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Abstract

Demyelination occurs following many neurological insults, most notably in multiple sclerosis
(MS). Therapeutics that promote remyelination could slow the neurological decline associated
with chronic demyelination; however, /n vivo testing of candidate small molecule drugs and
signaling cascades known to impact myelination is expensive and labor intensive. Here, we
describe the development of a novel zebrafish line which uses the putative promoter of Myelin
Protein Zero (mpz), a major structural protein in myelin, to drive expression of Enhanced Green
Fluorescent Protein (MEGFP) specifically in the processes and nascent internodes of myelinating
glia. We observe that changes in fluorescence intensity in Tg(mpz.mEGFP) larvae are a reliable
surrogate for changes in myelin membrane production per se in live larvae following bath
application of drugs. These changes in fluorescence are strongly predictive of changes in myelin
specific MRNASs [mpz, 36K and myelin basic protein (/mbp)] and protein production (Mbp).
Finally, we observe that certain drugs alter nascent internode number and length, impacting the
overall amount of myelin membrane synthesized and number of axons myelinated without
significantly changing the number of myelinating oligodendrocytes. These studies demonstrate
that the Tg(mpz.mEGFP) reporter line responds effectively to positive and negative small
molecule regulators of myelination, and could be useful for identifying candidate drugs that
specifically target myelin membrane production /n vivo. Combined with high throughput cell-
based screening of large chemical libraries and automated imaging systems, this transgenic line
should be useful for rapid large scale whole animal screening to identify novel myelinating small
molecule compounds /n vivo.
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INTRODUCTION

Proper neurologic function arises from the efficient transmission of electrical and chemical
signals between individual neurons organized into functional networks. Complex nervous
systems have evolved a highly specialized structure, myelin, which is the thick multilayered
sheath that surrounds large caliber axons. Myelin is produced by oligodendrocytes in the
central nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS). In
addition to the role of myelin in promoting rapid energy-efficient electrical conduction, a
growing body of research suggests that myelin supports the overall health of the nervous
system by supplying metabolic support in the form of lactate to axons (Funfschilling et al.,
2012; Y. Lee et al., 2012), which extend long distances and are often isolated from neuronal
cell bodies. Similarly, loss of critical myelin proteins such as proteolipid protein (PLP) or 2’,
37, cyclic nucleotide 3’ phosphodiesterase (CNP) alters myelin, leading to axon swelling and
degeneration in animals as they age (Anderson et al., 1998; Griffiths et al., 1998; Lappe-
Siefke et al., 2003; Rasband et al., 2005; Uschkureit, Sporkel, Stracke, Biissow, & Stoffel,
2000), which suggests that the long term health of many neurons is dependent on intact
myelin.

Demyelination, or loss of the myelin sheath, is a common feature in a variety of neurological
diseases (reviewed in (Chang et al., 2012; Trapp & Nave, 2008), and additionally often
occurs following traumatic injury such as stroke (Aboul-Enein et al., 2003; Goldenberg-
Cohen et al., 2005) or spinal cord injury (Almad, Sahinkaya, & McTigue, 2011; Smith &
Jeffery, 2006). Perhaps the best described demyelinating disorder is multiple sclerosis (MS),
where recurring immune attacks target myelin sheaths and/or oligodendrocytes, resulting in
focal loss of myelin with resulting neurological deficits (for extensive reviews see (Fox,
2004; R. J. Franklin, 2002; Trapp & Nave, 2008). Disease severity is often related to the
endogenous ability of resident oligodendrocyte progenitor cells (OPCs) to replace damaged
myelin and repair neurological dysfunction (reviewed in (Fancy et al., 2010; R. J. Franklin &
Ffrench-Constant, 2008). Currently, MS therapeutics target the immune component of the
disease by blocking immune cell entry into the CNS, e.g., Tysabri (Stlive & Bennett, 2007)
or dampening of the inflammatory immune response e.g., copaxone (Kala, Miravalle, &
Vollmer, 2011), fingolimod [Gilenya (Groves, Kihara, & Chun, 2013)] or dimethyl fumarate
[Tecfidera (Scannevin et al., 2012)]. While these therapeutics, by reducing the immune
component of the disease, have been effective in slowing disease progression, they are not
designed to repair the existing damage in the CNS. Thus, there remains a great need to
identify and optimize small molecule drugs that enhance oligodendrocyte development and
endogenous repair mechanisms to replace myelin and protect vulnerable axons, particularly
in actively demyelinated plaques.

High throughput small molecule screens to identify candidate pro-myelinating drugs have
been developed using isolated oligodendrocyte lineage cells from rodent or human
pluripotent stem-cell derived culture systems (Lariosa-Willingham et al., 2016; Peppard et
al., 2015; Usher et al., 2010). However, these systems lack the complexity of cell-cell
interactions found in intact nervous systems and provide limited information on potential
therapeutic efficacy /n vivo or systemic effects of drug delivery in whole animals. Because it
remains time-consuming and expensive to assay myelination /7 vivo in rodents, zebrafish

Glia. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Preston et al.

Page 3

(Danio rario) have been identified as a useful model system for drug discovery screens. A
large body of research shows that molecules and canonical signaling cascades driving
myelination are conserved in the fish (for extensive reviews see (Tim Czopka & Lyons,
2011; Monk & Talbot, 2009; M. A. Preston & Macklin, 2014); that fish respond to drugs in
a comparable manner to other animals (MacRae & Peterson, 2015); and that detailed cellular
responses to bath application of drugs are readily quantifiable e.g., OPC migration, process
extension and internode growth and stability, reviewed in (C. E. Buckley, A. Marguerie, W.
K. Alderton, & R. J. M. Franklin, 2010; D’Rozario, Monk, & Petersen, 2017; M. A. Preston
& Macklin, 2014). Overall, these data support using zebrafish larvae as a rapid, cost-efficient
model system for screening candidate small molecules in an intact animal.

Given that zebrafish embryos are transparent and develop ex utero, and that rapid
myelination of the spinal cord occurs during the first week of life, the current model was
designed to rapidly assay oligodendrocyte morphology and myelin membrane production in
live zebrafish larvae. The use of fluorescent markers for detailed quantification of
oligodendrocyte behavior in response to small molecule drug exposure in real time has been
well documented (see Buckley, Marguerie et al. 2010, Preston and Macklin 2014,
D’Rozario, Monk et al. 2017) and can be used to provide insight into potential mechanisms
of drug action. Tracking fluorophore accumulation in myelin-producing cells allows us to
use fluorescence intensity as a surrogate for myelin gene promoter activity per sein lieu of
more labor intensive approaches such as quantitative polymerase chain reaction (QPCR) of
myelin gene transcripts, western blot or electron microscopy analysis. Furthermore,
quantifying membrane-tethered fluorophore is an excellent proxy for myelin membrane
production. Several transgenic lines that label oligodendrocyte lineage cells are available
(see (M. A. Preston & Macklin, 2014). However, in these lines, transgene expression is also
seen in non-oligodendrocyte lineage cell populations such as neurons in Tg(0lig2:EGFP)
(H.-C. Park, Mehta, Richardson, & Appel, 2002) or Tg(nkx2.2:mEGFP) (Kucenas, Snell, &
Appel, 2008) or in neural crest-derived PNS progenitors in Tg(sox10-mRFP) reporter fish
(Takada, Kucenas, & Appel, 2010), which complicates quantification of fluorescent intensity
as a proxy for myelin gene expression in the spinal cord or in whole animals.

As our goal was to quantify myelin membrane production in the CNS, where remyelination
is less efficient than seen in the PNS, we generated a novel fluorescent transgenic zebrafish
line that specifically labels the processes of myelin producing cells. This transgenic
zebrafish line was developed using the putative promoter for myelin protein zero (mp2), the
zebrafish homolog of Protein Zero (P0), a major structural protein in myelin (Bai, Sun,
Stolz, & Burton, 2011; Brosamle & Halpern, 2002). The mpz promoter was selected due to
prior reports that suggested that /mpz transcripts and Mpz protein expression is confined to
the CNS in developing zebrafish (Brosamle & Halpern, 2002; C. E. Buckley, A. Marguerie,
W. K. Alderton, & R. J. Franklin, 2010). This contrasts with other myelin promoters such as
myelin basic protein (/mbp) or proteolipid protein (p/p), which are highly expressed in both
the CNS and PNS in zebrafish (Brosamle and Halpern 2002) or 36K, which despite being an
excellent marker for maturing CNS oligodendrocytes, is not conserved in all mammalian
species (Morris et al., 2004). In these studies, we find that the mpz promoter drives
expression of membrane-tethered Enhanced Green Fluorescent Protein (MEGFP) in the
processes of oligodendrocyte lineage cells, allowing visualization of nascent myelin
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internodes in the CNS of live animals. Live confocal imaging of mpz transgenic embryos
[e.g9. Tg(mpz:mEGFP)] was used to quantitatively assay myelin membrane production /in
vivo in response to bath application of therapeutically relevant small molecules. Changes in
fluorescent reporter response (EGFP intensity) were then compared to changes in gene
expression using gPCR for myelin specific transcripts or by immunohistochemistry (IHC),
western blot analysis for myelin basic protein (Mbp in zebrafish) expression and electron
microscopic analysis of myelin production in the spinal cord of developing larvae. These
studies demonstrate that mpz-driven mEGFP expression is a reliable surrogate for myelin
production in developing zebrafish larvae and is useful for rapidly determining the pro-
myelinating efficacy of small molecules in an /n vivo environment. This model should
complement cell culture-based screening platforms for discovery of candidate pro-
myelinating small molecules.

METHODS

Isolation of putative 12.5kb mpz promoter:

Using recombination-mediated genetic engineering, or ‘Recombineering’ (P. Liu, Jenkins, &
Copeland, 2003), the mpz promoter was isolated from a bacterial artificial chromosome
(BAC) by gap repair using published protocols (Kitazono, 2009). Briefly, a query search of
the Ensembl Genome Browser (www.ensembl.org) was used to identify and download a
20kb upstream sequence upstream (5” —20kb-0 bp) of the zebrafish mpz-001 transcript start
site. This sequence was used to search the UCSC genome browser (Zv9) and paired BAC
ends were visualized to identify candidate BACs likely to contain mpz promoter sequence
(5" upstream of start codon). BAC CH73-42C9 (BacPAC Resources; http://bacpac.chori.org)
was used to generate BAC plasmid DNA by midi prep (PureLink™ HiPure Plasmid Filter
Kit, Invitrogen). RT-PCR confirmed the predicted mpz promoter sequence (3 distinct 2kb
amplicons, data not shown). 500bp homology arms flanking a 12.5kb region immediately
upstream of the predicted start ATG of mpz-001 (-12.5kb-12kb and —500bp-0bp) were
joined with a ~25bp Fsel cassette using Fusion PCR and subcloned into p5E-MCS vector
using Xhol and BamHI restriction sites (added during generation of 12.5kb homology
cassette). Primers used for mpzhomology arm isolation: Left arm (12.5kb-11.5kb upstream
start ATG): Forward TCTTGTTTCCTCAAGGTAAATAAAC, Reverse
TGGAGTAGGAGTGAAGAATTGGAAG, Right arm (-500bp to 0): Forward
CTCTTTCCCTGTCAAACAGATGTTC, Reverse
GATCTCTCTCCGATCTCCCCGCAGG). The resulting p5E-12H-mpz2-5%0 targeting
plasmid was linearized, dephosphorylated and electroporated into the recombination
competent bacterial strain SW-102 containing BAC CH73-42C9 and heat shocked in induce
‘GAP repair’ and recovery ((Kitazono, 2009; P. Liu et al., 2003) of a Gateway compatible
vector containing the putative /mpz promoter (p5E-mpz22:5k0). Clones were screened by
colony PCR and restriction digest, then sequenced (UC Denver Genomics Core), and a
BLAST-n search was used to confirm retrieval of putative /mpz promoter regions (data not
shown).

Following isolation of the mpz promoter, Gateway Tol2 methodology (Kwan et al., 2007)
was used to generate multiple /mpz promoter driven fluorescent reporter constructs,
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PEXPRESS-mpz12:5kb:EGFP.pA.cmcl2:mCherry.tol2, pEXPRESS-
mpzL2.5kb-EGFP.CAAX. pA.cmcl2:mCherry.tol2 and pEXPRESS-

mpz22-5k0 - mCherry. CAAX.pA.CG2.tol2 lines, which expressed cytosolic EGFP, membrane
tethered EGFP or mCherry; respectively. 1-5 nl of each construct (50pg/ul) was then
injected into 1-2 cell wild type (AB or TL background) zebrafish embryos along with 25ng
of capped Tol2 transposase MRNA to promote integration of the mpz reporter construct into
the zebrafish genome. Live confocal imaging of injected embryos was used to confirm
transient labeling of mature oligodendrocytes /n7 vivo in the embryonic spinal cord (data not
shown). Expressing Fq fish were raised to adulthood and screened for germ line
transmission. Positive F; embryos were raised as stable transgenic /mpz reporter lines.
Embryos/larvae (F2) from multiple F; fluorescent reporter lines were screened for potential
use in fluorescent quantification of myelination /n vivo, e.g., using cytosolic or membrane
tethered EGFP or mCherry. Several individual mpz22:5k6 F, founders were then raised to
adulthood. Their embryos (F3) were screened for strong expression of mMEGFP or mCherry
in the spinal cord and brain and the highest expressing embryos were raised to adulthood (F3
generation). A Tg(mpz:Gal4-VP16,cmcl2:EGFP) line was also generated using available
Gateway entry clones (Halpern et al., 2008). Founder lines were identified by green heart
marker expression (¢cmc/ZEGFP), and out crossed with AB or TLs to produce a stable
To(mpz.Gal4-VP16,;cmcl2:EGFP) line. This line was also crossed with a Tg(UAS.Kaede)
line (Bruce Appel, University of Colorado School of Medicine; unpublished), to drive Kaede
(Ando, Hama, Yamamoto-Hino, Mizuno, & Miyawaki, 2002) expression in mpz-expressing
cells.

Zebrafish Husbandry and Live Imaging

All animal protocols were approved by the Institutional Animal Care and Use Committee at
the University of Colorado School of Medicine. Embryos were raised at 28.5°C in egg water
or embryo medium (EM) and staged according to hours post fertilization (hpf), days post
fertilization (dpf), and morphological criteria (Kimmel, Ballard, Kimmel, Ullmann, &
Schilling, 1995). At the end of experiments, larvae were sacrificed with an overdose of >2%
tricaine (Ethyl 3-aminobenzoate methanesulfonate salt [MESAB]; Sigma) in EM or
processed for further analysis (see below). For live imaging, 2-6dpf larvae were embedded
in 1% low-melt agarose containing 0.1% tricaine. Live confocal images were acquired on a
Leica SP5 laser scanning microscope (Leica Microsystems GmbH, Wetzlar, Germany) using
Leica Application Suite Advanced Fluorescence (LAS AF) Software. For quantification of
MEGFP reporter intensity, 20X confocal z-stack images (lateral view, 2um step size) of
equivalent truck regions (identified by dorsal fin in bright field, segments 8-16) were
collected using identical gain and off set values. mMEGFP intensity was calculated on 3D
reconstructions of each confocal z-stack using the surfaces tracing plugin (IMARIS imaging
processing software) to calculate a ‘max intensity surface’ for each larvae [n=4-6 larvae per
experiment (N)]. To control for potential variation in transgene expression between
individual founders, only larvae from single founder outcrosses were included in each
experiment. Data from N=6 total experiments were pooled and mEGFP intensity values
compared between DMSO control and drug treated groups. Significance was calculated
using 1-way ANOVA statistical analysis software (GraphPad Prism software).
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Drug Treatments

gPCR

Small molecule drugs were purchased from Tocris or Sigma Aldrich, dissolved in DMSO
following manufacturer’s recommendations, stored at —20°C or —80°C and thawed fresh for
each experiment. Prior to drug treatment, larvae were sorted for EGFP expression,
dechorinated and placed in 6-well plates at a maximum of 25 per well. Larvae were treated
with EM + 1% DMSO (control) or 1% DMSO + drug EM+drug (or DMSQO). EM+drug (or
DMSO) was refreshed every 24hrs during treatment period, which spanned 2—6dpf
depending on the specific developmental time frame tested, e.g 2-3dpf for OPC
specification and migration, 2—-4dpf for initiation of myelination, 3-6dpf for ongoing
myelination and 2—6dpf or 2-8dpf for electron microscopy analysis. At the end of each
experiment, larvae were collected for live imaging, snap frozen for gPCR or Western blot
analysis, or fixed in 4% PFA for immunohistochemistry or in 2% glutaraldehyde and 4%
paraformaldehyde for EM (see below).

For each experimental condition, 15-20 embryos were anesthetized 0.1% tricaine, and snap-
frozen with liquid nitrogen. Samples were stored in 300 ul Trizol Reagent (Thermo Fisher)
at —80°C. RNA was isolated using Direct-zol™ RNA miniprep Kit plus DNase treatment
(Zymo Research). After isolation, 100 ng of mMRNA was reverse transcribed using iScript™
Reverse Transcription Supermix for RT-gPCR (Bio-Rad). RT-qPCR was performed using
Tagman Universal PCR Master Mix (Thermo Fisher) on a StepOnePlus realtime PCR
Machine (Applied Biosystems). Amplification proceeded as follows: 50°C for 2 min, 95°C
for 10 min, and then cycling 40 times at 95°C for 15 sec and 50°C for 1 min. Tagman probes
(Thermo Fisher Scientific) were used for mRNA analysis including mpz (Dr03131915_m1),
36k (flj13639; Dr034338676_m1), and reference genes gapah (Dr03436842_m1l), and rp/13
(Dr03101114 g1). Commercially available probes for mbp were not available, therefore a
probe against mbpa-201 (ENSDARG00000036186, jh71mbpa) spanning exons 1 and 2, and
shared by all mbpa transcript isoforms, was designed through Eurofins (Longmont, CO)
using the following sequences: Forward: GTTCTTCGGAGGAGACAAGAAGAG,
Reverese: GTCTCTGTGGAGAGGAGGATAGATGA. All experiments followed the MIQE
Guidelines for gPCR (SA Bustin 2009).

mpz in situ hybridization

To generate an mpz antisense probe for /n situ hybridization (/SH), the sequences of known
protein coding transcripts for mpz-001 (ENSDART00000109251), mpz-003
(ENSDART00000132682), mpz-004 (ENSDART00000136818) and mpz-201
(ENSDART00000056372) were downloaded from the Ensembl genome browser (Zv9,
www.ensembl.org) and aligned using tools available on the T-COFFEE Multiple Sequence
Alignment Server (http://tcoffee.crg.cat). A 454bp amplicon shared by all transcripts was
amplified using KAPA HiFi PCR Kit (Kapa Biosystems) and the following primers:
Forward: TTCTCCAGAA GTGTCCTTTACATGGCATTA & Reverse:
AAAAGAAGGATCACAGCAAAAACAG), and was then subcloned into pGEM-T easy
vector system (Promega). DIG-labeled sense and antisense probes against mpz were
synthesized following manufacturer’s recommendations (Roche Applied Biosciences).
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Whole-mount /SH in 2-6dpf wild type (AB), Tg(mpz:mEGFP) or Tg(olig2:EGFP) larvae
was performed as previously described (Mathews & Appel, 2016). Probe hybridization was
visualized using BM purple (Roche) or Fluorescent-/SH (FISH) using a TSA® Plus Cyanine
3 (Cy3) detection kit (Perkin-Elmer). For F/ISHIIHC, larvae were incubated in ms a EGFP
antibody (Living Colors, JL-8, Clontech Laboratories) following ~/SH as described in
(Seredick, Van Ryswyk, Hutchinson, & Eisen, 2012). Following probe development, larvae
were either cryosectioned and imaged with a QImaging Retiga EXi color CCD camera
mounted on a compound microscope and imported into Adobe Photoshop or whole-mounted
in agarose and imaged by confocal microscopy as described above.

Immunohistochemistry (IHC)

Following drug treatments, 6dpf Tg(mpz:mEGFP) larvae were fixed 4%PFA/1X PBS
overnight, washed 3x in 1X PBS, frozen in 1.5% agar/5% sucrose cryoprotectant, then
sectioned at 15-20uM. Sections were preblocked in 1%BSA/1% heat inactivated Sheep
Serum/ 1X PBS + 0.2% Triton X, and incubated overnight in antibody specific for zebrafish
Mbp (1:500, gift from Bruce Appel) and mseEGFP (JL-8, 1:1000, see above). Sections were
incubated with fluorophore-conjugated secondary antibodies (1:1000, MolecularProbes),
after which they were mounted in Fluoromount and imaged by confocal microscopy, as
described above, using identical gain settings.

Western Blot

For each experimental condition, 20-25 larvae per treatment condition per experiment (N)
were anesthetized in 0.1% tricaine in EM, collected, snap frozen in liquid nitrogen and
stored at —80°C until processing. To collect protein, larvae were thawed on ice, then
homogenized in 1% Sodium Dodecyl Sulfate (SDS) in RIPA Buffer plus cOmplete™ mini
protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail set 1l (Calbiochem)
using a 0.1 ml mortar and pestle (Electron Microscopy Sciences). Lysates were then
sonicated and centrifuged at max speed, to collect the supernatant. Protein concentrations
were quantified using a Pierce BCA Protein Assay Kit (Thermo Scientific). Samples were
diluted in RIPA buffer + Trident 6x Laemmli SDS (GeneTex) + 15% 2-Mercaptoethanol
(Sigma), heated at 95°C for 5 minutes, chilled on ice and centrifuged at max speed at 4 °C
for 10 minutes. Protein (50 ug) was loaded into 4-20% Mini-Protean TGX Precast Gels
(Biorad) in 1x Running Buffer (BioRad) and electrophoresed then transferred to PVDF-FL
Immobilon membranes (Millipore). Blots were blocked in 5% BSA/TBST, probed with
zebrafish-specific Mbp antibody (1:1000, as above, from Bruce Appel) and alpha-Tubulin
(1:5000, Cell Signaling), and visualized using LiCor compatible infrared-secondary
antibodies (1:20,000, LiCor). Band intensity (Mbp/alpha-Tubulin) was calculated using
Image Studio software. Relative band intensity (drug/vehicle treated) was compiled from
N=4 experiments, and significance calculated using paired t-tests using statistical analysis
software (GraphPad Prism).

Internode quantification

For mosaic labeling of individual oligodendrocytes, we microinjected of 1-5nl of pEXPR-
mbp:mEGFP.cmcl2:mCherry.tol2 (25ng/ul) + capped f0/2 mRNA (1ng/ul) into 1-2 cell AB
or Tg(sox10:1agRFP-T)embryos. Injected embryos were treated from 2-4dpf in EM+1%
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DMSO or EM+drug as described above. Confocal stack images (0.3uM step size, 3x
sampling) of individual oligodendrocytes in the dorsal spinal cord were collected. To match
regions to be quantified and to control for potential differences in growth rate along the
rostral caudal axis of the spinal cord, images were collected during a maximum 3 hour
window from segments along the yolk extension (identified by dorsal fin, approximately
segments 8-12). At least 50 individual cells per treatment group were imaged and data were
pooled from multiple experiments. Internode length, process number per cell, and total
internode length (sum of the length of all internodes per individual cell) were calculated
using 3D reconstruction and filament tracing software (IMARIS imaging processing
software). Statistical significance was calculated between DMSO and treatment groups
using paired t-tests in statistical analysis software (GraphPad Prism).

Electron Microscopy Analysis

RESULTS

For electron microscopy, all steps were assisted by the use of a PELCO Biowave Pro tissue
processor (Ted Pella). Zebrafish were first fixed in 2% glutaraldehyde and 4%
paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) (adapted from Czopka and
Lyons, 2011 PMID:21951525). Following primary fixation, the specimens were rinsed in 0.1
M sodium cacodylate buffer and post-fixed in a reduced osmium mixture consisting of 2%
osmium tetroxide and 0.1 M imidazole (pH 7.5). Specimens were rinsed in distilled water
and then stained en bloc with 8% uranyl acetate. Dehydration was carried out through a
graded series of ethanol (50%, 70%, 95%, 100%) and acetone (100%) before the samples
were finally infiltrated and embedded in EMbed 812 (Electron Microscopy Sciences) and
cured for 48 hours at 60°C in an oven. The zebrafish were trimmed to the same location on
the rostral-caudal axis and ultrathin sections (65 nm) were cut and mounted on Formvar-
coated slot grids and viewed at 80 kV on a FEI Tecnai G2 transmission electron microscope
(Hillsboro, OR) with an AMT side-mount digital camera (Woburn, MA). Electron
Microscopy data was collected from just above the yolk sac extension, (~somites #12-14)
Transverse sections of the spinal cord for each larvae were captured, with focus on the
regions containing dorsal and ventral myelinated axons. Images were blinded and number of
myelinated axons quantified using Fiji then summed for each individual larva. The total
number of ventral and dorsal myelinated axons per fish were summed then averaged across
treatment groups (Total larvae analyzed per group were as follows: 2-8dpf; DMSO n=186,
GC1 n=15 and 2-6dpf; DMSO n=12, rapamycin n=11) and compared using unpaired t-tests
in Graphpad.

Mpz, the zebrafish homolog of mammalian Protein zero (P0), has previously been reported
to be expressed exclusively in the CNS, where it is important for the intermembrane
compaction of myelin in the fish (Bai et al., 2011; Brosamle & Halpern, 2002), but it has not
been reported to be expressed in the PNS during early development (Brosamle & Halpern,
2002; C. E. Buckley et al., 2010). Genomic databases (Zfin and Ensembl) indicated a single
copy of the mpz gene in the zebrafish genome located on chromosome 2. Sequence queries
using the UCSC genome browser identified several Bacterial Artificial Chromosomes
(BACs) that likely contained the full upstream c¢is promoter of the /pz gene. Since no
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suitable restriction sites for isolating a significant portion (>2kb) of the putative promoter for
mpz were available, we used recombination based genetic engineering, or ‘Recombineering’
(P. Liu et al., 2003) to isolate a 12.5kb fragment of the BAC located immediately upstream
of start codon of mpz-001, the most abundant /mpz splice isoform present in zebrafish
myelin (Bai et al., 2011). Once this 12.5kb putative mpz promoter sequence was isolated,
Gateway modular cloning was used to generate several mpz-driven expression vectors to test
the efficacy of multiple fluorescent reporters (e.g. membrane tethered vs cytosolic EGFP,
and mCherry; data not shown) to label oligodendrocyte lineage cells. These clones were
used to generate a series of mpztransgenic lines, some optimized for cell body stain/
quantification and others optimized for visualizing oligodendrocyte membrane production
and nascent internode morphology in live animals. The major line described here,
Tg(mpz:mEGPF) (Figure 1A-C), strongly expressed a membrane-tethered variant of EGFP
(CAAX; prenylated EGFP, hereafter referred to as ‘mEGFP’) in oligodendrocyte lineage
cells (Figure 1B) and myelinating oligodendrocytes (Figure 1C), which are readily visible
from 2.5dpf on in the spinal cord of developing larvae.

Transient activation of the 12.5kb mpz reporter was observed in nascent neural tube,
beginning at ~16-18hpf, presumably labeling a subset of neural progenitor cells (data not
shown). This early promoter activation is similar to previous reports (Schweitzer, Becker,
Becker, & Schachner, 2003) and to the transient activation seen in other myelin protein
promoters such as PLP in the developing spinal cord (Harlow, Saul, Culp, Vesely, &
Macklin, 2014). Similarly, in some founder lines, MEGFP expression was observed in the
digestive track of developing larvae (data not shown), consistent with reports of PO promoter
activation in the gut of mice during development (M. J. Lee et al., 2001). mEGFP expression
also occurred in the developing lens of the eye (data not shown), consistent with published /in
situhybridization data for mpztranscripts (Thisse, B., Thisse, C. 2004, ZFIN Direct Data
Submission [http://zfin.org]) and low expression of MEGFP was observed in the developing
heart, as we found, using an isolated myelin basic protein (/mbp) promoter fragment
(Almeida, Czopka, Ffrench-Constant, & Lyons, 2011; Hines, Ravanelli, Schwindt, Scott, &
Appel, 2015; Jung et al., 2010) (unpublished observations). Since no purified zebrafish-
specific Mpz antibodies were available for immunohistochemistry, we could not determine
whether mpz promoter activity outside the CNS, or in non-oligodendrocyte lineage cells,
resulted in protein expression.

By 2.5dpf, cells with the morphology of OPCs and myelinating oligodendrocytes (i.e.,
producing nascent internodes in the dorsal spinal cord and elongating sheaths surrounding
ventral Mauthner axons) were clearly visible in the spinal cord (Figure 1B, arrows). At
2.5dpf some non-oligodendrocyte specific expression of mMEGFP was also seen in some
interneurons/neural progenitors likely due to persistent mEGFP fluorophore expression
produced during the transient activation of the promoter earlier in neural tube development
described above. However, by 3dpf, this non-oligodendrocyte specific expression in the
spinal cord was largely reduced, and replaced by the intense mMEGFP expression from
expanding oligodendrocyte processes and nascent internodes, which were clearly seen in the
6dpf spinal cord by live confocal imaging (Figure 1C). Furthermore, any residual low level
non-oligodendrocyte specific mMEGFP expression in the spinal cord from the early ~16-18hr
promoter activation required a very high gain setting to visualize from 4dpf on and was quite
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dim in comparison to the intense expression seen in myelinating membranes (see
supplemental Figure 1). Following preliminary characterization of the mpz:mEGFP reporter,
multiple F1 Tg(mpz:mEGFP) founder lines were screened for the strongest oligodendrocyte
specific expression (and the least non-myelin specific expression), then propagated by
outcrossing to at least the F3 generation.

To compare specific labeling of myelinating glia by the mpz:mEGFP reporter with other
well characterized oligodendrocyte lineage promoters, the Tg(mpz:mEGFP) line was
crossed with multiple lines generated using previously characterized promoters (Hines et al.,
2015; Takada et al., 2010) such as Tg(sox10:nls-T-RFP) (Figure 2A), Tg(50x10:mRFP)
(Figure 2B) and Tg(mbpla:mT-RFP)or Tg(mbpla:T-RFP) (Figure 2C, G,H). Lateral spinal
cords in 4-6dpf larvae were imaged to confirm the co-expression of mMEGFP with Sox10-
driven nls-T-RFP (Figure 2A) or mbpla-driven membrane tethered T-RFP (mT-RFP; Figure
2B,C), or cytosolic T-RFP (Figure D,E and supplemental Figure 2) in cells that have the
classic morphology and localization of myelinating oligodendrocytes in zebrafish spinal
cord. To visualize the specificity of the mpz reporter for myelinating glia in the entire CNS,
we also bred the mpz:-mEGFP and mbp: T-RFP reporters into the Casper background, which
lacks all pigment cells (White et al., 2008), allowing better visualization of the developing
CNS, especially in the brain, from 3-6dpf (see supplemental Figure 2). Live imaging
confirmed that there was consistent co-expression of the /mpz membrane reporter (green cell
membranes; Figure 2D,E arrowheads) seen at low level surrounding the mbp cytoplasmic
reporter (red cell bodies; Figure 2D arrowheads) by 4—-6dpf in the CNS of Tg(mpz:mEGFP x
mhbpla:T-RFP) larvae. Similarly, whole-mount fluorescent /n situ hybridization (F-/SH) with
a DIG-labeled antisense probe that recognizes a 454bp region shared by all mpz transcripts
was combined with IHC for EGFP protein in 6dpf Tg(o/ig2"¥:EGFP) or at 6dpf
Tg(mpz:mEGFP) larvae (supplemental Figure 3). Double positive EGFP+/mpz+ cells were
observed in the spinal cord and hindbrain, consistent with myelinating oligodendrocytes.
Finally, we performed whole-mount IHC in 6dpf Tg(mpz:mEGFP) larvae using an antibody
specific for zebrafish Mbp protein, and observed strong co-localization of Mbp protein with
the mEGFP reporter in the brain, spinal cord, lateral line, and cranial nerves of larvae
(Figure 2F-H), consistent with known sites of myelination in the fish. Altogether, these data
support that the mpz:mEGFP reporter, strongly and specifically labels myelinating cells,
including oligodendrocytes and to some extent Schwann cells, in the developing zebrafish
nervous system.

Although previous reports indicated that expression of /mpz transcripts is CNS specific in
developing larvae from 2-10dp (Brosamle & Halpern, 2002; Clare E Buckley et al., 2010;
Schweitzer et al., 2003), as noted above, we observed weak expression of mMEGFP in
myelinating Schwann cells in the lateral line and cranial nerves of developing larvae from 4—
6dpf (Figure 2F,H). mpztranscripts have been seen in the PNS of juveniles and adults
(Schweitzer et al., 2003), although at significantly lower levels than mbp transcripts or Mbp
protein, and our data showing high Mbp protein expression with weak mpz.mEGFP
expression in the lateral line at 6dpf (Figure 2G,H) are consistent with that. Given that the
mbplapromoter is also specifically expressed in myelinating oligodendrocytes, we also
compared the intensity of several membrane reporter lines made using the mbplapromoter.
Our mpz:mEGFP reporter was consistently expressed earlier than the mbp. T-RFP reporter,

Glia. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Preston et al.

Page 11

with nascent myelinated tracks readily visible at ~3dpf in the spinal cord and hindbrain (see
Supplemental Figure 2). The mpz.mEGFP reporter was also consistently brighter than the
mbpla:mT-RFPor mbpla.:mEGFP reporters in the spinal cord (Supplemental Figure 4)
during our drug treatments (e.g 2-4dpf or 3—-6dpf) and strongly labeled oligodendrocyte
membranes in both the dorsal and ventral spinal cord while only dimly labeling Schwann
cells in the PNS (Supplemental Figure 4). There was significant variation in the membrane
reporters made using the mbplapromoter, where they were either highly expressed in the
PNS and only dimly expressed in the CNS (mbpla:mTRFP, supplemental Figure 4) or most
intensely expressed around large ventral Mauthner axons and only weakly expressed in
oligodendrocytes in the dorsal spinal cord (mbpla.mEGFP, supplemental Figure 4).

Given that our goal was to use mpz-driven mMEGFP accumulation as a surrogate for CNS
myelination, we wanted to confirm that our putative /pz promoter was expressed
specifically in myelinating oligodendrocytes in the spinal cord after 2.5dpf (see Figure 1B)
and that it does not continue to be expressed in neural progenitors after its transient
activation at ~16-18hrs. First, /SH of spinal cord sections (Figure 3) showed that mpz
transcripts were highly expressed in myelinated tracts between 3dpf (Figure 3A) and 6dpf
(Figure 3B). To look more closely at when our mpz transgene was actively expressed, we
photoconverted Kaede (Hatta, Tsujii, & Omura, 2006; Leung & Holt, 2008) to follow the
temporal activation of the mpz promoter during spinal cord development. Here, 2.5-3dpf
(60-72hrs) Tg(mpz:Gal4-VP16,UAS.Kaede) larvae were anesthetized, mounted in agarose
and exposed to UV light for approximately 3 minutes to irreversibly convert Kaede protein
from green to red, which can be stable for several days (Sattarzadeh, Saberianfar, Zipfel,
Menassa, & Hanson, 2015). To precisely determine when mpz promoter activity becomes
confined to oligodendrocytes, we photoconverted Kaede every 2hrs (e.g., photoconversion at
60hrs, 62hrs, 64hrs, ect.). After confirming total conversion of Kaede to red by confocal
imaging (data not shown), embryos were removed from agarose, returned to the incubator
and allowed to develop normally. At 6dpf, UV exposed larvae expressed residual red Kaede
protein (from the photoconversion at 2.5-3dpf) in many cells including some
oligodendrocyte lineage cells and other neural progenitors in spinal cord (produced during
transient activation of the mpz promoter at ~16-18hrs; see Figure 1B). However, newly
produced green Kaede protein, i.e., non-photoconverted Kaede protein, was observed only in
cells with both the morphology and localization of myelinating oligodendrocytes in the
spinal cord (Figure 3C-E), and in the hindbrain and cranial nerves outside the CNS
(supplemental Figure 5). Based on these data, it is clear that the mpz promoter is active only
in myelin-producing cells after ~2.8dpf (66hrs). Therefore, changes in EGFP fluorescence in
the mpz.mEGFP reporter line after 2.8dpf are directly related to changes in mpz gene
activation specifically in myelinating glia.

Next, to test the efficacy of the mpz:mEGFPreporter line as a model to assay changes in
myelination /n vivo, larvae were bath exposed to several small molecule drugs previously
shown to impact signaling cascades important for oligodendrocyte development including
10nM GC1, a thyroid receptor (TRp) agonist (Baxi et al., 2014), 5-10uM Way200070, an
estrogen receptor (ERpB) agonist (Khalaj, Hasselmann, Augello, Moore, & Tiwari-Woodruff,
2016), 20mM rapamycin, an inhibitor of MTOR signaling (Abraham & Wiederrecht, 1996)
and 1.5uM Ag1478, an Epidermal Growth Factor Receptor (EGFR) antagonist (Pruvot,
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Cure, Djiotsa, Voncken, & Muller, 2014) that reduces ERK1/2 signaling. Developmental
analysis of untreated 1-6dpf embryos by gPCR showed that significant upregulation of
myelin-specific gene transcripts (mpz, mbp, 36K) began between 2-3dpf and increased
steadily through 6dpf (Supplemental Figure 6), consistent with previous characterization of
the temporal specification and differentiation of myelinating glia in the fish (reviewed in
Preston & Macklin, 2015). To target distinct stages of oligodendrocyte development,
Tg(mpz.mEGFP) larvae were bath treated from 2-4dpf (initiation of myelination) or from
3-6dpf (ongoing myelination) (Figure 4A) and images of equivalent spinal cord segments
were collected from live larvae by confocal microscopy. Total spinal cord EGFP intensity
(Relative Fluorescent Units, RFUs) of 3D reconstructions; Figure 4B—C) of drug-treated
larvae were compared to vehicle-treated larvae (1% DMSQ). Imaging intensity was
optimized for the strong signal intensity in oligodendrocyte processes, thereby minimizing
any residual non-oligodendrocyte specific mEGFP expression in the spinal cord (see
supplemental Figure 1). During initiation of myelination (2—4dpf), significant increases in
relative EGFP intensity were observed in GC1-treated fish but not in Way200070-treated
larvae, relative to DMSO treated controls (Figure 4B). Conversely, EGFP intensity was
significantly decreased in rapamycin-treated but not in Ag1478-treated (Figure 4B).

gPCR analysis for common myelin mRNAs showed relatively comparable responses to the
drugs (Figure 4D-E). mpz, mbp and 36K transcripts, which are the most well characterized
myelin-specific transcripts in zebrafish (Q. Bai, M. Sun, D. B. Stolz, & E. A. Burton, 2011b;
C. E. Buckley et al., 2010; Morris et al., 2004) were quantified, and the changes in EGFP
intensity generally mirrored changes in mpz mRNA expression as assayed by qPCR
(Relative changes [RQ] for GC1: 2.29 fold increase, p<0.0166; Way200070: 1.75 fold
increase, p<0.0079; rapamycin: 0.40 fold vs DMSO, p<0.0182 and Ag1478: 0.77 fold
decrease, p<0.402; Figure 4D). 36k mRNA levels were generally regulated more
consistently with mpz mRNA levels and the mpz:mEGFP reporter response. Most myelin
MRNAS were particularly inhibited by treatment with rapamycin, which is unsurprising
given the known impact of mTOR signaling during myelination. There were, however, some
distinctions in RNA accumulation relative to the mpz:mEGFP reporter responses. The most
striking difference is the lack of responsiveness of m6p RNAs to some of the treatments. For
example, there is a small, non-significant, increase in RFU quantification at 2—-4dpf
treatment with Way200070, with statistically significant increases in mpzand 36K mRNA
for those samples, but no change in mbp mRNA. This may reflect altered regulation of mbp
MRNA transcription/stabilization, which is not unexpected, as mbp mRNA is tightly
regulated for transportation out into the accumulating myelin membranes for local
translation (for a detailed review see (Muller, Bauer, Schafer, & White, 2013). The
differences in mMRNA accumulation relative to mpz:mEGFP detection may also reflect
increased impact of drugs on cells in brain and hindbrain, which are not included in the
imaging of individual fish in spinal cord.

To test if our drugs were also able to modulate on-going (active) myelination, in addition to
the initiation of myelination, we treated fish from 3-6dpf, when dorsally migrating OPCs
have already migrated to their target axons and begun generating myelinating processes.
Here, we found that changes in EGFP intensity largely mirrored the changes in EGFP
intensity seen in the 2—4dpf treatments (Figure 4B). EGFP intensity was significantly
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increased in GC1-treated larvae and but not in Way200070-treated larvae (Figure 4B), and
decreases in EGFP intensity in rapamycin-treated but not in Ag1478-treated larvae (Figure
4B) were also observed, which were similar to the 2-4dpf treatment groups. These faithfully
represented changes in increases (GC1 2.7 fold change; p<0.00028) or decreases (rapamycin
0.69 fold change; p<0.02441) in mpz mRNA expression assayed by gPCR (Figure 4E,
Supplemental Table 1). In general, the mRNA responses of larvae treated from 2—4dpf were
more consistent with the RFU data than samples treated from 3—-6dpf. This perhaps suggests
RNA responses may be more sensitive to current regulation, while EGFP signal (as assayed
by mEGFP accumulation) is more stable and captures functional changes in cell morphology
from early changes in RNA signal. Nevertheless, again, rapamycin had an inhibitory effect
on both RFU data representing membrane accumulation and RNA data representing
accumulated RNAs (Figure 4E, supplemental Table 1).

We next asked if the observed changes in mpz promoter activation or inhibition and mRNA
levels following drug treatments (EGFP reporter and gPCR) also resulted in significant
changes in myelin protein production in zebrafish larvae. Here, we focused on the two drugs
with the most significant impact on membrane fluorescence across treatment periods (2—
4dpf and 3-6dpf): GC1 as positive regulator of myelin transcription and rapamycin as a
negative regulator of myelin transcriptional programs. To quantitatively assay changes in
Mbp protein levels, we performed western blot analysis on larvae treated from 2—4dpf with
DMSO, GC1 (10nM) or rapamycin (20uM). Consistent with our EGFP intensity and gPCR
analysis, GC1 increased Mbp protein expression by ~60% (1.58 +/- 0.097 fold increase,
p<0.0157) (Figure 5A-B), while rapamycin decreased Mbp protein expression by ~30%
(0.72 +/- 0.055 fold decrease, p<0.0238) (Figure 5A-B). To confirm changes in Mbp
protein specifically in the spinal cord, which is first detectable by IHC at 6dpf, we also
performed IHC with antibodies against Mbp and EGFP on transverse sections of 6dpf
Tg(mpz:mEGFP) larvae treated from 3—-6dpf with DMSO (1%, Figure 5C-E), GC1 (10nM;
Figure 5F—H) or rapamycin (20uM, Figure 51-K), showing protein expression changes
comparable to the mRNA changes.

In order to better understand potential cellular mechanisms that might contribute to the
observed alterations in myelin RNA/protein expression, we repeated our 2-4dpf drug
treatments in oligodendrocyte lineage reporter lines that label cell bodies (Hines et al., 2015;
H.-C. Park et al., 2002; Takada et al., 2010). First, we counted EGFP+/RFP+ cells in dorsal
spinal cord of 2-4dpf drug treated Tg(0lig2.EGFP,sox10:T-RFP) or Tg(olig2:EGFP,;mbp. T-
RFP)larvae. GC1 treated embryos had no change to the total number of o/ig2+/sox10+ cells
(20.4 vs 18.4 double positive cells, p>0.1782) or olig2+/mbp+ cells (17.8 vs 16.4, p>0.495)
compared to control larvae (Figure 6, A-B). In contrast, rapamycin treated larvae had a
significant decrease in the number of o/ig2+/sox10+(12.2 vs 18.4, p>0.0001) but no
changes in total number of o/ig2+ mbp+ cells (13.8 vs 16.4 p>0.171) compared to control
larvae (Figure 6, A-B). Taken together, these data indicate that GC1 had little impact on the
total number of oligodendrocyte lineage cells or their differentiation into myelinating
oligodendrocytes, although mbp reporter expression (as assayed by T-RFP intensity)
appeared to slightly increase in GC1 treated embryos (Supplemental Figure 7) consistent
with increases in mbp mRNA concentration (see Figure 4).
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In comparison, exposure to rapamycin reduced the number of total oligodendrocyte lineage
cells in the dorsal spinal cord, but did not prevent the available OPCs from differentiating
into myelinating oligodendrocytes as assayed by mbp promoter activation. However, the
intensity of mbp reporter expression (e.g. T-RFP intensity) was also slightly downregulated
(see Supplemental Figure 7), suggesting reduced promoter activity, which is consistent with
the reduction in mbp mRNA concentration (see Figure 4), and with the known inhibition of
active myelination by rapamycin.

Given that normal numbers of total number of oligodendrocyte lineage cells in our GC1-
treated larvae, we reasoned that the changes in mMEGFP intensity and myelin transcripts and
proteins might result from changes in myelin membrane production per individual cell.
Mosaic analysis allowed quantification of the morphology of individual oligodendrocytes.
Here, 1-2-cell AB embryos were injected with a construct encoding a 2.5kb mbpla
promoter fragment driving expression of mEGFP (pEXPRESS-mbpla’.5kb.mEGFP.cmcl2-
RFPtol2), which scatter-labelled individual mbp-expressing oligodendrocytes in the spinal
cord of zebrafish larvae. Injected embryos were then treated from 2—4dpf with either GC1 or
rapamycin, and live imaged to assay changes in the morphology of single cells (Figure 6C—
E). We measured three separate parameters of oligodendrocyte morphology including
average length of nascent internodes, average number of internodes per cell, and the total
internode production per cell (sum of the length of the internodes produced per individual
cell; Figure 6F—H). Consistent with changes in EGFP intensity, gPCR, and western analysis,
we found that GC1 treatment significantly increased both the length (29.43uM vs 26.4uM
compared to DMSO, p<0.026; Figure 6F) and number (18.2 vs 15.7 compared to DMSO,
p<0.0026; Figure 6G) of nascent internodes of individual oligodendrocytes. Conversely,
rapamycin treatment reduced both the length (22.26uM vs 15.69uM, p< 0.0028; Figure 6F)
and number (9.6 vs 15.7 compared to DMS0, p<0.0001; Figure 6G) of nascent internodes.
Furthermore, these changes in individual cell morphology resulted in highly significant
changes in total amount of internode myelin produced per cell, presumably resulting from
changes in the myelinating capacity of each oligodendrocyte in response to drug treatment.
Here, GC1 increased the total length of internodes produced by each cell an average of
~20% (512.6uM vs 409.9uM, p<0.0001; Figure 6H), while rapamycin decreased the total
length of internodes produced by ~50% (205.5uM vs 409.9uM, p<0.0001; Figure 6H).

Finally, to confirm that quantifiable changes in the mpz:mEGFP reporter, myelin transcript
expression, protein expression and individual cellular morphology are predictive of changes
in myelin at the ultrastructure level, we performed electron microscopic analysis on the
spinal cords of DMSO and drug treated larvae. We found that myelin structure can be highly
variable in the fish at 4dpf and highly variable between larvae (data not shown) so we
focused on 8dpf after compaction of myelin begins the larval zebrafish (reviewed Preston &
Macklin, 2015). Here, we bath treated embryos from 2-8dpf with GC1 (10uM) or
rapamycin (20uM) and processed equivalent regions of the spinal cord for electron
microscopy as those imaged for mEGFP quantification (see Figure 4). Total number of
myelinated axons were counted in both the ventral and dorsal spinal cord (Figure 7A, boxed
regions). GC1 treatment increased the total number of myelinated axons at 8dpf as compared
to vehicle treated controls in both the ventral (57.0 v 50.4; p<0.0074; Figure 7B-C) and
dorsal (33.9 v 40.7; p<0.0071; Figure 7:B-C) spinal cord. Unfortunately, rapamycin
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treatment from 2-8dpf was lethal to the larvae, likely due to systemic suppression of mTOR
signaling in the developing embryos. Therefore, the maximum treatment window possible
for analysis of the impact of rapamycin was 2—6dpf. Consistent with the decreases in
mEGFP+ intensity, myelin transcript expression and Mbp protein, rapamycin treatment
decreased the total number of myelinated axons as compared to vehicle treated controls in
both the ventral (40.1 vs 33.4, p<0.0042; Figure 7: C) and dorsal (16.9 vs 12.5, p<0.0057;
Figure 7:C) spinal cord.

DISCUSSION

Recovery of function following MS attacks depends both on reducing the inflammatory/
immune attack on myelin and the local inflammation, then efficient replacement of damaged
myelin (extensively reviewed in (Fancy et al., 2010; R. J. Franklin & Ffrench-Constant,
2008). OPCs are clearly recruited to demyelinated lesions but they fail to mature into
myelinating oligodendrocytes (see (R. J. M. Franklin & Blakemore, 1997; M. Preston &
Sherman, 2011; Sherman & Back, 2008). Furthermore, this remyelination failure becomes
more pronounced over time in patients (R. J. Franklin, Zhao, & Sim, 2002; Ibanez et al.,
2003). Therefore, identifying small molecule therapies that specifically promote
oligodendrocyte differentiation and myelin production is important for the repair process,
with the goal of slowing the degeneration of demyelinated axons (Bjartmar & Trapp, 2001).
High throughput small molecule screens have identified several promising drugs from FDA
approved libraries (Eleuteri et al., 2017; Mei et al., 2014; Porcu et al., 2015). For example,
two separate high throughput screens of FDA approved libraries using cultured OPCs
independently identified Clemastine, an antihistamine that enhances oligodendrocyte
differentiation and myelination in rodents (Li, He, Fan, & Sun, 2015; J. Liu et al., 2016; Mei
et al., 2014). However, many of the promising hits from such cell screens have failed to
show efficacy /n vivo or still need to be tested rigorously using /77 vivo rodent models. Given
the cost and time of testing candidate molecules in whole animals, /n vivo testing represents
a major bottleneck in the drug discovery pipeline, especially for translating /n vitro findings
into the pre-clinical validation needed to rapidly advance therapeutically relevant candidate
drugs into clinical trials.

The data presented here demonstrate that /mpz promoter-driven mEGFP accumulation/
fluorescence intensity can be used to rapidly and non-invasively follow myelin membrane
production in the spinal cords of developing zebrafish larvae. Thus our mpz:mEGFP reporter
line is a quick and rapid /n vivo measure of the relative impact of small molecule drugs on
myelin gene activation and cellular morphology. We have shown that Tg(mpz.mEGFP)
reporter fish responds to both positive (GC1) and negative (rapamycin) small molecule
regulators of signaling cascades known to influence myelination in other species such as
rodents and humans. Importantly, we found that the change in mMEGFP accumulation in
response to bath application of drugs is strongly correlated with activation of myelin specific
genes, and is predictive of changes in myelin-specific protein production (Mbp) and changes
in the total numbers of myelinated axons. Thus, it is a useful proxy for altered myelination
in vivoin general. We used several well characterized transgenic lines including
Tg(olig2:EGFP) and Tg(sox10:T-RFP) (Blasky, Pan, Moens, & Appel, 2014; H. C. Park,
Shin, Roberts, & Appel, 2007; Takada et al., 2010); as well as, several reporter lines made
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with a previously isolated regulatory sequence for mbpla (Almeida et al., 2011; Jung et al.,
2010; Ravanelli & Appel, 2015), to more closely assess the responses of oligodendrocyte
lineage cells to GC1 and rapamycin to better understand the specific impact of each drug on
myelination. We found that following GC1 treatment, the number of myelinated axons in the
spinal cord increased without changing the number of oligodendrocyte lineage cells. By
contrast, following rapamycin treatment, despite reducing the overall number of
oligodendrocyte lineage cells (olig2+/s0x10+), oligodendrocytes (olig2+/mbp+) were still
able to initiate myelination, as assayed by activation of the mbp promoter (e.g mbpla:T-
RFP). However, these oligodendrocytes expressed significantly lower levels of both the
mpz:mEGFPand mbpla: T-RFP reporter (Supplemental Figure 7), and larvae had reduced
levels of myelin specific MRNAs and Mbp protein.

To better understand the cellular mechanisms underlying these changes, we used single cell
labeling of myelinating oligodendrocytes (mosaic labeling of mbpIa:mEGFP+ cells in the
dorsal spinal cord) which allowed us to quantify the number and length of internodes, i.e.,
the overall myelin membrane production by an individual cell. Oligodendrocytes in GC1-
treated embryos produced more nascent internodes, which were increased in length, while
oligodendrocytes in rapamycin-treated embryos had fewer nascent internodes that were
shorter in length. Electron microscopy demonstrated that these observed changes in
individual cellular morphology correlated with significant changes in the total number of
myelinated axons, which were increased in response to the positive regulator (GC1) and
decreased in response to the negative regulator (rapamycin). Altogether, these data support
the hypothesis that the total amount of myelin generated by individual cells can be
modulated by small molecule drug treatment, and that these small changes in individual cell
morphology can account for significant changes in total myelin membrane produced on a
global level. As in other zebrafish studies (Almeida et al., 2011; T. Czopka, Ffrench-
Constant, & Lyons, 2013), these findings indicate that the myelinating potential of an
individual oligodendrocyte is highly plastic, responding to both intrinsic and extrinsic cues,
and thus it is a prime target for therapeutic manipulation.

In validating our model, we tested several drugs that have been identified as targeting
potentially therapeutically relevant signaling cascades for demyelinating injuries and
diseases. We found that two, GC1 and rapamycin, significantly impacted mpz promoter
activation (MEGFP expression) and importantly, modulated myelinating process generation
and membrane production (accumulation of mMEGFP in expanding membranes). We also
observed changes in the spinal cord at the ultrastructure level in response to GC1 and
rapamycin treatment, with a ~20% change in the total number of axons selected for
myelination. Longer treatment periods may enhance these changes over time, although
significant functional recovery has been shown with as little as 25% recovery of compact
myelin (Readhead et al., 1987). Interestingly, we found that other drugs, such as the ERP
agonist Way200070 and the EGF Receptor antagonist Ag1478, were able to alter myelin
gene activation (in particular 36K or mpz RNA transcripts) but did not result in significant
changes in membrane production. As noted above, this could result from the fact that gPCR
analysis uses whole larvae and thus captures changes in transcriptional activation of myelin
genes in the brain and the PNS in addition to the spinal cord where our confocal imaging
was done. Alternatively, these differences could reflect acute changes in transcriptional
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activation that do not always reflect or result in changes in cellular morphology, e.g.
increases or decreases in myelin membrane production.

While our model will clearly not replace /in vivo myelination/remyelination models in
rodents, it could significantly increase the speed and decrease the cost of the preliminary /n
vivo characterization of hundreds of candidate drugs, and be useful in identifying the most
promising (and therapeutically relevant molecules) to move up the pipeline. For example, we
found that GC1 robustly and reliably increased mEGFP intensity (and myelin gene/protein
expression) at a nanomolar concentration whether it was delivered in single or multiple
doses (data not shown), or whether treatment occurred during initiation (2—4dpf) or on-going
(3-6dpf) myelination. Consistent with these observations in the fish, GC1 has been shown to
strongly promote myelination in rodents and human stem cell-derived oligodendrocyte
lineage cells (Baxi et al., 2014) and is currently being tested for its therapeutic potential.
These results also highlight that pharmacologic modulation of complicated signaling
cascades that drive myelination, such as those studied here, also need to be tested in an in
vivo context for efficacy. For example, recent work from our lab and others has shown that
mTOR signaling, a fundamental driver of myelination that impacts progenitor differentiation
and membrane synthesis, may be vastly more complex than previously appreciated. Here, in
the PNS, mTOR activity is initially elevated in progenitor cells, but must be downregulated
to allow Schwann cells to begin differentiation. Next, mTOR signaling must then be
upregulated to promote active myelination programs (Figlia, Norrmen, Pereira, Gerber, &
Suter, 2017). We found that rapamycin treatment unexpectedly did not block OPC
differentiation into mbp+ oligodendrocytes but strongly impacted the morphology of
individual cells and reduced their myelinating capacity. As such, zebrafish studies using
narrow treatment windows and time lapse imaging should provide important insight into
how complicated signaling cascades can be specifically modulated to control
oligodendrocyte lineage progression to drive myelination in real time.

An ideal screen for molecules that specifically target CNS myelination would use a reporter
that is expressed strongly and specifically in oligodendrocytes but not in other cell types.
The mpzreporter presented here is highly and specifically expressed in myelinating glia
after ~2.8dpf. However, there is brief transient activation of the promoter in neural
progenitors at ~16-18hpf, which is consistent with previous in situ hybridization analysis for
mpz RNA (Schweitzer et al., 2003). This early promoter activation results in a faint but
persistent expression of EGFP in non-oligodendrocyte cells during our treatment
timeframes, likely due to the prolonged stability of EGFP protein (Progatzky, Dallman, &
Lo Celso, 2013). However, 3D imaging demonstrated no change in this non-oligodendrocyte
signal in response to drug treatments, consistent with EGFP stability rather than ongoing
regulation in non-myelinating cells. Given the distinct localization and morphology of
myelinating oligodendrocytes, it is easy to identify any false positive hits due to non-specific
expression in other cells. In contrast to earlier reports for mpz expression (Brosamle &
Halpern, 2002;(Schweitzer et al., 2003), we found that our transgene is weakly expressed in
PNS Schwann cells during our treatment window (2—6dpf). However, we found that
mpz:mEGFP expression in the PNS was quite low in comparison to CNS expression, and
significantly lower than other myelin specific proteins such as myelin basic protein, which is
readily detectable in the lateral line a from ~3dpf by in situ hybridization (Brosamle &
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Halpern, 2002) and by ~5-6dpf when staining for Mbp protein in our studies. Therefore, we
believe our mpz:mEGFP reporter is useful for identifying drugs that enhance CNS
myelination specifically.

Early et al. have also recently reported a fluorescence-based myelination screening model in
zebrafish using mbp regulatory sequences (Early et al., 2018), which is expressed only in
CNS and PNS myelinating glia, and does not appear to be transiently activated in neural
progenitor cells like the mpz promoter described here. While there was robust expression of
our mbp reporters following injection during mosaic-labeling experiments (unpublished
observations), unfortunately the transgenic reporter lines we generated using this mbp
promoter were quite dim compared to our mpz reporter. This presented technical difficulties
for manual sorting and imaging, but more importantly, our mbp-driven reporter lines were
also highly variable between individual founders. We observed that the mbp transgene was
either strongly expressed in Schwann cells in the lateral line, but only weakly in the CNS, or
more strongly expressed in oligodendrocytes myelinating Mauthner axons and ventral spinal
cord axons but only weakly expressed in dorsal oligodendrocytes. This was a particular
problem during the earliest treatment periods (2—4dpf) when myelination of the dorsal spinal
cord is just beginning. These differences in transgene expression could be due to factors
such as the relatively small size (2.5kb) of the mbp regulatory elements used versus the
~12.5kb mpz promoter we used, or possibly to the insertion site of our transgene reporters,
which can strongly impact reporter strength, even in stable lines (Walker et al., 2012).
Another possibility is that the isolated /mbp regulatory sequences are more susceptible to
silencing or genome regulation than the mpz regulatory sequences. To minimize some of this
promoter and positional variability, transgenic animals are often generated using modified
BACs, which contain more endogenous upstream and intronic regulatory elements.
However, this requires modified BACs for each reporter line (ie EGFP, mEGFP, RFP, etc.)
and they often show reduced efficiency for germline transmission as compared to Tol2 based
integration (Bussmann & Schulte-Merker, 2011). As such, we used a combination of the two
methods to isolate the largest upstream regulatory element possible from a BAC for Tol2
transgenesis (see methods for more details). Alternatively, a non-technical and potentially
very important explanation for the differences in these reporters may be due to differences in
the timing of each myelin promoter activation during development. Here, the mpz.mEGFP
reporter was strongly activated in myelinating oligodendrocytes beginning at ~3dpf, while
the mbp reporters including mbpla:T-RFP, mbpla.mT-RFPand mbpla:-mEGFP were
challenging to detect manually prior to ~5dpf. Thus, the early and strong activation of the
mpz:mEGFP reporter allowed us to assay the effects of drugs on the differentiation and
internode production beginning at ~3-4dpf, when the first wave of myelinating
oligodendrocytes begins wrapping axons in the dorsal spinal cord.

Despite the relatively narrow temporal window studied here (2-8dpf), this model targets
oligodendrocyte lineage progression through several key developmental stages, including
proliferation and migration of OPCs, followed by target recognition, axonal wrapping and
nascent myelin compaction. Our imaging was confined to a distinct region of the zebrafish
trunk to capture and quantify only spinal cord myelination that occurs before pigmentation
obscures the CNS. The scale of our screen was also limited to a small number of compounds
due to temporal limitations of manual handling of larvae and labor intensive confocal
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imaging. In the future, efficient screening of 1000’s of compounds for large scale screens
will require specialized equipment for automated larvae handling and imaging scripts such
as developed by the Lyons lab (Early et al., 2018). It is also interesting to note that one
itineration of the Early et al. (2018) screen used a cytoplasmic marker for labeling
oligodendrocytes to identify changes specifically in oligodendrocyte cell number as a
parameter for identifying candidate molecules (Early et al., 2018). In contrast, our
membrane tethered reporter measures not only promoter activity, but also membrane
production, which may be independent of changes in oligodendrocyte cell numbers, e.g.,
such as following GC1 or rapamycin treatment where the total number of mbp+
oligodendrocytes was unchanged. Given that remyelination failure in MS lesions may result
from local disruption of differentiation programs in individual cells (reviewed in (Harlow &
Macklin, 2014; M. Preston & Sherman, 2011; Sherman & Back, 2008), identification of
drugs that specifically target the plasticity of the remaining/recruited oligodendrocytes by
targeting differentiation programs or membrane production may be particularly important
for enhancing remyelination (Wilson, Scolding, & Raine, 2006). Altogether, the use of
multiple myelin reporters, such as a cytoplasmic mbp reporter for cell counts and a mpz
membrane-tethered reporter to assay internode production, could provide a more
comprehensive picture of the therapeutic potential of candidate small molecules identified
via in vivo screening.
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Main Points:
Remyelination therapeutics need to be tested /n7 vivo for efficacy.

Fluorescent zebrafish can be used to follow myelin membrane production in
live larvae.

Drug screening in whole larvae predicts drug efficacy.
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Lateral view - spinal cord

Figure 1: Tg(mpz mEGFP) fish.

(A) 3 day post fertilization (dpf) larvae expressing membrane tethered EGFP under the
control of a 12.5kb mpz promoter fragment. High magnification confocal z-stack images of
the lateral spinal cord show some myelinating oligodendrocytes (arrows) at 2.5dpf (B) and
robustly myelinated spinal tracks by 6 dpf (C) in live larvae. (scale bar = 25uM)
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Figure 2: The mpz:mEGFP reporter co-localized with known oligodendrocyte markers.
mpz reporter expression (green) co-labeled oligodendrocyte lineage cells in the spinal cord

at 6dpf in Tg(sox10:T-RFPnls+) (red nuclei, A), Tg(sox10:mRFP+) (red membranes, B) and
Tg(mbpla:mRFP) (red membranes, C) transgenic lines, imaged laterally by live confocal
microscopy. Similarly, T-RFP positive cell bodies (arrowheads, D) also were faintly mEGFP
positive (arrowheads D, E) within mEGFP-positive myelinated tracks in the brain of a 6dpf
To(mpz:mEGFP,mbpla: T-RFP)*®P¢’ |arvae, imaged dorsally by live confocal microscopy.
Whole mount immmunohistochemistry for EGFP protein (green F,H) and Mbp protein (G,H
red) was consistent with mpz reporter expression specifically in myelinating glia in the
brain, spinal cord, lateral lines (arrows) and cranial nerves (arrowheads) of 6dpf
Tg(mpz.mEGFP) larvae, although MBP expression was much stronger in lateral line than
mpz reporter expression, consistent with low expression of 7pzin Schwann cells at this
stage. (scale bar 50uM, A-C; 100uM, D-F, 25uM, A-C).
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e
Transverse sections - spinal cord

Figure 3: The mpz reporter was restricted to myelinating cells in the spinal cord of developing
zebrafish.

In situ hybridization for mpz transcripts (purple) at 3dpf (A) and 6dpf (B) in transverse
spinal cord sections showed that mpz expression increased in the lateral spinal cord of
developing embryos during nascent myelination in larvae. In order to assess when mpz
promoter activity was specific to oligodendrocyte lineage cells, the whole spinal cord of
Tg(mpz.Gal4;UAS:Kaede) larvae was photoconverted at 2.5dpf and larvae allowed to
develop until 6dpf. Presence of photoconverted, stabilized Kaede protein in the spinal cord
of Tg(mpz.Gal4, UAS:Kaede) larvae at 6dpf showed that the mpz reporter had been active
before 2.5dpf in numerous spinal cord neural progenitors including oligodendrocyte lineage
cells (C, E, red cells; converted Kaede). However, the mpz reporter was active only in
myelinating oligodendrocytes after 2.5dpf (D, E, green cells; unconverted Kaede). (scale bar
=50uM)
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Figure 4: The mpz reporter responded to bath application of small molecule drugs.
Tg(mpz:mEGFP) larvae were incubated in embryo medium with vehicle, 10nM GC1, 10uM

WAY 200070, 20uM Rapamycin, or 1.5uM AG1478 in 1% DMSO during critical periods of
oligodendrocyte lineage progression including initiation of myelination (2—-4dpf, A-left

panels) or active myelination (3—-6dpf, A-right panels). Larvae were anesthetized with
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tricaine, mounted in low-melt agarose and live imaged using confocal microscopy (A). (B-
C) Representative max projections of 3D reconstructions using Imaris image processing
software were used to quantify total changes in fluorescence intensity (relative fluorescence

units [RFUs]) and compared to vehicle treated controls using equivalent regions of the
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lateral spinal cord. (D-E) qPCR analysis of mpz, mbp and 36K mRNAs following drug
treatments in age-matched larvae was consistent with the quantified changes in EGFP
intensity measurements (RFUSs). (scale bar = 50uM; statistical analysis: 1-way Anova,
p<0.05* <0.01** <0.001*** <0.0001****)
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Figure 5: Western blot analysis and immunohistochemistry for Mbp protein expression
correlated with mpz reporter activity in drug-treated larvae.

(A) Representative western blot of Mbp protein expression in 2-4dpf DMSO, GC1 (10nM),
or rapamycin (20uM) treated larvae. (B) Quantification of western blots showed that GC1
treatment significantly increased Mbp expression relative to DMSO treated controls (alpha
tubulin loading control), while rapamycin significantly decreased Mbp protein expression in
developing larvae. Immunohistochemistry of transverse spinal cord sections of 6dpf
Tg(mpz:mEGFP) larvae treated with DMSO (C-E), GC1 (F-H) or rapamycin (I-K) showed
changes in Mmb and EGFP expression in myelinated tracts in response to drug treatments.
(Scale bar = 10uM; statistical analysis: 1-way Anova, p<0.05* <0.01** <0.001***
<0.0001****)
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Figure 6: Morphological changes in individual oligodendrocytes following drug treatment.
Average number of dorsal oligodendrocyte lineage cells (olig2+/sox10+) was quantified

from 3D reconstructions of live images of the lateral spinal cord of Tg(olig2.EGFP;
s0x10:T-RFP) larvae (A) or myelinating oligodendrocytes (olig2+/mbp+) from
To(olig2:EGFP,; mbpla:T-RFP) larvae (B) following 10nM GC1 or 20uM rapamycin
treatment (2-4dpf). (C-E) Representative images of individual scatter labeled
oligodendrocytes and quantitative analysis of internode length (F), number of internodes (G)
and total internode length generated per cell (H) following 10nM GC1 or 20uM rapamycin
treatment (2-4dpf). (scale bar =25uM, statistical analysis: 1-way Anova, p<0.05* <0.01**
<0.001*** <0.0001****)
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Figure 7: Electron micrograph analysis of myelinated axons following drug treatment.
Transverse spinal cord sections were collected from wildtype larvae following drug

treatment with 10nM GC1 (2-8dpf) or 20uM rapamycin (2-6dpf). A representative image
(A) shows dorsal and ventral regions of the spinal cord containing myelinated axons. Boxed
areas were used for detailed analysis (scale bar=6uM). Myelinated axons were imaged at
high magnification (B, image shown is from 8dpf, scale bar=1uM) and quantified (C).
Electron micrograph analysis showed that GC1 treatment increased the number of
myelinated axons in both the dorsal and ventral spinal cord of fish treated from 2-8dpf,
while rapamycin treatment 2—-6dpf decreased the number of myelinated axons in both the
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dorsal and ventral spinal cord. (statistical analysis: unpaired t-test, p<0.05* <0.01**
<0.001*** <0.0001****)
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