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Abstract

During development, progenitors that are committed to differentiate into oligodendrocytes, the
myelinating cells of the central nervous system (CNS), are generated within discrete regions of the
neuroepithelium. More specifically, within the developing spinal cord and hindbrain ventrally
located progenitor cells that are characterized by the expression of the transcription factor o/ig2
give temporally rise to first motor neurons and then oligodendrocyte progenitors. The regulation
of this temporal neuron-glial switch has been found complex and little is known about the
extrinsic factors regulating it. Our studies described here identified a zebrafish ortholog to
mammalian atx, which displays evolutionarily conserved expression pattern characteristics. Most
interestingly, atxwas found to be expressed by cells of the cephalic floor plate during a time
period when ventrally-derived oligodendrocyte progenitors arise in the developing hindbrain of
the zebrafish. Knock-down of atx expression resulted in a delay and/or inhibition of the timely
appearance of oligodendrocyte progenitors and subsequent developmental stages of the
oligodendrocyte lineage. This effect of atx knock-down was not accompanied by changes in the
number of ofig2-positive progenitor cells, the overall morphology of the axonal network or the
number of somatic abducens motor neurons. Thus, our studies identified Atx as an extrinsic factor
that is likely secreted by cells from the floor plate and that is involved in regulating specifically
the progression of oligZ-positive progenitor cells into lineage committed oligodendrocyte
progenitors.
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INTRODUCTION

During development, oligodendrocytes, the myelinating cells of the vertebrate central
nervous systems (CNS), are generated from neural progenitor cells that are located within
distinct regions of the neuroepithelium (Miller, 2005; Richardson et al., 2006; Rowitch and
Kriegstein, 2010). The most direct known domain of progenitor cells giving rise to
ventrally-derived oligodendrocytes in the developing spinal cord and hindbrain is composed
of progenitor cells that sequentially generate first motor neurons and then oligodendrocytes
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(Richardson et al., 2000; Rowitch et al., 2002; Wu et al., 2006) and that can be identified via
the expression of the transcription factor o/ig2 (Lu et al., 2002; Mukouyama et al., 2006;
Park et al., 2002; Takebayashi et al., 2002; Zannino and Appel, 2009; Zhou and Anderson,
2002). Despite extensive research, however, the exact mechanisms and factors determining
the timely appearance of oligodendrocyte progenitors from o/ig2-positive progenitor cells
are currently not fully understood.

A well characterized factor regulating early development of both motor neurons and
ventrally-derived oligodendrocyte progenitors is sonic hedgehog (Shh), which is expressed
and secreted by cells of the floor plate (Jessell, 2000; Orentas and Miller, 1996; Park et al.,
2004; Poncet et al., 1996; Pringle et al., 1996). The floor plate is, however, known to release
extracellular factors other than Shh (Placzek and Briscoe, 2005), suggesting that it may
contribute to additional developmental mechanisms, possibly including the regulation of
oligodendrocyte development via a yet uncharacterized floor plate-derived signal.

In our previous studies we identified autotaxin (Atx), also known as Enpp2,
phosphodiesterase-la/Atx or lysoPLD, as an extracellular factor that promotes
differentiation of particularly the later stages of the oligodendrocytes lineage (Dennis et al.,
2008; Fox et al., 2004; Fox et al., 2003; Yuelling and Fuss, 2008). More specifically, Atx
was found to promote morphological maturation of differentiating oligodendrocytes via its
C-terminal domain, referred to as the modulator of oligodendrocyte remodeling and focal
adhesion organization (MORFO) domain. As such regulator of oligodendrocyte maturation,
Atx is thought to act as an autocrine signal since it is expressed and secreted by
differentiating oligodendrocytes. It is worth mentioning that while Atx has been originally
thought to be a proteolytically cleavable transmembrane protein, it is now well established
to represent a bona fide secretory protein (Jansen et al., 2005; Koike et al., 2006). During
embryonic development, particularly during the developmental time period when ventrally-
derived oligodendrocyte progenitors are generated (Pringle and Richardson, 1993;
Richardson et al., 2000; Sussman et al., 2000), atxwas found in the mouse to be expressed
by cells of the floor plate (Bachner et al., 1999). This spatio-temporal expression raises the
possibility that Atx may play an additional paracrine role in regulating the initial stages of
oligodendrocyte development. Knock-out mice for atx have been generated. However, they
are characterized by an early embryonic lethal phenotype due to severe vascular defects,
thus rendering them uninformative with regard to a potential /77 vivorole of atxin regulating
oligodendrocyte development (Ferry et al., 2007; Fotopoulou et al., 2010; Koike et al., 2009;
Tanaka et al., 2006; van Meeteren et al., 2006).

Here, the /n vivorole of atxin oligodendrocyte development was assessed using the
zebrafish as a model system. The choice of the model system was based on the notion that
zebrafish embryos can develop independent from a fully functional vascular system for up to
seven days post fertilization (Jin et al., 2007; Ny et al., 2006; Stainier, 2001), a time frame
that is sufficient for investigating oligodendrocyte development (Brosamle and Halpern,
2002; Buckley et al., 2010; Kirby et al., 2006; Park et al., 2002; Schebesta and Serluca,
2009). First, a zebrafish ortholog to mammalian atxwas identified and found to display
evolutionarily conserved expression pattern characteristics. Then, using morpholino
antisense oligonucleotide-mediated gene silencing, our studies revealed that in the
developing zebrafish hindbrain atx promotes the differentiation of oligodendrocyte
progenitors from olig2-positive progenitor cells. Furthermore, our findings suggest that this
novel functional role of atxoccurs by a paracrine mechanism with cells of the floor plate as
the most likely source for secreted Atx.
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MATERIALS AND METHODS

Zebrafish Strains and Care

Wildtype embryos of the AB strain were obtained through natural matings, raised at 28.5°C
and staged according to morphological criteria and hours post fertilization (hpf) (Kimmel et
al., 1995).

Sequence Analysis and cDNA Cloning

Sequence data for zebrafish atx (ZDB-GENE-040426-1156, NM_200603.1) were obtained
using NCBI’s Basic Local Alignment Search Tool (BLAST; Sayers et al., 2011). Amino
acid sequence alignments and phylogenic guide trees were generated using the Vector NTI
software package (Invitrogen, Carlsbad, CA). The authors would like to note that while
zebrafish atx is recorded under the gene symbol enpp2Z, the symbol atx will be used
throughout the manuscript since this is currently the most commonly used designation.

For the generation of gene-specific CRNA probes the following plasmid constructs were
used: atx: a 1843 bp Clal-Kpnl fragment containing the 3* 1812 bps of the 2552 bp atx
coding region was excised from the I.M.A.G.E. clone 3816628 (Open Biosystems,
Huntsville, AL) and inserted into pBluescript (Agilent Technologies/Stratagene, La Jolla,
CA). olig1 (ZDB-GENE-050107-2): a 674 bp fragment covering most of the 708 bp o/ig1
coding region was amplified from zebrafish embryo RNA (3 dpf). The resulting
amplification product was cloned into pBluescript. shhb (ZDB-GENE-980526-41): a 1990
bp fragment containing the entire sA4b coding region was amplified from 1.M.A.G.E. clone
7149635 (ATCC, Manassas, VA) and a T3 RNA polymerase binding site was introduced at
the 3’ end. In addition, previously described plasmid constructs were used for the following
genes: foxal (ZDB-GENE-990415-78): Odenthal and Nusslein-Volhard, 1998, foxaZ (ZDB-
GENE-980526-404): Strahle et al., 1993, mbp (ZDB-GENE-030128-2): Brosamle and
Halpern, 2002, o/ig2 (ZDB-GENE-030131-4013): Park et al., 2002, sox10(ZDB-
GENE-011207-1): Dutton et al., 2001.

Whole-Mount In Situ Hybridization and Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde in PBS overnight at 4°C and stored in
methanol at —20°C for at least 1 day. Colorimetric /n situ hybridizations using digoxigenin-
labeled antisense cRNA probes were performed by standard methods (Thisse and Thisse,
2008). Fluorescent immunostainings using the anti-neurofilament M antibody RMO44
(Invitrogen, Carlsbad, CA) and the anti-Neurolin/DM-GRASP antibody Zn-8
(Developmental Studies Hybridoma Bank, lowa City, lowa) were performed in principle as
described by Waskiewicz et al. (2001) and Zannino and Appel (2009), respectively.

In situ hybridized and immunostained embryos were imaged either as whole-mounts or
cryoprotected (30% sucrose/PBS), embedded in Tissue-Tek O.C.T. Compound (Sakura
Finetek, Torrance, CA) and cryosectioned (20 pm; Cryotome Cryostat; Shandon, Inc.,
Pittsburgh, PA). Embryos and sections of colorimetric /n situ hybridizations were mounted
in 90% glycerol/PBS. Images were acquired using either the extended focus module of the
axiovision software package in combination with an Axio Observer Z.1 or SteREO
Discovery.V20 microscope equipped with an AxioCam MRc digital camera (Carl Zeiss
Microlmaging, Inc., Thornwood, NY) or an Olympus SZX12 stereomicroscope equipped
with a DP70 digital camera (Olympus, Center Valley, PA). Fluorescently immunostained
embryos were mounted in Vectashield mounting medium (Vector laboratories, Burlingame,
CA) and images were acquired using a Zeiss LSM 510 META NLO laser scanning
microscope (Carl Zeiss Microlmaging, Thornwood, NY). Once captured, images were
imported into Adobe Photoshop and adjustments were limited to contrast, levels, color
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matching settings, and cropping. For quantification of RMO44-immuno-positive pixels 2D
maximum projections of confocal Z stacks of 5.66 um optical sections were analyzed
without prior image adjustments using IPLab imaging software (BioVision Technologies,
Exton, PA).

Morpholino Oligonucleotide and mRNA Injections

Two antisense morpholino oligonucleotides (MOs) targeting atx were designed and
synthesized by GeneTools (Philomath, OR) in accordance with the published zebrafish
genome sequence (Ensembl entry ENSDART00000047920): atx TL MO (5’-
TGCGTCTGGTGGCTCTCTTCCACAC-3’) was designed to target the atxtranslation start
site, while atx E212 MO (5’-AAGAAGCATCCTACTTTTTGAGAGC-3’) was designed to
target the exon 2-intron 2 splice site of atx. As controls, 5 base pair mismatch MOs were
used: atx TL control MO (5’-TGCGTGTGGTGCCTGTCTTGCAGAC-3’) and atx E2I2
control MO (5’-AACAAGGATCGTACTTTTTGACACC-3’). MOs were reconstituted in
H,0 and diluted in 1x Danieau buffer (58 mM NaCl, 0.7 mM KCl,. 0.4 mM MgSQy, 0.6
mM Ca(NO3),, 5.0 mM HEPES pH 7.6). 1 nl was injected into the yolk of one- to four-cell-
stage embryos. atx TL MO and atx TL control MO were injected at a concentration of 1 mg/
ml, while atxE212 MO and atx E212 control MO were used at a concentration of 10 mg/ml.
To confirm that phenotypes observed upon MO injections were not due to Tp53-mediated
activation of cell death pathways, an often observed MO off-target effect (Gerety and
Wilkinson, 2011; Robu et al., 2007), atx TL MO injected and uninjected embryos were
immunostained at 24 hpf with an anti-cleaved caspase-3 antibody. No significant difference
in the number of cleaved caspase-3-positive cells was observed (data not shown).

For mRNA rescue experiments 5” capped and 3’ polyadenylated atx sense RNA was
synthesized from a full-length rat-derived cDNA cloned into the vector pEF/V5-His (Dennis
et al., 2008) using mMessage mMachine T7 and Poly(A) Tailing Kits (Life Technologies/
Ambion, Grand Island, NY). 1 nl of mMRNA (20 ng/ul) was injected into the yolk of one- to
four-cell-stage embryos directly following the injection of the atx TL MO.

Western Blot Analysis

Embryos were deyolked and homogenized in lysis buffer (40 mM NaCl, 40 mM HEPES
(pH 7.4), 10 mM EDTA, 0.1% SDS, 1% Triton) including the cOmplete mini protease
inhibitor cocktail (Roche Diagnostics Corp., Indianapolis, IN). Lysates were centrifuged at
10,000x%g for 5 min and supernatants were collected. Proteins were resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred to Immaobilon-P PDVF
membranes (Millipore, Billerica, MA) in principle as previously described (Fuss et al.,
2000). Polyclonal anti-Atx antibodies were generated against a peptide representing amino
acids 827-840 (RRTSRTYEEILALK) of the zebrafish Atx protein sequence (EZBiolab,
Inc., Westfield, IN) and used at a dilution of 1:10,000. These zebrafish-specific antibodies
recognized in whole zebrafish lysates protein forms with apparent molecular weights of 100
kD and 125/135 kD (Fig. 3A), which is consistent with the molecular weights described for
unmodified and post-translationally modified Atx protein forms, respectively (Jansen et al.,
2007; Pradere et al., 2007). In contrast, none of the alternatively spliced exon sequences
found in higher vertebrates (Giganti et al., 2008) were found present in the published
zebrafish genomic atx sequences. The binding to all of the above protein forms was
inhibited by pre-incubation with the peptide used for antibody production. In addition,
polyconal anti-Atx antibodies raised against a peptide representing amino acids 573-588
(KNKLEELNKRLHTKGS) of the rat Atx protein sequence (Cayman Chemical Company,
Ann Arbor, MI) were used at a dilution of 1:1,000. These antibodies recognized, similar to
the above anti-zebrafish Atx generated antibodies, proteins with apparent molecular weights
of 100 kD and 125/135 kD (Fig. 6A). Anti-p-tubulin antibodies (1:1000; Sigma-Aldrich, St.
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Louis, MO) were used for normalization. Bound primary antibodies were detected using
HRP-conjugated secondary antibodies (1:10,000; Vector Laboratories, Burlingame, CA) in
combination with ECL Plus Western blot detection reagents (GE Healthcare Life Sciences,
Piscataway, NJ). Chemiluminescent signals were detected by exposure of photographic film
(Kodak BioMax MR, Eastman Kodak Company, Rochester, NY) and quantified by
densitometry using the ImageJ software package (Abramoff et al., 2004).

Quantitative RT-PCR

RESULTS

Total RNA samples were isolated from embryos using Trizol (Invitrogen, Carlsbad, CA)
and treated with DNase using the DNA-Free kit (Applied Biosystems/Ambion, Austin, TX).
Oligo(dT)-primed cDNAs were synthesized using the Superscript I RT kit (Invitrogen,
Carlsbad, CA). Quantitative RT-PCR was performed on a Chromo4 (MJ Research, Inc.,
Waltham, MA) or CFX96 (BioRad, Hercules, CA) real-time PCR detection system using the
iQ SYBR Green Supermix (BioRad, Hercules, CA). The following primer pairs were used at
an annealing temperature of 58°C: mbp primer pair as described by Buckley et al. (2010);
plplb primer pair: Forward: 5’-TGCCATGCCAGGGGTTGTTTGTGGA-3’ and Reverse:
5’-GGCGACCATGTAAACGAACAGGGC-3’; cldnk primer pair: Forward: 5’-
TGGCATTTCGGCTCAAGCTCTGGA-3’ and Reverse: 5’-
GGTACAGACTGGGCAATGGACCTGA-3’; olig1 primer pair: Forward: 5°-
CCGGTGTAGGGGGAGCACTGCA-3’ and Reverse 5-
‘TCCGAGCCAGCACCAGTGTCGAG-3’. p-actin (Buckley et al., 2010) was used as
reference gene and relative expression levels were determined using the AACT method
(Livak and Schmittgen, 2001). Statistical significance was determined using the one-sample
ttest (Dalgaard, 2008; Skokal and Rohlf, 1995).

An Ortholog of Mammalian atx is Present in the Zebrafish

A zebrafish ortholog (ZDB-GENE-040426-1156, NM_200603.1) of the known rat and
human atx mRNA sequences was identified within the ZFIN RNA/cDNA database
(Bradford et al., 2011) using BLAST searches. This zebrafish ortholog is identical to the one
that has been recently characterized to regulate early vascular development in the zebrafish
(Yukiura et al., 2011). Translation of its open reading frame revealed an amino acid
sequence with high sequence conservation compared to orthologs of other vertebrate mRNA
sequences (Fig. 1; Brosamle and Halpern, 2002). In addition, amino acid sequence
alignments confirmed the presence of conserved structure-function domains within zebrafish
Atx, namely two somatomedin B-like domains, a catalytic lysoPLD domain and a nuclease-
like domain entailing a single EF hand-like motif (Supplemental Fig. S1; Gijsbers et al.,
2003; Masse et al., 2010; Moolenaar, 2002; Murata et al., 1994; Narita et al., 1994;
Tokumura et al., 2002; Umezu-Goto et al., 2002; Yuelling and Fuss, 2008).

The human and mouse atx genes span 27 exons and give rise to at least three protein
isoforms, Atxa, Atxp and Atxy, due to alternative splicing of exons 12 and 21 (Giganti et
al., 2008). The physiological relevance for these different isoforms of atx, however, is
currently unknown. Out of these Atx protein isoforms, Atxp, which lacks exons 12 and 21,
is the only protein isoform represented by the zebrafish atx gene identified and appears,
therefore, to be evolutionarily the oldest of the known Atx isoforms.

In the teleost fish lineage, whole-genome duplications occurred subsequent to its divergence
from mammals, thus generating co-orthologs to many single mammalian genes (Ohno et al.,
1968; Postlethwait et al., 2004; Postlethwait, 2007; Taylor et al., 2003). Using the Ensembl

genome browser (Flicek et al., 2011), two zebrafish atx genes with a coding region of 99.6%
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amino acid sequence identity were identified in the most recent assembly (Zv9;
http://www.sanger.ac.uk/Projects/D_rerio/). These two atx genes are not located on different
linkage groups but next to each other on chromosome 16. Thus, they are likely either a result
of a tandem rather than a large scale genome duplication event, or merely represent an
inaccuracy in the assembly. Most importantly, based on the sequence information available
and the high sequence identity between the two atx genes, all probes used in the present
study recognize and/or affect the products of both genes and are referred to here as the
zebrafish ortholog to mammalian atx.

In the Developing Zebrafish atx Displays Expression Pattern Characteristics that are
Conserved between Different Vertebrate Species

Detailed developmental atx expression profiles have so far been described in the mouse,
chicken and frog (Bachner et al., 1999; Masse et al., 2010; Ohuchi et al., 2007). While
species-specific expression variations exist, evolutionarily conserved atx expression does
occur for example in the developing extremities (limb or fin buds) and jaw (branchial and
pharyngeal arches). To assess the extent to which atx may be expressed in homologous
structures located within the anterior part of the developing zebrafish, whole-mount /n situ
hybridizations were performed. In these studies, atx mRNA was first detected at 36 hpf. At
all developmental ages analyzed (36—72 hpf), atx mRNA was found to be present in the
pectoral fin buds and the pharyngeal arches (Fig. 2A). From lateral views, atx mRNA was at
60 and 72 hpf also detectable in a structure resembling the trabeculae cranii, a component of
the developing neurocranium and thus part of the head mesenchyme (Fig. 2A). In support of
an evolutionarily conserved expression and/or function, cavities in the head mesenchyme
have been noted as a characteristic phenotype in atx knock-out mice (Koike et al., 2010). In
addition, atx mRNA was detected in the developing head vasculature (Fig. 2A, not marked),
which is consistent with recently published data (Yukiura et al., 2011) and the expression of
atxin at least some types of blood vessels in other vertebrate species (Hoelzinger et al.,
2005; Kanda et al. 2008; Masse et al. 2010; Ohuchi et al. 2007). Most interestingly,
prominent expression of atx in the CNS was noted in the cephalic floor plate (Fig. 2B). A
similar expression of atx in the floor plate and/or ventral spinal cord/hindbrain has been
observed in all species so far analyzed with the exception of the chicken.

Taken together, the above data demonstrate that evolutionarily conserved features can be
identified in atx’s developmental expression pattern in the zebrafish. These include an
expression of atx by cells of the cephalic floor plate. Intriguingly, this expression coincides
temporally with the appearance of differentiating oligodendrocytes in the developing
hindbrain (Brosamle and Halpern, 2002; Buckley et al., 2010; Zannino and Appel, 2009).

Knock-down of atx Expression Delays and/or Inhibits the Appearance of Differentiating
Oligodendrocytes in the Developing Zebrafish Hindbrain

The above described prominent cephalic floor plate expression of atx during a time period
critical for oligodendrocyte development, prompted us to investigate whether knock-down
of atx expression affects oligodendrocyte differentiation in the developing zebrafish
hindbrain. In light of the known defects in vascular development upon knock-down of atx
expression (Yukiura et al., 2011), it is of note that the vasculature is dispensable for the
formation and maintenance of neuronal structures within the developing hindbrain for up to
72 hpf (Ulrich et al., 2011). However, complete knock-down of atx expression has been
shown to cause edema in the head region, which could potentially affect CNS development
(Yukiura et al., 2011). Thus, we felt it important to titrate antisense morpholino
oligonucleotides to a concentration at which Atx protein levels were significantly reduced,
while embryos lacked a gross morphological phenotype including head edema. Based on
these criteria, we opted for conditions under which both an anti-atx translation blocking (atx
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TL MO) and an anti-atx splice site targeted (atx E212 MO) morpholino oligonucleotide
yielded Atx protein levels of about 40-50% of control levels (Fig. 3).

In atx knock-out mice, severe cranial neural tube defects have been described to occur in
addition to vascular defects (Fotopoulou et al., 2010; Koike et al., 2011; van Meeteren et al.,
2006). These neural tube defects may have developed at least in part independently from any
vascular defects. Thus, to ensure that our atx knock-down conditions did not significantly
affect the establishment of the axonal network within the developing hindbrain, whole-
mount immunostainings were performed using the RMO44 antibody. This antibody
recognizes a neurofilament protein strongly expressed in zebrafish reticulospinal neurons
(Feng et al., 2010; Kimmel et al., 1985; Waskiewicz et al., 2001). As shown in Fig. 4, no
effect on the overall morphology of the RMO44-immuno-positive axonal network was
observed upon knock-down of atx expression.

To assess the effect of knock-down of atx expression on the timely appearance of
differentiating oligodendrocytes, whole-mount /n-situ hybridizations were performed. In
these studies embryos were analyzed at 66 hpf, a time point at which atx expression
appeared prominent in the cephalic floor plate (Fig. 2) but was not detectable in
differentiating oligodendrocytes (data not shown). First, the expression of myelin basic
protein (mbp), a gene that is expressed by differentiating and myelinating oligodendrocytes
and whose mRNA is not restricted to the cytoplasm but transported into cellular processes
(Brosamle and Halpern, 2002), was investigated. As shown in Fig. 5A-C, there was a
significant reduction in the number of mbp-positive oligodendrocytes in the developing
hindbrain upon knock-down of atx expression. A similar reduction was observed for both
anti-atx morpholino oligonucleotides (compare Fig. 5B, C left graphs with 5B, C right
graphs). This effect on mbp expression in the CNS was much more dramatic than any effect
noticed in the peripheral nervous system (see lateral line in Fig. 5A). The reduction in the
number of mbp-positive oligodendrocytes was also associated with a significant reduction in
mbp mRNA levels (Fig. 5D), suggesting that mMRNA levels of oligodendrocyte-enriched
genes provide a reliable measure for assessing the appearance of differentiating
oligodendrocytes. This idea is consistent with previous findings (Buckley et al., 2010). To
assess the extent to which the effect of atx knock-down may be specific for mbp expression,
the MRNA levels for two additional genes enriched in differentiating oligodendrocytes were
determined, namely proteolipid protein (plp1b) and claudin K (cldnk) (Brosamle and
Halpern, 2002; Munzel et al., 2012; Takada and Appel, 2010). The mMRNA levels for both
genes were found to be significantly reduced (Fig. 5E, F).

To further confirm the specificity of the phenotype seen upon knock-down of atx
expression, MRNA rescue experiments were performed. In these experiments, a rat-derived
synthetic atx mRNA was used since translation from this mMRNA is not affected by the anti-
atx translation blocking morpholino oligonucleotide. As shown in Fig. 6A, Atx protein
levels were noticeably increased at 48 hpf after co-injection of the synthetic atx mRNA with
the atx TL MO. Importantly, c/dnk mRNA levels, as a measure for the appearance of
differentiating oligodendrocytes, were found to be similar to control levels (Fig. 6B), thus
demonstrating a restoration of the wild-type phenotype. No such restoration was observed
when a beta-galactosidase encoding synthetic mMRNA was co-injected with the atx TL MO
(data not shown).

For a better evaluation of the persistence of the phenotype seen upon knock-down of atx
expression, the number of embryos with normal and reduced/absent mbp expression in the
hindbrain was determined at 72 hpf. As shown in Fig. 6C, there was a significant decrease in
the number of embryos with normal mbp expression and a concomitant significant increase
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in the number of embryos with reduced/absent mbp expression. The extent of decrease/
increase was comparable to the one seen at 66 hpf (compare Fig. 6C with Fig. 5B).

Taken together, the above data demonstrate that a reduction in atx expression significantly
delays and/or inhibits the appearance of differentiating oligodendrocytes in the developing
hindbrain, and they suggest that this delay and/or inhibition is not due to gross
morphological defects in the establishment of the axonal network.

Knock-down of atx Expression Delays and/or Inhibits the Appearance of Oligodendrocyte
Progenitors in the Developing Zebrafish Hindbrain

The above data raised the possibility that the effects observed on differentiating
oligodendrocytes may have been a result of an effect on the developmental lineage
progression of early oligodendrocyte progenitors into differentiating oligodendrocytes that is
at much earlier stages than previously observed. To investigate this possibility, whole-mount
in situhybridizations were performed using a probe specific for the transcription factor
olig1, which in the developing zebrafish is expressed by oligodendrocyte progenitors. As
shown in Fig. 7, knock-down of atx expression led to a significant reduction in the number
of olig1-positive cells and in the level of o/igZ mRNA. The reduction in the number of
olig1-positive cells was not found associated with a significant increase in cell death as
assessed by immunostaining using an antibody specific for activated caspase-3 (data not
shown). Furthermore, o/ig1 expression has been described to only partially overlap with the
expression of the myelin genes mbp and plp1b at a developmental age similar to the one
used here (Li et al., 2007; Schebesta and Serluca 2009). Thus, if the effect of atx knock-
down were specific to only the later stages of the oligodendrocyte lineage, a much less
pronounced effect on o/igZ mRNA levels would be expected. In fact, the reduction in o/ig1
MRNA levels seen upon knock-down of atx expression (43.31 + 4.19 %; Fig. 7) was
comparable to the reduction in mbp (48.31 + 11.88%, Fig. 5), plp1b (58.07 £ 4.57%, Fig. 5)
and cldnk (52.34 + 3.86%, Fig. 5) mRNA levels. Thus, the above data demonstrate that
knock-down of atx expression delays and/or inhibits not only the appearance of
differentiating oligodendrocytes but also oligodendrocyte progenitors.

Knock-down of atx Expression Delays and/or Inhibits the Differentiation of
Oligodendrocyte Progenitors from olig2-positive Progenitor Cells in the Developing
Zebrafish Hindbrain

To further define the developmental stage at which knock-down of atx expression affects the
developmental progression of cells of the oligodendrocyte lineage, zebrafish embryos were
analyzed at 48 hpf. At this developmental time point oligodendrocyte progenitors expressing
the transcription factor soxZ0begin to differentiate in the developing hindbrain from o/ig2-
positive progenitor cells (Zannino and Appel, 2009). As shown in Fig. 8A,B, knock-down of
atx expression resulted in a reduction in the number of embryos with normal expression of
sox10in the developing hindbrain. Conversely, the number of embryos with reduced or
absent expression of sox0in the developing hindbrain was increased. No change in the
expression of soxZ0was noted in the otic vesicles. In contrast to the effects seen on sox1¢
positve oligodendrocyte progenitors, the number of o/ig2-positive cells remained unchanged
(Fig. 8C,D). Thus, knock-down of atx expression affects in the developing hindbrain the
differentiation of o/jg2-positive progenitor cells into cells of the oligodendrocyte lineage.

It has been shown previously that in the developing zebrafish hindbrain o/ig2-positive
progenitor cells that are located within rhombomere r5 and r6 cell clusters can give rise to
not only hindbrain oligodendrocyte progenitors but also somatic abducens motor neurons
(Zannino and Appel, 2009). Thus, atx may be regulating not only the differentiation of
oligodendrocyte progenitors from olig2-positive progenitor cells but also the differentiation
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of somatic abducens motor neurons. To test this idea, we used the Zn-8 antibody, which
recognizes Neurolin/DM-Grasp and thus somatic abducens motor neurons (Chandrasekhar
etal., 1997; Kanki et al., 1994; Trevarrow et al., 1990). As shown in Fig. 9, no significant
change in the number of Zn-8-immuno-positive somatic abducens motor neurons was
detected upon knock-down of atx expression.

Taken together, the above data demonstrate that knock-down of atx expression delays and/or
inhibits specifically the differentiation of oligodendrocyte progenitors from o/ig2-positive
progenitor cells while not significantly affecting the differentiation of somatic abducens
motor neurons.

DISCUSSION

The data presented here demonstrate that the zebrafish ortholog to mammalian atx displays
evolutionarily conserved expression pattern characteristics. These include an expression of
atx in the developing extremities and jaw. Most prominent expression in the CNS of the
anterior embryo was noted in the cephalic floor plate coinciding temporally with the time
period during which cells of the oligodendrocyte lineage are generated. Antisense
morpholino oligonucleotide-mediated knock-down of atx expression revealed a functional
role of atxin regulating early development of cells of the oligodendrocyte lineage in the
developing hindbrain, without affecting the number of o/ig2-positive progenitor cells, the
overall morphology of the axonal network or the differentiation of somatic abducens motor
neurons. This novel functional property of atxis likely mediated by a paracrine mechanism
and via the expression and secretion of Atx by cells of the cephalic floor plate.

In our previous studies using rodent oligodendrocytes and cell culture systems, the effects of
Atx were characterized for later stages of the oligodendrocyte lineage and found to be most
likely mediated by an autocrine mechanism (Dennis et al., 2008; Fox et al., 2004). Antisense
morpholino oligonucleotide-mediated effects in the zebrafish have in some cases been found
penetrant for up to seven days (Rinner et al., 2005; Seiler et al., 2005; van der Sar et al.,
2002). Initial analysis, however, suggests that in the case of the titrated anti-atx morpholino
oligonucleotides, Atx protein levels are almost normal at about 3 dpf, thus precluding a
meaningful analysis at later developmental stages. More sophisticated experimental
paradigms will thus be necessary to determine whether the effects of Atx seen in the rodent
system also apply to the zebrafish.

Two functionally active sites have been described for Atx, namely the MORFO domain and
the catalytic lysoPLD domain. In our previous studies we demonstrated that it is the
MORFO domain that mediates morphological maturation of differentiating
oligodendrocytes (Dennis et al., 2008; Fox et al., 2004; Yuelling and Fuss, 2008). Atx is,
however, better known for its catalytic lysoPLD activity and the generation of the lipid
signaling molecule lysophosphatidic acid (LPA) (Liu et al., 2009; Moolenaar, 2002;
Nakanaga et al., 2010; Samadi et al., 2011; Tokumura et al., 2002; Umezu-Goto et al., 2002;
van Meeteren and Moolenaar, 2007). As an extracellular lysophospholipid, LPA exerts its
functions through interactions with a family of G protein-coupled receptors, the family of
LPA receptors (Chun et al., 2010; Lin et al., 2009; Yanagida and Ishii, 2011). Orthologs for
at least some of the known mammalian LPA receptors have been identified in the zebrafish
(Lee et al., 2008; Yukiura et al., 2011), and cells of the oligodendrocyte lineage have long
been known to express a variety of LPA receptors (Dawson et al., 2003; Nogaroli et al.,
2009; Stankoff et al., 2002; Weiner et al., 1998; Yu et al., 2004). In addition, LPA receptors
have been functionally implicated in the regulation of early CNS development (Choi et al.,
2008; Estivill-Torrus et al., 2008; Fukushima et al., 2007; Hecht et al., 1996; Kingsbury et
al., 2003; Kingsbury et al., 2004). However, little is currently known about the role of LPA
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signaling for early glial and in particular oligodendroglial development. In support of a
potential role of LPA in gliogenesis, LPA has been shown to promote the differentiation of
oligodendrocytes from neural stem/progenitor cells, at least under certain cell culture
conditions (Cui and Qiao, 2007; Pitson and Pebay, 2009; Svetlov et al., 2004). Such effects
of LPA may be mediated by autocrine as well as paracrine mechanisms. Atx has
traditionally been regarded as an autocrine factor. However, there is increasing evidence for
paracrine roles, all of which have so far been attributed to the synthesis of LPA (Ferry et al.,
2003; Hoelzinger et al., 2008; Kanda et al., 2008). Such paracrine roles of Atx are further
facilitated by slow catalytic kinetics and a predicted mobility of Atx-lipid complexes up to a
distance of approximately 65 pm (Saunders et al., 2011). With regard to our findings, all the
above data point toward a primary role of Atx’s catalytic lysoPLD activity, rather than its
MORFO domain, in stimulating the progression of o/ig2-positive progenitor cells into
oligodendrocyte progenitors in a paracrine, rather than autocrine, fashion.

It has been well established in the spinal cord that there are ventral as well as dorsal origins
for cells of the oligodendrocyte lineage (Miller, 2005; Richardson et al., 2006). While less
well characterized, the same appears to be true for hindbrain oligodendrocytes (Davies and
Miller, 2001; Vallstedt et al., 2005; Zannino and Appel, 2009). The molecular mechanisms
regulating the development of ventrally- and dorsally-derived oligodendrocytes have been
shown to involve different extracellular signals (Bilican et al., 2008; Cai et al., 2005;
Fogarty et al., 2005; Langseth et al., 2010; Vallstedt et al., 2005). Based on our findings, one
would predict that at least in the developing zebrafish, Atx’s role in regulating early
oligodendrocyte development may be restricted to ventrally-derived oligodendrocytes. In
homology, the same would apply to the developing mouse, where atx has been described
expressed by cells of the floor plate (Bachner et al., 1999; Ohuchi et al., 2007). In contrast,
atxwas found expressed in the alar plate in the chicken (Ohuchi et al., 2007), and it is thus
tempting to speculate that in the chicken atx may play a functional role in regulating the
development of dorsally-derived oligodendrocytes.

Ventrally-derived oligodendrocytes arise in the developing spinal cord and hindbrain from
olig2-positive progenitor cells that are located within a progenitor niche that gives rise first
to motor neurons and then to oligodendrocytes. The regulation of this neuron-glial switch
has been found complex involving cell intrinsic factors as well as extracellular signaling
factors (for reviews see: Richardson et al., 2000; Rowitch, 2004; Rowitch et al., 2002). In
this regard, our data identify atx as an attractive novel candidate for an extracellular
signaling factor involved in promoting the generation of cells of the oligodendrocyte lineage
from oligZ2-positive progenitor cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A conserved ortholog to mammalian atx exists in the zebrafish. A: Guide tree depicting
evolutionary sequence relationships between known vertebrate Atx proteins. B: Identity
table depicting amino acid sequence identities between known vertebrate Atx proteins. For

Ensembl transcript IDs see Fig. S1.
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Fig. 2.

During zebrafish development atx is expressed in a pattern that includes a prominent
expression in the ventral CNS. Embryos were collected at different developmental ages and
analyzed by whole-mount /n situhybridization. A: Representative images of whole-mount
embryos /n situhybridized for atx. Developmental ages are noted in hours post fertilization
(hpf). Left panels for each developmental age depict lateral views, anterior is to the left.
Right panels depict dorsal views, anterior is to the top. pharyngeal arches (pa), pectoral fin
buds (pf), cephalic floor plate (cfp) and trabeculae cranii (t). Scale bars: 100 pm. B:
Representative images of transverse sections through the hindbrain of 48 hpf embryos.
Dorsal is to the top. cephalic floor plate markers (foxal, foxa2, shhb). Scale bars: 50 pm
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Fig. 3.

Injection of anti-atx morpholino oligonucleotides leads to a significant reduction in Atx
protein levels. Embryos were injected with either an anti-atx translation blocking (atx TL
MO) or an anti-atx splice site targeted (atx E212 MO) morpholino oligonucleotide and
analyzed at 48 hpf. As controls, 5 base pair mismatch morpholino oligonucleotides were
used. A: Representative Western blot depicting Atx protein levels. B-tubulin was used for
normalization. Numbers on the left indicate molecular weights in kD. Protein forms with
apparent molecular weights of 100 kD and 125/135 kD were detected and are most likely a
result of differences in posttranslational modifications (Jansen et al., 2007; Pradere et al.,
2007). B: Bar graphs depicting Atx protein levels as % of control (control = 100%). The
graphs depict three independent experiments. Means and standard errors are shown. Stars
indicate an overall significance level of p<0.05 (one-sample #test).
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Fig. 4.

In the developing hindbrain knock-down of atx expression does not affect neuronal/axonal
organization. Embryos were treated as described in Fig. 3 and analyzed at 48 hpf. A:
Representative images of embryos after whole-mount immnuostaining with the RMO44
antibody. Images represent 2D maximum projections of stacks of 5.66 pm optical sections.
Arrowheads point toward T-interneurons. The gray boxes indicate the area used to
determine the number of RMO44-immuno-positive pixels. Scale bar: 100 um. B-C: Bar
graphs depicting the number of RMO44-immuno-positive T-interneurons (B) and pixels (C)
in % (control = 100%). Means and standard errors of three independent experiments are
shown. Student’s ttest revealed no statistically significant differences.
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Fig. 5.

In the developing hindbrain knock-down of atx expression leads to a reduction in the
number of differentiating oligodendrocytes and in the mRNA levels of oligodendrocyte-
enriched genes. Embryos were treated as described in Fig. 3 and analyzed at 66 hpf. A:
Representative images of embryos after whole-mount /n situ hybridization with a probe
specific for myelin basic protein (mbp). Expression of mbp in oligodendrocytes (arrows)
was classified into three categories (normal, reduced and absent). Expression of mbpin the
anterior and posterior lateral line is marked by arrowheads. Dorsal views are shown, anterior
is to the top. Scale bar: 100 um. B: Bar graphs depicting the number of embryos with normal
or reduced/absent mbp mRNA expression in % (total number of embryos per condition =
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100%). Means and standard errors of five (left graph) and four (right graph) independent
experiments are shown. Stars indicate an overall two-tailed significance level of p<0.05
(Student’s £test). C: Bar graphs depicting the number of mbp-positive oligodendrocytes in
% (control = 100%). Means and standard errors of four independent experiments are shown.
Stars indicate an overall two-tailed significance level of p<0.05 (Student’s #test). D-F: Bar
graphs depicting mRNA levels in % (control = 100%) as determined by quantitative RT-
PCR for mbp (D), proteolipid protein (plp1b) (E) and claudin K (cldnk) (F). Means and
standard errors of three independent experiments are shown. Stars indicate an overall
significance level of p<0.05 (one sample #test).
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Fig. 6.

Co-injection of a synthetic atx mRNA leads to a rescue of the atx knock-down phenotype,
and there is no apparent recovery from the atx knock-down-induced phenotype up to 72 hpf.
A-B: Embryos were co-injected with atzx TL MO and a synthetic atx mMRNA and then
analyzed at 48 hpf. As control, a 5 base pair mismatch morpholino oligonucleotide was
used. A: Representative Western blot depicting Atx protein levels. g-tubulin was used for
normalization. Numbers on the left indicate molecular weights in kD. B: Bar graph
depicting c/dnk mRNA levels in % (control = 100%) as determined by quantitative RT-
PCR. Means and standard errors of four independent experiments are shown. The star
indicates an overall two-tailed significance level of p<0.05 (Student’s £test). No statistically
significant difference in c/dnk mRNA level was found between embryos injected with
control MO versus atx TL MO plus atxmRNA (not shown). C: Embryos were treated as
described in Fig. 3 and analyzed at 72 hpf. The bar graph depicts the number of embryos
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with normal or reduced/absent mbp mRNA expression in % (total number of embryos per

condition = 100%). Means and standard errors of four independent experiments are shown.
Stars indicate an overall two-tailed significance level of p<0.05 (Student’s ~test).

Glia. Author manuscript; available in PMC 2013 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yuelling et al. Page 25

B m Control C m Control
120 - Datx TL MO 120 - Datx TL MO
—= —* * ]
X . = 100 -
€ 100 9
P £
T 807 o 801
© 2
& 8
60 - 60 A
D <
0 Z
- 14
O 40 - £ 40-
|
~
3 D
—
€ 20- 0 201
3
2
0- — 0 -

Fig. 7.

In the developing hindbrain knock-down of atx expression leads to a reduction in the
number of oligi-positive cells and the levels of o/igZ mMRNA. Embryos were treated as
described in Fig. 3 and analyzed at 66 hpf. A: Representative images of embryos after
whole-mount /n2 situ hybridization with a probe specific for o/ig2. Scale bar: 100 ym. B: Bar
graph depicting the number of o/igZ-positive oligodendrocytes in % (control = 100%).
Means and standard errors of three independent experiments are shown. Stars indicate an
overall two-tailed significance level of p<0.05 (Student’s #test). C: Bar graph depicting
oligI mRNA levels in % (control = 100%) as determined by quantitative RT-PCR. Means
and standard errors of three independent experiments are shown. Stars indicate an overall
significance level of p<0.05 (one sample #test).
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Fig. 8.

In the developing hindbrain knock-down of atx expression leads to a reduction in the
number of soxI0-positive but not o/ig2-positive cells. Embryos were treated as described in
Fig. 3 and analyzed at 48 hpf. A: Representative images of embryos after whole-mount /n
situhybridization with a probe specific for soxZ0. Stars indicate otic vesicles. Scale bar: 50
um. B: Bar graph depicting the number of embryos with normal (>2 soxZ0-positive cells) or
reduced/absent (<2 soxI0-positive cells) soxZ0expression in % (total number of embryos
per condition = 100%). Means and standard errors of six independent experiments are
shown. Stars indicate an overall two-tailed significance level of p<0.05 (Student’s #test). C:
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Representative images of embryos after whole-mount /n situ hybridization with a probe
specific for o/jg2. Scale bar: 50 pm. D: Bar graph depicting the number of o/igZ-positive
oligodendrocytes in % (control = 100%). Means and standard errors of three independent
experiments are shown. Student’s £test revealed no statistically significant difference.
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Fig. 9.

In the developing hindbrain knock-down of atx expression does not affect the number of
somatic abducens motor neurons. Embryos were treated as described in Fig. 3 and analyzed
at 48 hpf. A: Representative images of embryos after whole-mount immunostaining with the
Zn-8 antibody. Images represent 2D maximum projections of stacks of 0.87 pm optical
sections. Arrows point toward somatic abducens motor neurons. Zn-8-immuno-positive
hindbrain commissural axons are only partially captured. Scale bar: 50 um. B: Bar graph
depicting the number of Zn-8-immuno-positive somatic abducens motor neurons in %
(control = 100%). Means and standard errors of three independent experiments are shown.
Student’s ~test revealed no statistically significant difference.
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