parallel or downstream
pathway.

Modulation of Gprl26 activity by interacting partners (e.g. Laminin-211) in Schwann cells
requires intact Stache/ sequence for activation, CAMP accumulation, and mbp

expression!® 18, as illustrated by the gpr12651215 allele (Figure 1A, 3B). We, therefore,
expressed an analogous A6 base pair Stachel deletion Gprl26 construct (Gprl26 A6bp) in
COS-7 cells, which shows no basal cCAMP elevation, to test whether compound-mediated
activation requires a functional tethered agonist. As expected, based on the WT Gpr126 data,
we saw ho cAMP accumulation in naloxone-, telmisartan-, or undecylenic acid-treated cells
carrying Gprl126 A6bp. However, treatment with apomorphine significantly elevates CAMP
relative to basal levels (Figure 5A, p<0.05, 1-way ANOVA vs. basal activation), suggesting
that apomorphine agonizes Gprl26 activation independent from the Stachel/ sequence.

We also tested whether the effect of apomorphine is specific by analyzing another morphine
derivative, codeine, for activation of Gpr126 and Gprl126 A6bp. Concentration-response
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curves revealed an ECsq value of 94.4 uM for apomorphine on WT Gpr126 and 31.8 uM for
Gprl26 A6bp (Figure 5C). Codeine, however, had no effect on CAMP levels in either
Gpr126 construct (Figure 5D). We conclude that undecylenic acid, naloxone, and telmisartan
activate the Schwann cell myelination program indirectly, while apomorphine directly and
specifically activates Gprl126 independent of Stachel/ sequence to promote /mbp expression.

The aporphine alkaloid glaucine suppresses the gpr1265t%3 hypomorphic phenotype

Apomorphine suppressed the gpr126 phenotype /n vivo (Figure 4) and directly agonized
Gprl26 /n vitro (Figure 5). Because apomorphine shares an aporphine core scaffold with
alkaloid compounds, we hypothesized that other aporphine alkaloids could suppress
gpr126°63 hypomorphic phenotype with reduced toxicity. We therefore selected a small set
of aporphines for screening: (R)-nuciferine, (S)-glaucine, (S)-boldine, (S)-magnoflorine, and
(R)-crebanine (Figure 6A). We first performed small-volume assays (2 mL) with these
compounds to measure toxicity compared to apomorphine. Most aporphines exhibited a
favorable survival rate (>80%) when incubated from 47-54 hpf with the exception of
crebanine and apomorphine (at 10 uM) (Figure 6B). The increased toxicity of apomorphine
in this assay is attributed to the smaller incubation volume, which exacerbated the toxicity of
apomorphine with increased larval density.

The four remaining aporphines were assessed for their ability to suppress the hypomorphic
phenotype in gor1265%3: mbp:gfo (Figure 6C-G). Glaucine showed significant increase in
mbp expression along the anterior PLLn compared to control, while the other aporphines
had no effect or, for nucifierine, weak inhibition of mbp.gfp (Figure 6H). mbp-gfp
expression was not significantly different with a longer incubation with glaucine (47-71 hpf,
data not shown), suggesting that a short incubation window from 47-54 hpf is sufficient to
suppress the gpr126°%63 hypomorphic phenotype for this compound.

To determine whether glaucine might interact directly with Gpr126 like apomorphine, we
assayed the ability of glaucine to suppress gor126°? phenotype, which encodes Gpr126-
NTF but has a premature stop precluding expression of the Gpr126-CTF signaling domain
(Figure 3). We observe that glaucine fails to suppress the gpr126#? phenotype (Figure 6l,
J), with no PLLn mbp:gfoin gor126549 larvae treated with glaucine (50 uM) from 47-54
hpf. As a positive control, we added 50 uM forskolin, a known small-molecule suppressor of
the gpr1265#9 phenotype, and saw partial restoration of mbp.gfp expression (Figure 6K).
Therefore, we predict glaucine, like apomorphine, acts directly with Gprl26 to promote
cAMP elevation and Schwann cell differentiation /n vivo.

DISCUSSION

Gpr126 mediates multiple stages of Schwann cell development by virtue of its NTF-CTF
interactions and binding of endogenous ligands® 10.15. 16,18 | the present study, we
designed a medium-throughput screen in zebrafish to identify small molecules that interact
with the gpri126-mediated myelination program. By observing mbp.gfoin gor126
hypomorphs treated with 1,600 small molecules in the Pharmakon library, we discovered
four novel compounds that suppress the gpr126 hypomorph phenotype and partially restore
Schwann cell differentiation. Structure-function characterization using an allelic series of
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gpr126 mutants demonstrates that modulation of the myelination program is dependent upon
Schwann cell developmental state. In addition, we discovered that apomorphine
hydrochloride, a morphine derivative and dopamine receptor agonist, directly activates
Gprl26 in a Stachel-independent manner.

Small molecule screens for regulators of adhesion family GPCRs

Autocatalytic processing of aGPCRs into NTF and CTF and production of the tethered
Stachel agonist permits subfunctionalization of receptor domains?: 155455 aGPCRs have
complex potential to mediate intracellular signal transduction; however, few studies have
identified compounds that can perturb aGPCR signaling. Recently, an /in7 vitro screen
specifically targeted Gpr56/Adgrgl and identified dihydromunduletone as a selective
antagonist that also antagonizes Gpr114/Adgrg5°®. Both Gpr56 and Gpr114 are members of
the same structural group as Gpr126, Class VIII, which have alike and promiscuous Stache/
sequences®’: 98, Similarly, a small-scale /7 vitro screen across a variety of aGPCRs identified
beclomethasone diproprionate as an agonist for Adgrg3/Gpr97, another Class VIII
aGPCR®9. Although /n vivo screening in our study is lower throughput than 7 vitro assays,
it offers an attractive complementary approach to find bona fide small molecules interacting
with aGPCRs to promote signaling and cellular function.

Myelinating glia in the CNS express multiple druggable targets, including aGPCRs Gpr56/
Adgrgl and Gpr98/Adgrv1 in oligodendrocyte lineage cells0. In mouse and zebrafish gprs6
mutants, oligodendrocyte precursor cells precociously exit the earlier developmental state
and result in fewer myelin sheaths®?: 62, In contrast, Gpr98 appears to stabilize the mature
state of oligodendrocytes, as loss of Gpr98results in decreased expression of myelin
associated glycoprotein (MAG), a mature oligodendrocyte marker83. Therefore, small
molecule modulators of Gpr56 and Gpr98 have the potential to restore proper myelination in
disease or injury states in the CNS. Our screen serves as a proof-of-principle for
identification of therapeutic compounds that target aGPCRs to restore myelination.

Small molecule screens for regulators of glial cell development and myelination

Our screen builds upon previous in vitrd®* 85 and jn vive?S: 31 32 screens to identify small
molecules promoting glial cell development. Much of the focus has been on restoration of
CNS myelin via oligodendrocytes. In contrast, relatively few screens have studied peripheral
myelination /7 vivo. One limitation is the difficulty in screening fluorescence in the
periphery of zebrafish (e.g., PLLn or motor nerves) adjacent to the strong transgenic
fluorescence in the CNS. The development of more powerful high-throughput analyses of
fluorescence and development of new markers may overcome this technical limitation28: 31,
Furthermore, we observed that PLLn mbp was more easily restored relative to motor nerves
in both fluorescent and /n situ hybridization assays, suggesting cAMP elevation alone is not
sufficient to restore mbp expression in gpr126 motor axons with treatment up to 72 hpf. This
disparity could be due to differences in the nerve structure or function or differences in the
populations of Schwann cell precursors along these nerves. Alternatively, we observe few
Schwann cells ventral to the horizontal myoseptum at our timepoints (data not shown), thus
we may not observe substantial rescue because too few Schwann cells are present.
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Another gor126 suppressor screen was recently performed using different hypomorphic and
loss-of-function alleles and took advantage gprZ.26 function in the ear33. Rather than a
fluorescent marker, this screen used whole-mount /7 situ hybridization in both ear and PLLn.
Of 3120 molecules tested, this screen yielded 41 molecules rescuing mbp in the PLLn of
gpr126 hypomorphs, with 19 predicted to interact directly with Gpr126 based on
suppression of a strong gpr126allele that lacks CTF function (see rationale in Figure 3).
Importantly, this screen was conducted at 60-90 hpf versus our primary screen at 48-72 hpf,
which reflects difference in ear developmental stages compared to earlier Gpr126 function in
PLLn Schwann cells. Furthermore, while our assay investigated the PLLn in the primary
screen, this study tested PLLn mbpin a secondary assay following a primary screen for otic
versican b (vcanb). These differences in timing and tissue-specificity likely underlies
differences in hits. Our screen primarily uncovered GPCR interactors with morphine-like
structures, whereas the other screen recovered calcium channel agonist and antagonists,
particularly with dihydropyridine structure. These contrasting hits could distinguish tissue-
specific activation mechanisms for Gprl126, as compounds that did not rescue otic gpr126
function would not have been screened in the PLLn. Similarly, we did not see otic vesicle
swelling suppression with any of the drugs in our screen with treatment at 48-72 hpf (data
not shown). Future studies can parse hits from these screens on Gpr126 function at differing
developmental stages, or for interaction with gpr56ladgrg, which is also necessary for
proper peripheral myelin development and maintenance®®.

Models for drug action based on influence of Schwann cell developmental state

Gprl26-NTF is required for radial sorting in Schwann cells, though the mechanism by
which it intracellularly transduces this cue is unclear!®. Our allelic series analyses suggest
that undecylenic acid and naloxone are sufficient to promote mbp expression specifically in
Schwann cells that are predicted to express Gpr126-NTF and naloxone cannot activate the
differentiation program in immature Schwann cells until radial sorting is underway (Figure
3). Undecylenic acid is an antifungal drug without defined receptors#’ and thus the nature of
activation, and whether it is Schwann cell-autonomous, remains unclear. The mechanism of
action may involve a receptor either exclusively expressed in Schwann cells following radial
sorting, or one acting non-cell-autonomously as an instructive cue for myelination by pre-
myelinating Schwann cells (e.g., as an axonal ligand).

In contrast, naloxone is a well-studied opioid receptor antagonist routinely used to block the
effects of opiate overdoses. Opioid receptors are expressed in terminals and processes of
sensory and nociceptive neurons8” and promote myelination in cultured oligodendrocytes®,
but their expression in Schwann cells is not established. Thus, one model is a non-cell-
autonomous effect on Schwann cells mediated by the axons they myelinate. However, the
low level of rescue in gor1265#9 and gpri265225 hints at potential indirect and direct
Gpr126 activation by naloxone specifically in pre-myelinating Schwann cells. We previously
found that Laminin-211 suppresses cCAMP accumulation in static Gpr126-expressing
cultures, but nonetheless acts to elevate cAMP in dynamic /n vitro assays and in vivo®.
Similarly, we do not observe cAMP accumulation in static naloxone-treated Gprl26-
expressing cells /n vitro (Figure 5). Therefore, naloxone may act in two ways: indirectly via
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opioid receptors on adjacent axons, and by cell-autonomous activation of Gpr126 in
dynamic and later-developing states.

The angiotensin Il type 1 (AT) receptor antagonist, telmisartan, was sufficient to promote
mbp expression across all gor126alleles, even gpr126°#7 which lacks a functional Gpr126-
NTF and thus fails to radially sort peripheral axons. AT receptors are upregulated in
functional recovery of injured peripheral nerves®®, and telmisartan treatment improves
peripheral nerve regeneration®®. However, the expression of AT receptors in Schwann cells
is not established and the cell autonomy of telmisartan’s action is unclear. Notably, AT,
receptors are coupled to Gy/11 and G;j and would therefore inhibit the production of cAMPTO,
Telmisartan as an AT receptor antagonist should then increase or at least stabilize cAMP
levels. However, we observe a reduction of basal GPR126-induced cAMP levels, which
indicates additional AT receptor-independent effect of telmisartan. We have previously
observed that cAMP elevation by FSK is sufficient to promote mbp expression in gpr126547
mutants in a similar fashion; however, FSK-treated gpr12657 mutants still fail to complete
radial sorting and express terminal differentiation markers in the absence of myelinl®.
Further investigation into telmisartan’s mechanism of action can include both the target
receptor as well as whether receptor activation mediates radial sorting and wrapping in
addition to mbp expression.

Apomorphine directly activates Gpr126-mediated cAMP accumulation

In addition to compounds that act in parallel to or potentially downstream of gpr1.26, our
study revealed a novel direct activator of Gpr126, apomorphine hydrochloride. Due to high
lethality with efficacious doses, we could not dissect the ability of apomorphine to rescue
mbp expression across all gpr126alleles. However, our /n vivo assays demonstrate that
apomorphine promotes mbp expression in Stachel-dead gpr126°1215 mutants, suggesting a
Stachelindependent mode of action (Figure 4). While we cannot formally exclude a
Gpr126-independent mechanism in vivo, we favor a model in which apomorphine directly
agonizes Gpr126-CTF in Schwann cells to promote mbp expression, rather than via
apomorphine’s established role agonizing Gj-coupled D, dopamine receptors’?. In the latter
case, activation of D, receptors in Schwann cells would result in reduction of cAMP, which
would normally prevent Schwann cell differentiation and mbp expression. Thus, we
conclude that apomorphine directly activates Gprl26 /n vivo, a model which is corroborated
by our heterologous /n vitro assays showing apomorphine directly activates both wild-type
and Stachel-dead Gpr126 (Figure 5). Our previous work showed Stachelmediated activation
is facilitated by dynamic assays and suggested physical dissociation of Gpr126-NTF could
liberate the cryptic tethered agonist!3: 1518 |n the present study, the elevation of CAMP in
static cultures suggests a bypass of mechanical activation of Gpr126 and direct activation of
G signaling upon apomorphine binding to the Gpr126-CTF. To our knowledge, our study is
the first to demonstrate activation of Gpr126 signaling in a Stachel-independent fashion.

Intriguingly, two hits in our screen, apomorphine and naloxone, are both morphine
derivatives with different structures and pharmacologic effects. Importantly, apomorphine
does not bind opioid receptors, whereas naloxone is an opioid receptor antagonist. We
decided to include codeine, an agonist of opioid receptors to test specificity and found only

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bradley et al.

Page 15

apomorphine is sufficient to elevate cAMP in Gprl126-expressing cells (Figure 5). To
investigate if this effect is specific to apomorphine in vivo, we treated gpri1265%3
hypomorphs and gpr126°#9 NTF-only mutants with related alkaloids. We found that one of
these aporphines, glaucine, suppresses the gor126°%3 hypomorphic phenotype. Glaucine,
like apomorphine, interacts with dopamine receptors, but can also modulate serotonergic
receptors and intriguingly interacts with L-type Ca2* channels in vitro’2-74, mirroring the
findings of another gpr126 suppressor screen33. However, glaucine did not suppress
gpr126°#9, suggesting that it also functions specifically through gpr126as a direct agonist
like apomorphine (Figure 6).

Taken together, our screen demonstrates the feasibility of identifying pharmacological
modulators of aGPCRs that interact directly with the receptor or act in parallel pathways.
Because the functions of aGPCRs span many tissue types, we emphasize the ability to
perform similar /n vivo small molecule screens for other aGPCRs using the larval zebrafish
model. Finally, our study revealed five novel small molecule regulators of Schwann cell
development that act at different points in the differentiation pathway. These compounds
represent an exciting opportunity to dissect the basic biology of Schwann cell development
and develop therapeutics for neurological disorders by targeting Gpr126 and other GPCRs.
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Figure 1. A small molecule suppressor screen in gpr126 hypomorphs for compounds that
promote Schwann cell differentiation

(A) Schematic of zebrafish Gpr126 protein and mutant alleles. (B) Schematic of zebrafish
Schwann cell development (green) around axons (gray) in cross-section. Radial sorting
begins around 36 hours post-fertilization (hpf); wrapping is observed by 60 hpf. (C)
Schematic of 5-6 days post-fertilization (dpf) larval zebrafish with central nervous system
(CNS) myelin (blue) and myelinated nerves in the peripheral nervous system (PNS) (green).
PLLn = posterior lateral line nerve. Boxed region shown in panels D-E. (D-E)
Tg(mbp:EGFP-CAAX) expression (henceforth mbp:gfp) in wild-type (WT) and gpr12663
larvae at 5 dpf. Brackets denote spinal cord, arrows indicate PLLn, arrowheads mark
emerging motor axons. Note strong mbp.gfp expression in the PLLn of WT (D-D’) but
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reduced expression in gor126563 PLLn (E-E’). (F) Logic of gpr126563 suppressor screen.
(G) Workflow for primary small molecule screening of gpri26563; mbp.gfo larvae.
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Figure 2. In vivo small molecule screening of gpr126 hypomorphs reveals five suppressor

compounds

(A) mbp:gfo expression in control and (B) 25 uM forskolin (FSK) pulsed gpr126563 5 dpf
larvae. Brackets denote spinal cord, arrows indicate PLLn, dotted lines indicate melanocytes

obscuring PLLn. (C) Quantification of mbp.gfp as a percentage of larvae with each mbp

PLLn phenotype at 5-6 dpf. *** p<0.001, Fisher’s Exact Test, “non-st63-like” vs “st63
like.” (D) Transformation of data from panel C. Dots indicate individual larva and are

jittered to show all samples. Bars indicate mean + SD. *** p<0.001, Student’s t-test. (E)

Quantification of mbp.gfip(+) motor axons at 5-6 dpf. NS = no significant difference. (F)
PLLn score and mbp:gfi(+) motor axons for 1462 Pharmakon compounds. Each square =
one compound. Dots are jittered and transparent to show all samples. (G) Workflow of
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screens for gpr126°%3 suppressor compounds. (H) Rolipram restores PLLN mbp.gfp but not
(1) motor axons in gpri26%%3. * p<0.05, Fisher’s Exact Test, “non-st63-like” vs “st63-like”.
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Figure 3. An allelic series of gpr126 parses direct versus indirect compound function.
(A) Molecular structure for screen hits (PubChem). (B) Schematic of gpr126alleles,

predicted proteins, phenotypes, and predicted drug functions based on mbp restoration. (C-
U) Whole-mount /n situ hybridization for mbp in wild-type (WT) or gpr126. Black arrows
indicate PLLn. Fraction of gor126larvae with increased /mbp is noted in upper right of each
image. (C-G) mbp expression in control larvae. Note absence of PLLn mbp in gpr126°47,
gpri26549 and gpr126215 (D-F) and reduction in gpr126°%63 (G). (H-L) PLLn mbp
expression is partially restored in gpr126°49 (J), gpr126°1215 (K), and gpr12663 (L) in 10
UM undecylenic acid. (M-Q) PLLn mbp is weakly increased in one larva for gor126549 (0)
and gpr126°t215 (P) but strongly increased in gpr126°%63 (Q) with 10 uM naloxone. (R-U)
mbp PLLn expression is increased across all alleles in 5 uM telmisartan-treated larvae.
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Figure 4. Apomorphine hydrochloride suppresses gpr126 hypomorphic phenotype at high doses.
(A-C, G-J) Whole-mount /n situ hybridization for mbp in PLLn of gpr12656% (A-C) or

gpr1261215 (G-J) with control, apomorphine, or forskolin (FSK) treatment at 5 dpf. Black
arrows indicate PLLn. (D, K) Quantification expressed as a percentage of larvae with each
mbp PLLn phenotype at 5 dpf. * p<0.05, *** p<0.001, Fisher’s Exact Test, “wild-type” vs.
“mutant” (gpr126°163 or gpr126°1215) categories for treated vs. control. (E-F) Survival curve
following 24-hour treatment with indicated concentrations of apomorphine. Dots indicate
mean + SD % alive across technical replicates. *** p<0.001, 0 vs.100 uM apomorphine.
Sample numbers in Detailed Methods.
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Figure 5. Apomorphine hydrochloride is a direct activating ligand for Gpri126.
(A-B) COS-7 cells were transiently transfected with empty vector, WT and mutant (A6bp

lesion as in gpr126°1215) zebrafish gpr126 plasmid, and cAMP accumulation was measured
after stimulation with given substances at 100 uM. Results are given as x-folds over vector
control (vc: 1.0 = 1.1 nM) (A) and vector control with 0.1 % DMSO (basal vc: 2.2 + 3.1
nM) (B) for water and DMSO soluble substances, respectively. Bars show means + SEM of
three independent assays each performed in triplicates. * p<0.05, one-way ANOVA with
Dunn’s multiple testing for each substance induced activation vs. basal levels. (C-D)
Concentration-response curve of apomorphine (ECsg WT: 21.5 uM A6bp mutant; 33.4 pM)
(C) and codeine (no dose response detectable) (D). Results are given as x-folds over vector
control (vc: 2.9 + 0.6 nM) of four independent assays each performed in triplicates. Insets
show structure of each molecule (PubChem).
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Figure 6. Glaucine suppresses gpr 126563 hypomorphic phenotype likely by direct interaction

with Gpri126.

(A) Structures of aporphine compound series. Core scaffold highlighted in blue. (B) Toxicity
screening of aporphines from 47-54 hpf. Survival was assessed at 54 hpf. All compounds
were at 50 UM unless otherwise noted. Control, 1% DMSO. n=10 in all cases. (C-G, I-K)
PLLn mbp:gfp expression in 5 dpf gpr126563 (C-G) or gpri26°9 (1-K) following 50 uM
compound treatment at 47-54 hpf. Indicated region is the most anterior portion of the PLLn.
Scale bar, 25 pm. Control, 1% DMSO. Note increased PLLn mbp.gfp expression in
gpr126°13 treated with glaucine (E) compared to control (C) but absence of mbp.gfoin
glaucine-treated gpr126°#9 (J). (H) Quantification of PLLn /mbp expression within ROI of
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gpr126°%3 larvae in C-G. Bars indicate means + SD. ****p<0.0001, *p<0.05, one-way
ANOVA with Dunnett’s multiple testing for each compound against control.

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2020 November 01.



Page 29

Bradley et al.

T/0 € e/
€/0 YA e
€/0 €€ €/0
€/0 LT €T
2/0 Sy /0
€/0 T €T
€/0 € e
€/0 T €T
2/0 L'y e
€/0 L'e €/0
Joygiyur 3ad e € e
¢/0 0 e
€/0 L'T e
€/0 v'e €/0
sak €z €e €/0
sak ot 4 ern
L5k »QN 50 at
B/U €/e € €/
B/U ¢/0 o €/0
£159) Sa11as uj01no S3/AIaU 1010W Uu}01Nn0
o119]1e 10} UH (Z < 2400s) dyb:dqu (Z < 2400s)
dif:dgw u1d abesane dib:dgw u1d
pasealoul # pasealoul #

HSI UM uonepiieA

M M MO M N ™

[44
€11

=u

€T LT
€¢e L0
L'y L0
e €T
LT LT
584 L0
€ ST
L'y €T
0t 14
0 €
T €
L0 14
0 ST
0 LT
8 LT
9 T
L0 L'T
L0 91
T L0
S9AJaU J0J0W  310dS U 1d
dib:dqw dyb:dqw
abesane abelane

(d16°dquw) Buiuaaids ATeplodss

(0J6°dquw) Buitaaids ATewiid

auosdepade

IAUIWRYRIUE/[ERUNTIUE
9pLI0JY20IpAY BUI9AIRIIBHOIYD
uoldiwrelaq

apIuRI0ge

[er1s1oeqnue

apiwein|baoe

auluoxes|

ap1O|Y20IpAY dunexoNp

101e|NPOW WSISAS SNOAIBU 1310
auluaye|h

J1sabreue

BUIX0IAYIONS|

9pIU0JRJ. BUOJOUIdWIRL}
SaUOWIOY/SPIOIalS
weudijos

J01eA3[8 VD

Jeisabiou

31e.)I0 UIpIR|aX0
ap1I0JY20.pAY auIj0Ze|0}
9pLI0JY20.pAY BUOXOJeU
uBlIeSIW|a}

ap1iojyo0.pAy surydiowode
BUIpUIq 4049

as|nd uijoys.ioy

(payeaniun ‘OSING) [043U0D

SU9a19S uonepIjeA pue ‘Arepuodas ‘Alewid ul pasn S9INJ3jOW [[RWS YIIM pajeal) aeAle| Ul uolssaldxa dguw

Author Manuscript

‘T algeL

Author Manuscript

Author Manuscript

Author Manuscript

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2020 November 01.



Page 30

Bradley et al.

SPOLIBIAI 89S ‘UsIp a4nyna Jabie| Ul (Areiqi uoxew eyd Uey) Jayrel) pasn sem 3201s Bnip maN

¥

'G "Bi4 ul sAesse 04114 ur pue 7 *B14 Ul paliodal ate sAesse 014 ur uanbasgns ‘1ansmoy (BuiusaIds-a1 SAIAINS 10U PIP deAle| pajeall-aulydiowody
*

2/0 T e
T/0 €e €/0
€/0 9 €/0
€/0 €e €/0
€/0 ¥ €/0
4 0T/0 T AL
ok 2 4 e
€/0 € e
21591 Sallas UJo1no S3AI3U 10j0W UuJo1no
a119|e 104 UH (Z < 24005) djb:dqw (Z < 24005)
dif:dqw u11d abeaane dif:dgw u1d
pasealoul # pasealoul #

HST Y¥im uonepifen

4 Sy T

4 §¢ ST

€ €§ €T

€ €€ T

€ €€ €T

€ T LT

€ 54 T

€ L'S L'e

=U SoAJaU J0jJ0W 31005 U T1d
djb:dqw djb:dqw
abeJane abe.ane

(dJ67dqu) BUIUSaI0S ATepuodas

(dJ6 dqu) BUTUSaIS ATRlliid

JeIsainuaq
ulojue|e
auouinboual
areuoon|B wnipos
1300

aulpnioeze
Jnse[dosunue
Jayjawane

p1oe 21us}Aoapun

3]0ZepuUBIX0

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2020 November 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Zebrafish strains and husbandry
	Primary and secondary screening in gpr126st63; mbp:gfp
	Small molecule treatment for in vivo dose-response and allelic series experiments
	In vitro functional assays
	Imaging and analysis for aporphine compound screening

	RESULTS
	A suppressor screen for mbp:gfp expression in gpr126 hypomorphs
	Identification of small molecules that restore mbp:gfp in gpr126st63 hypomorphs
	Rolipram restores mbp:gfp in PLLn of gpr126st63 hypomorphs
	Validation of secondary screen hits in gpr126st63 hypomorphs
	Prediction of direct vs. indirect gpr126 interaction with an allelic series of gpr126 mutants
	Undecylenic acid, naloxone hydrochloride, and telmisartan modulate mbp expression in parallel to Gpr126-CTF
	Apomorphine hydrochloride rescues mbp expression in gpr126st63 hypomorphs
	Apomorphine directly agonizes Gpr126 in vitro
	The aporphine alkaloid glaucine suppresses the gpr126st63 hypomorphic phenotype

	DISCUSSION
	Small molecule screens for regulators of adhesion family GPCRs
	Small molecule screens for regulators of glial cell development and myelination
	Models for drug action based on influence of Schwann cell developmental state
	Apomorphine directly activates Gpr126-mediated cAMP accumulation

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1:

