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Abstract

Background—Cytoplasmic dynein provides the main motor force for minus-end-directed
transport of cargo on microtubules. Within the vertebrate central nervous system (CNS),
proliferation, neuronal migration and retrograde axon transport are among the cellular functions
known to require dynein. Accordingly, mutations of DYNC1H1, which encodes the heavy chain
subunit of cytoplasmic dynein, have been linked to developmental brain malformations and axonal
pathologies. Oligodendrocytes, the myelinating glial cell type of the CNS, migrate from their
origins to their target axons and subsequently extend multiple long processes that ensheath axons
with specialized insulating membrane. These processes are filled with microtubules, which
facilitate molecular transport of myelin components. However, whether oligodendrocytes require
cytoplasmic dynein to ensheath axons with myelin is not known.

Results—We identified a mutation of zebrafish dynclhl in a forward genetic screen that caused
a deficit of oligodendrocytes. Using in vivo imaging and gene expression analyses, we
additionally found evidence that dynclhl promotes axon ensheathment and myelin gene
expression.

Conclusions—In addition to its well known roles in axon transport and neuronal migration,
cytoplasmic dynein contributes to neural development by promoting myelination.
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INTRODUCTION

Oligodendrocytes, the myelinating glial cell type of the central nervous system (CNS),
extend numerous membrane processes that contact and wrap axons with myelin to facilitate
rapid and efficient conduction of nerve impulses and maintain axon integrity. Myelin is a
specialized membrane made up of specific lipids and proteins that forms only within the
processes that contact axons and not elsewhere in the cell (Simons & Trotter 2007).
Localized formation of myelin requires, at least in part, active transport of myelin
components. For example, mMRNAs encoding Myelin Basic Protein (MBP) accumulate in
oligodendrocyte processes, where they are translated (Colman et al. 1982; Trapp et al.
1987). Experiments performed in cultured cells indicated that transport is dependent on
microtubules, which are oriented with their plus ends in proximity to the cell membrane, and
kinesins, motor proteins that move cargo on microtubule filaments toward the plus end
(Carson et al. 1997; Song et al. 2003; Ainger et al. 1993). Consistent with this, mutation of
zebrafish kiflb, which encodes a kinesin, disrupted mbp RNA transport and caused ectopic
formation of myelin membrane (Lyons et al. 2009).

The major motor for minus end directed transport of cargo on microtubules is cytoplasmic
dynein, a multi-subunit protein complex. Cytoplasmic dynein functions in numerous cellular
processes including endosomal sorting, autophagy, cell division and cell migration
(Eschbach & Dupuis 2011). Additionally, cytoplasmic dynein has a well-characterized role
in transporting cargoes from the distal ends of axons toward neuronal cell bodies (Cosker et
al. 2008; Zweifel et al. 2005). In principle, dynein could function similarly in
oligodendrocytes, shuttling material from the distal tips of processes in contact with axons to
the cell soma. Another possible role for dynein in oligodendrocytes is in promoting process
extension or axon wrapping, because dynein at the cell cortex can stabilize microtubule plus
ends and tether them to the cell periphery, potentially providing force on the cytoskeleton
relative to the cell membrane (Hendricks et al. 2012). Consistent with both possibilities,
immunolocalization experiments performed on cultured oligodendrocytes revealed
concentration of cytoplasmic dynein within peripheral processes (King et al. 1996). Finally,
our recent demonstration that Schwann cells require cytoplasmic dynein for myelination of
peripheral nerves (Langworthy & Appel 2012) raised the possibility that dynein is also
required for CNS myelination. However, no functional investigations of cytoplasmic dynein
in oligodendrocytes have been reported and its potential roles in central nervous system
myelination remain unknown.

To identify genes necessary for myelination, we carry out screens for mutations that disrupt
glial development in zebrafish. Here we report analysis of a new mutant allele of dync1h1,
which encodes the heavy chain subunit of cytoplasmic dynein. dynclhl mutants have severe
deficits of CNS myelin, which result from the combined effects of a deficit of
oligodendrocyte progenitor cells (OPCs), failure to form normal myelin sheaths on axons
and a deficit of myelin gene expression. Some human patients with dominant DYNC1H1
mutations have been diagnosed with intellectual disability and cognitive delay, which are
associated with cortical malformations (Harms et al. 2012; Weedon et al. 2011; Willemsen
et al. 2012; Vissers et al. 2010; Poirier et al. 2013). Our results raise the possibility that
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mutations that disrupt function of cytoplasmic dynein also contribute to abnormal brain
development and cognitive deficits through disruption of myelination.

Oligodendrocyte Development is Abnormal in dync1h1V476 Mutant Zebrafish Larvae

In a screen of zebrafish for ethyl nitrosourea (ENU)-induced mutations that alter the number
and distribution of oligodendrocyte lineage cells, consisting of migrating and dividing
oligodendrocyte progenitor cells (OPCs) and differentiating oligodendrocytes, we
discovered one mutant allele, designated vu76, that caused small eyes, abnormal pigment
deposition, uninflated swim bladders (Fig. LA-F) and apparently fewer dorsal spinal cord
OPCs and oligodendrocytes, marked by expression of the transgenic reporter
Tg(olig2:EGFP) (Shin et al. 2003), than wild type (Fig. 1G,H). At higher magnification a
dense network of oligodendrocyte membrane processes was evident in 5 day post
fertilization (dpf) wild-type Tg(olig2:EGFP) larvae (Fig. 11). vu76~/~;Tg(olig2: EGFP)
larvae had substantially fewer processes and a deficit of cells with morphologies that are
characteristic of myelinating glia (Fig. 1J).

To identify the gene that is disrupted by the vu76 mutation, we mapped the vu76 locus to
zebrafish chromosome 17 using bulked segregant analysis with simple sequence length
polymorphism (SSLP) markers (Knapik et al. 1998). In subsequent fine mapping we found
one marker, z6010, which detected no recombination events in 2853 mutant larvae. Several
genes are located near 26010, including dynclhl. Larvae homozygous for the previously
identified dync1h1Ni3684T9 mytation have abnormally small eyes and brains and enlarged
patches of black pigment (Amsterdam et al. 2005) similar to vu76 mutant larvae, raising the
possibility that the vu76 mutation disrupts the dynclhl locus. Therefore, we performed a
complementation test by crossing vu76*/~ and dync1h1hi3684T9 +/~ adults. Approximately
one quarter of the progeny had the morphological and pigment abnormalities common to
larvae homozygous for either allele (Fig. 2A-C), indicating that the vu76 allele is a mutation
of dync1hl. Consistent with this, injection of an antisense morpholino oligonucleotide (MO)
designed to block translation of dynclhl (Insinna et al. 2010) phenocopied the
morphological (Fig. 2D) and myelination defects (see below) of vu76 mutant larvae.
Western blotting revealed absence of full length Dync1h1 within protein extracted from
homozygous mutant larvae at 5 dpf (Fig. 2E). Full length Dynclhl detected in mutant
extracts at 3 dpf likely represents maternal contribution. Sequencing of dynclhl cDNA
produced from vu76 mutant larvae revealed a G to A transition predicted to change a
tryptophan residue to a premature stop codon at amino acid position 3561 (W3561X,
Genbank accession NP_001036210), truncating the protein within the motor domain (Fig.
2F,G). Finally, whereas treatment of wild-type larvae with epinephrine, which stimulates
rapid, Dynclhl-dependent retrograde transport of melanosomes (Clark & Rosenbaum
1982), caused aggregation of dark pigment (Fig. 2H-J), epinephrine had no effect on the
pigment pattern of vu76 mutant larvae (Fig. 2K-M), consistent with loss of Dync1h1 motor
function. We conclude that the vu76 mutation is a loss-of-function dync1h1 allele and
hereafter refer to it as dync1h1vu76,
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Dynclhl Promotes Oligodendrocyte Number and Stable Axon Ensheathment by
Oligodendrocyte Membrane

dync1h1v¥76 mutant larvae have fewer dorsally migrated olig2: EGFP* cells than wild type,
indicative of a deficit of OPCs. To confirm this observation we used immunohistochemistry
to dectect expression of Sox10, which specifically marks OPCs and oligodendrocytes (Park
et al. 2005). This revealed that dync1h1¥476 mutant larvae had an approximately 2-fold
reduction in the number of spinal cord oligodendrocyte lineage cells relative to wild type
(Fig. 3A-C). To investigate the basis of the OPC deficit, we performed time-lapse imaging
of Tg(olig2:EGFP) embryos injected at one-cell stage with dynclhl MO. Fewer OPCs
migrated from the pMN precursor domain and OPCs underwent fewer divisions in dynclhl
MO-injected larvae compared to control larvae (Fig. 3D,E). Furthermore, no OPC death was
evident during the period of time-lapse imaging of dynclhl MO-injected larvae. Therefore,
the deficit of OPCs in dynclhl deficient larvae appears to result both from production of
fewer OPCs from neural precursors and failure to expand the OPC population by division.

The apparently decreased density of oligodendrocyte processes in dync1h1¥U76 mutant
larvae evident in Figure 1 likely reflects, at least in part, decreased number of
oligodendrocytes. In addition, data showing that microtubules and cytoplasmic Dynein are
enriched within oligodendrocyte processes (King et al. 1996) raised the possibility that loss
of Dynein also reduces process activity and axon wrapping. To investigate this, we used a
transgenic reporter system that reveals single oligodendrocytes, which permits visualization
and quantification of oligodendrocyte sheath number and length. Specifically, we injected
embryos at single cell stage with plasmid expressing membrane-tethered EGFP under
control of sox10 regulatory DNA (sox10:EGFP-CaaX). In the spinal cords of control 6 dpf
larvae, single oligodendrocytes formed multiple sheaths of variable length (Fig. 3F).
Oligodendrocytes in 6 dpf dync1h1Y476 mutant larvae wrapped axons (Fig. 3G) indicating
that Dynclhl function is not necessary for axon ensheathment. However, oligodendrocytes
in dync1h1¥476 mutant larvae formed fewer sheaths (Fig. 3J). The average length of sheaths
was similar in control and dynclhl MO-injected larvae (Fig. 3K) but sheath length was
slightly more variable in mutant larvae than in control larvae (Fig. 3J). The total myelin
sheath length for individual oligodendrocytes in dync1h1'476 mutant larvae was
approximately half that of wild type (Fig. 3K), reflecting the reduction in myelin sheath
number. Together with the approximately two-fold reduction in oligodendrocyte lineage cell
number, this deficit of myelin sheath formation likely results in a substantial deficit of
myelination in Dync1h1-deficient larvae.

To investigate axon wrapping more closely we introduced the transgenic reporter
Tg(nkx2.2a:mEGFP), which encodes membrane-tethered EGFP under control of nkx2.2a
regulatory DNA (Ng et al. 2005), into the dync1h1¥476 mutant line and performed time-lapse
imaging beginning at 2.5 dpf. In wild-type larvae, OPCs continuously extended and
retracted multiple processes during migration and wrapped axons with tube-like sheaths of
membrane (Fig. 4A; Video S1). Consistent with previous observations (Czopka et al. 2013),
nascent sheaths rarely retracted from axons. We observed no obvious differences in OPC
migration and process activity in dync1h1¥476 mutant larvae (Fig. 4B; Video S2). However,
sheath formation appeared to be more variable in mutant larvae. Whereas some sheaths
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lengthened over time, others did not extend or became shorter (Fig. 4B; Video S2). Thus, the
reduction in sheath number per oligodendrocyte resulting from dynclhl knockdown may
result from reduced sheath stability.

Dynclhl Function is Required for Myelination

To determine if Dynclhl is required for myelin gene expression in addition to promoting
oligodendrocyte number and stable sheath formation, we first performed in situ RNA
hybridization to detect transcripts encoded by myelin genes. Whereas wild-type larvae
expressed robust levels of RNAs encoded by the myelin genes cldnk, plpla and mbp (Fig.
5A—C), dync1h1¥U76 mutant larvae expressed these genes at much lower levels (Fig. 5D—F),
similar to our observations that Schwann cells express myelin genes at undetectable levels in
the peripheral nervous system of dync1h1Mi3684T9 mutant larvae (Langworthy & Appel
2012). Quantitative RT-PCR confirmed that transcripts encoding various myelin proteins
were reduced both in mutant larvae and in larvae injected with dynclhl MO relative to wild
type (Fig. 5G,H). Consistent with these data, dync1hl mutant larvae expressed lower levels
of Mbp, detected by immunohistochemistry, than wild type (Fig. 51,J).

Finally, we investigated the effect of loss of dync1hl function on CNS nerves using
transmission electron microscopy. We focused our attention on the ventral spinal cord of 6
dpf larvae, where the large Mauthner axon serves as convenient landmark (Fig. 6A,B). By
plotting the area of individual ventral spinal cord axons, we found that the average area of
axons in dync1h1¥476 mutant larvae was smaller than that of wild-type larvae, due mostly to
the presence of a relatively large number of small axons in dync1h1'47® mutants (Fig. 6C).
We next counted the number of myelinated and nonmyelinated axons in the intermediate
size class, defined as axons having a cross sectional area of 0.201-3.99 um. Consistent with
our data showing that oligodendrocytes make fewer myelin sheaths in mutant larvae, the
proportion of intermediate size axons that were myelinated was reduced from nearly 100%
in wild type to approximately 63% in dync1h1'476 mutant larvae (Fig. 6D). We then
assessed myelin thickness by counting the number of myelin membrane wraps on
intermediate size class axons that were clearly myelinated. Whereas there was no difference
in the average cross sectional area of wild-type and mutant axons of this class (Fig. 6E), the
average number of membrane wraps was reduced from about 4 in wild type to about 2 in
dync1h1v¥76 mutant larvae (Fig. 6F). Therefore, oligodendrocytes form fewer and thinner
myelin sheaths in dync1h1476 mutant larvae, resulting in a substantial deficit of
myelination.

DISCUSSION

Cytoplasmic dynein is a multi-subunit protein complex that functions as the major motor for
minus end directed transport of cargo on microtubules. Mutations of genes that encode
dynein subunits have now been implicated in various pathologies, including neurological
disease. For example, dominant, missense mutations of DYNC1H1 have been associated
with an axonal form of Charot-Marie-Tooth peripheral neuropathy (Weedon et al. 2011) and
spinal muscular atrophy with lower extremity predominance (SMA-LED) (Harms et al.
2012). Pathologies such as these might result from defects in axon transport (Millecamps &
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Julien 2013). Additionally, some individuals with dominant DYNC1H1 mutations have been
diagnosed with intellectual disability and cognitive delay (Weedon et al. 2011; Willemsen et
al. 2012; Vissers et al. 2010; Harms et al. 2012). Magnetic resonance (MR) and X-ray
computed tomography (CT) imaging of two patients with severe intellectual disability
revealed brain abnormalities suggestive of neuronal migration defects (Willemsen et al.
2012). This observation is consistent with interaction of DYNC1H1 with LIS1, mutations of
which cause lissencephaly due to a failure of neuronal migration (Smith et al. 2000).
Recently, recurrent mutations of DYNC1H1 were found in individuals with malformations
of cortical development (Poirier et al. 2013), which are generally associated with defects in
proliferation and neuronal migration (Barkovich et al. 2012). Our data now provide evidence
that cytoplasmic dynein also is required for myelination.

Myelination of CNS axons requires formation of appropriate numbers of OPCs, migration of
OPCs from their origins to their target axons, extension of OPC membrane to wrap axons,
myelin gene expression and active transport of myelin membrane components. Our
investigation reveals that, in zebrafish, several of these cellular functions depend on
Dync1hl. We identified the dync1h1'U76 allele in our genetic screen because mutant larvae
had too few OPCs. Time-lapse imaging revealed that formation of too few OPCs from
ventral spinal cord precursors and subsequent failure of OPC division, and not cell death,
caused the OPC deficit, indicating that Dynclhl is required for oligodendrocyte lineage
cells to progress through the cell cycle. Consistent with this, previous investigations showed
that cytoplasmic dynein function is necessary for chromosome movements, organization and
orientation of the spindle and check-point silencing (Raaijmakers et al. 2013; Howell et al.
2001; Busson et al. 1998; VVarma et al. 2008; Sharp et al. 2000; Robinson et al. 1999;
Schmidt et al. 2005). Cell division during early development of dync1h1Y476 mutant
embryos is probably sustained by maternally contributed wild-type Dynclhl, which
Western blotting revealed persists through 3 dpf.

Dync1h1l also is an important motor for cell migration. During development of the cerebral
cortex, neurons born at the proliferative ventricular zone migrate radially to populate the
upper layers of the cortex. These cells extend a leading process along radial glial fibers,
followed by the cell soma, resulting in saltatory movements (Solecki et al. 2004).
Microtubules form a cage around the nucleus and extend into the leading process of radially
migrating neurons. Dynein is concentrated both in the leading process and the cell soma, and
nuclear translocation to the leading process is disrupted by reduction of dynein function by
RNA interference indicating that dynein activity pulls the nucleus forward during migration
(Tsai et al. 2007; Vallee et al. 2009). Consistent with this, mice homozygous for the
missense Loa allele of Dync1hl have cortical lamination defects resulting from a reduction
in radial migration of neurons (Ori-McKenney & Vallee 2011). Migrating OPCs also extend
long leading processes and can exhibit saltatory movements (Kirby et al. 2006; Tsai et al.
2009), raising the possibility that similar motor mechanisms propel OPC and cortical neuron
migration. However, in contrast to neuronal migration our time-lapse imaging revealed no
obvious OPC migration defects in dync1h1'476 mutant larvae, indicating that cytoplasmic
dynein may not play a major role in OPC migration.
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Upon reaching their target locations, OPCs extend numerous processes that wrap axons.
Microtubules fill the main oligodendrocyte processes, oriented so that their plus ends face
the membrane, whereas microfilaments fill finer processes (Lunn et al. 1997; Kachar et al.
1986; Wilson & Brophy 1989). In principle, loss of dynein function could disrupt process
activity by destabilizing microtubules or disrupting motor forces required to extend
processes, but our time-lapse imaging revealed no evidence for this. Process number, length
and remodeling appeared normal, indicating that these activities can operate in the absence
of Dync1h1 function. However, individual oligodendrocytes formed fewer sheaths on axons
in dynclhl deficient larvae and fewer intermediate size axons in the ventral spinal cord were
myelinated. Time-lapse imaging revealed that some sheaths were less stable in dync1h1vu76
mutant larvae than in wild-type, whereby they became shorter in length and sometimes lost
contact with axons. Thus, Dynclhl helps maintain sheaths on axons, promoting effective
myelination.

Perhaps the most surprising feature of the dync1h1¥476 mutant phenotype was the dramatic
reduction of myelin gene expression. We showed previously that the deficit of myelin gene
expression in Schwann cells of dynclhl mutant larvae could be rescued by elevation of
cAMP levels, raising the possibility that Dync1h1 is required for signal transduction
necessary for gene expression (Langworthy & Appel 2012). Cytoplasmic dynein can
transport transcription factors such as CREB (Cox et al. 2008) and NF-xB (Shrum et al.
2009; Mikenberg et al. 2007) from cytoplasm to the nucleus in response to extracellular
signals and cytoplasmic dynein knockdown reduced NF-xB-dependent gene expression in
various types of cells (Shrum et al. 2009; Mikenberg et al. 2007). Several signal transduction
pathways are implicated in myelination by oligodendrocytes (Kramer-Albers & White 2011;
Wood et al. 2013; Ishii et al. 2012; Furusho et al. 2011), but whether cytoplasmic dynein is
necessary for signaling by one or more of these pathways is not known. Our data raise the
possibility that one or more of these pathways requires intracellular transport by cytoplasmic
dynein. One possible result of a deficit in myelin production is that myelin sheaths are less
stable, as revealed by our time-lapse imaging, resulting in formation of fewer sheaths by
individual oligodendrocytes.

Loss of Dync1hl function also affected CNS axons. In particular, the average size of axons,
as determined by cross sectional area, was reduced in mutant larvae relative to wild type. In
principle, a reduction of axon size might account for a reduction in axon wrapping by
myelin membrane. However, the size range of our intermediate class of axons exceeds the
minimum diameter necessary for wrapping (Lee et al. 2012) and the average cross sectional
area of axons assessed for myelin wrapping in wild-type and mutant larvae did not differ.
Axons might also require Dync1hl function to deliver molecules that promote myelination
to oligodendrocytes. Because oligodendrocytes can express myelin genes in the absence of
axons, this possibility seems unlikely to explain the dramatic deficit of myelination in
dynclhl mutant larvae. Nevertheless, discriminating between potential roles of Dynclhl in
axons and oligodendrocytes that are important for myelination will require cell-type specific
mutation.

In summary, our investigation reveals that dynclhl-deficient zebrafish larvae have a
substantial deficiency of myelination, resulting from the combined effects of fewer
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oligodendrocytes, fewer axon sheaths and abnormally low myelin gene expression. Our
work should now call attention to the possibility that myelin abnormalities contribute to the
intellectual disability associated with DYNC1H1 mutations.

EXPERIMENTAL PROCEDURES

Ethics Statement

The animal work in this study was approved by the Institutional Animal Care and Use
Committees of Vanderbilt University and the University of Colorado School of Medicine.

Zebrafish Lines and Husbandry

Embryos were raised at 28.5°C in egg water of embryo medium (EM) and staged according
to hours post fertilization (hpf), days post fertilization (dpf) and morphological criteria
(Kimmel et al. 1995). The dync1h1¥476 mutation was uncovered in an ENU mutagenesis
screen. The dync1h1ni3684T9 was uncovered in an insertional mutagenesis screen
(Amsterdam et al. 2005) and kindly provided by Adam Amsterdam and Nancy Hopkins.
Tg(olig2:EGFP)'U12 (Shin et al. 2003), Tg(nkx2.2a:EGFP-CaaX)"¥16 (Kirby et al. 2006; Ng
et al. 2005) and Tg(olig2:DsRed2)"919 (Kucenas et al. 2008) fish were used for this study.

Positional Cloning of dync1h1vu76

We created a mapping cross by mating vu76*/~ fish, which were from the AB strain, to
WIK strain fish and raising the progeny to adulthood. 24 each of 5 dpf wild-type and vu76
mutant larvae were collected from crosses of identified vu76™/~ map cross fish and mixed
genomic DNA pools were prepared. By bulked segregant analysis using 223 simple
sequence length polymorphism (SSLPs) markers, we linked the vu76 mutation to markers
26010, 21990, 234756, G45581, G39834, 27295 and G45067, located on chromosome 17.
We next tested 2853 individual mutant larvae for linkage with these markers. 26010, located
at 17: 29478-29606, was most tightly linked, with 0 recombinants. The entire coding region
of dync1h1 was sequenced from PCR products amplified in seven overlapping fragments
from cDNA prepared from 4 dpf vu76 mutant and wild-type larvae.

Melanosome Aggregation Assay

At 3 dpf, wild-type and dync1h1'476 |arvae were dark adapted for maximal melanophore
dispersion and mounted, dorsal side upwards, in 4% methyl cellulose (1500 centipoises,
Sigma-Aldrich, St. Louis, MO, USA) submerged in EM on a depression slide. After taking
images of melanocytes in the head region, we discarded EM on the slide and applied
epinephrine (0.5 mg/ml, Sigma-Aldrich, St. Louis, MO, USA) dissolved in EM (Yen et al.
2006). Images were taken every 5 min after epinephrine treatment.

Morpholino Injections

We purchased a previously described antisense MO (designed to block transcription of
dync1hl and consisting of the sequence 5-CGCCGCTGTCAGACATTTCCTACAC-3
(Insinna et al. 2010) from Gene tools, LLC (Corvallis, OR, USA). To prevent off-target
effects, we performed co-injections with a p53 translational blocking MO consisting of the
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sequence 5-GCGCCATTGCTTTGCAAGAATTG-3 (Robu et al. 2007). MOs were
dissolved in water and diluted prior to injections. We injected 1-2 nL of the MO into the
yolk at the 1 cell stage. All MO-injected embryos were raised in EM at 28.5°C.

In situ RNA hybridization, Immunohistochemistry and Western Blotting

plpla, mbp (Brosamle & Halpern 2002) and cldnk (Roberts & Appel 2009) RNA probes
were generated using digoxigenin RNA labeling kits (Roche). In situ RNA hybridization
was performed as described previously (Hauptmann & Gerster 2000). For
immunohistochemistry, larvae were fixed using 4% paraformaldehyde, embedded, frozen
and sectioned using a cryostat microtome as previously described (Park & Appel 2003). We
used rabbit anti-Sox10 (1:1000) (Park et al. 2005), rabbit anti-Mbp (1:200) (Kucenas et al.
2009) and mouse anti-acetylated Tubulin (T6793, 1:1000, Sigma-Aldrich, St. Louis, MO,
USA) as primary antibodies. For fluorescent detection of antibody labeling, we used Alexa
Fluor 568 goat anti-rabbit conjugate and Alexa Fluor 647 goat anti-mouse conjugate (1:200,
Life Technologies, Grand Island, NY, USA). In situ hybridization images were collected
using a QIlmaging Retiga Exi color CCD camera mounted on a compound microscope and
imported into Adobe Photoshop. Image manipulations were limited to levels, curve and
contrast adjustments. Fluorescence images were collected using a Zeiss LSM510 laser
scanning confocal microscope and imported into Adobe Photoshop.

For Western blotting 50 larvae of each genotype were homogenized in sample buffer (100
mM Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.2% bromophenol
blue) and the equivalent of 2 larvae were loaded per lane on a 4%-15% Tris-HCI ready SDS
polyacrylamide gel (Bio-Rad Life Science, Hercules, CA, USA). After transfer the blot was
cut and incubated with rabbit anti-Dync1h1 antibody (a generous gift from Richard Vallee)
and anti a-Tubulin (Sigma-Aldrich, St. Louis, MO, USA). Blots were developed using an
ECL kit (Bio-Rad Life Science, Hercules, CA, USA).

Time-lapse Imaging

For analysis of axon wrapping, 2.5 dpf wild-type Tg(nkx2.2a:mEGFP) and
dync1h1v476:Tg(nkx2.2a:mgfp) larvae were anesthetized using 3-aminobenzoic acid ethyl
ester (Tricaine), immersed in 0.8% low melting temperature agarose, mounted on their sides
and covered with EM in glass bottomed 35 mm Petri dishes. Time-lapse images were
captured using a 40x oil immersion objective mounted on a motorized Zeiss Axiovert 200
microscope equipped with a PerkinElImer spinning disk confocal system and heated stage
and chamber to maintain larve at 28.5°C. Z image stacks were collected every 5 minutes and
3D data sets compiled using Sorenson 3 video compression and exported using QuickTime
to create movies. For analysis of OPC migration and division, 2 dpf wild-type
Tg(olig2:EGFP) and dynclhl MO-injected Tg(olig2:EGFP) embryos were anesthetized
using 3-aminobenzoic acid ethyl ester, immersed in 0.8% lower melting temperature
agarose, mounted on their sides, and covered with EM in a glass bottomed 35mm Petri dish.
Time-lapse images were captured using a 20x objective on the imaging system as above. Z
image stacks were collected every 12 minutes from 48 hpf to 58 hpf and 3D data sets
compiled as above.

Dev Dyn. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 10

Myelin Sheath Length Measurements

We measured sheath length in larvae injected with approximately 10 pg of the plasmid
pEXPR-Tol2-sox10:EGFP-CaaX at the one cell stage. Embryos were screen for fluorescent
reporter expression at 6 dpf, anesthetized using 3-aminobenzoic acid ethyl ester, immersed
in 0.8% lower melting temperature agarose, mounted on their sides, and covered with EM in
a glass bottomed 35mm Petri dish. Z stack images of well-isolated oligodendrocytes were
captured using a 40x oil immersion objective mounted on a motorized Zeiss Axiovert 200
microscope equipped with a PerkinElmer spinning disk confocal system. Volocity software
was used to measure the length of each sheath. P values for the average number of sheaths
per cell and average length of sheaths were calculated using nonparametric Mann-Whitney
U-test statistical analysis. The minimum and maximum sheath length for each cell was
graphically depicted in a box-and-whiskers plot to indicate the mean and extrema using
Prism 6.0 software. The total sheath length per cell was calculated by the addition of all
sheath lengths associated with a single cell.

Quantitative PCR

RNA was isolated from 20 pooled larvae for each control or experimental condition. RNA
isolation for each experiment was performed in triplicate. Reverse transcription was
performed using iScript Reverse Transcriptase Supermix (#170-8840, Bio-Rad Life Science,
Hercules, CA, USA). Real-time qPCR was performed in triplicate for each cDNA sample
using an Applied Biosystems StepOne Plus machine and software version 2.1. Tagman
Gene Expression Assays were used to detect mpz (Dr03131917_m1), plpla
(Dr03433493 g1), 36k (Dr03438574 g1) and rpl13a (Dr03101115 g1) as an endogenous
control. A custom designed assay to detect mbp consisted of the primers mbp-“A” forward,
5-GTTCTTCGGAGGAGACAAGAAGAG-3; mbp-“A” reverse, 5
GTCTCTGTGGAGAGGAGGATAGATGA-3; mbp-“a” probe, 5'-
AAGGGAAAGGGTTCATT-3'.

Electron Microscopy

At 6 dpf, zebrafish larvae were anesthetized with Tricaine and fixed in a solution of
paraformaldehyde, glutaraldehyde and sodium cacodylate followed by osmium fixation
using osmium tetroxide and sodium cacodylate as previously described (Langworthy &
Appel 2012). Reagents were purchased from Electron Microscopy Sciences (Hatfield, PA,
USA). 50-70 nm sections were imaged on a FEI Technai Biotwin microscope with a Gatan
Ultrascan camera. Axon area was measured using ImageJ software (NIH). Large axons were
defined as measuring >4 pum, intermediate as 0.201-3.99 pm and small as <0.2 um.
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Figure 1. The vu76 mutation causes defects in pigment deposition and oligodendrocyte
development

Images of living wild-type (A) and vu76 mutant (B) larvae at 6 dpf. The mutant has a
smaller brain (bracket) and eye (e) than wild type and lacks a swim bladder (sb). Lateral (C,
E) and dorsal (D, F) views of 5 dpf wild-type and vu76 mutant larvae to show pigment
patterns. The dark pigment of the mutant is more broadly distributed than that of the wild
type. Low (G, H) and high (I, J) magnification images of Tg(olig2:EGFP) reporter gene
expression in wild-type and mutant larvae. Images are focused on the trunk spinal cord (sc,
brackets) with dorsal up. In G and H dorsally migrated OPCs appear as green dots (arrows).
Fewer dorsal OPCs are apparent in the vu76 mutant larva than in the wild-type larva. At 6
dpf OPC and oligodendrocyte processes form a dense meshwork (1, boxed area magnified as
inset). Oligodendrocyte lineage cell processes are evident in the mutant larva, but the density
of processes is less than in wild-type (J, boxed area magnified as inset).
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Figure 2. The vu76 allele is a mutation of dynclhl )
(A-D) Compound heterozygous vu76/dync1h1ni3684T9 homozygous dync1h1ni3684T9 angd

dynclhl MO-injected larvae have similar phenotypic characteristics including small heads
and small eyes (e) and abnormally dispersed pigment (arrows). (E) Western blotting of
protein extracts obtained from 3 and 5 dpf larvae with anti-Dync1h1 antibody reveals an
approximately 500 kD protein present in 3 and 5 dpf wild-type larvae and 3 dpf mutant
larvae but absent from 5 dpf mutant larvae (arrow). The blot was probed with anti-a-Tubulin
antibody as a loading control. (F) Sequencing of dync1hl cDNA from wild-type and vu76
mutant larvae revealed a G to A transition changing a tryptophan codon to a stop codon.
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This change is predicted to prematurely terminate translation at amino acid position 3561,
within the motor domain of Dynclhl (G). (H-M) Whereas 3 dpf wild-type larvae rapidly
aggregate melanosomes into tight spots upon treatment with epinephrine, which reflects
retrograde transport of melanosomes on microtubules, melanosome distribution in vu76
mutant larvae is not changed by epinephrine. Images in H-M show dorsal views of the head.
Elapsed time following initiation of epinephrine treatment is indicated above the panels.
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Figure 3. Dynclhl deficient zebrafish have a deficit of oligodendrocytes, each of which has fewer
myelin sheaths
(A, B) Immunohistochemistry to detect Sox10 (red) in combination with olig2:EGFP

(green) marks oligodendrocyte lineage cells in 4 dpf wild-type and dync1h1"476 mutant
larvae. Panels show representative images of transverse sections through the trunk spinal
cord, with dorsal up. Anti-acetylated Tubulin staining (blue) marks axons. (C) Mutant larvae
have about 50% the normal number of oligodendrocyte lineage cells. (D, E) Data, collected
from time-lapse movies, showing fewer dorsally migrating OPCs and fewer OPC divisions
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in dynclhl MO-injected larvae than in wild type. (F, G) Representative images of single,
sox10:EGFP-CaaX™* oligodendrocytes in 6 dpf control (F) and dync1h1¥476 mutant (G)
larvae. Asterisks mark cell bodies and arrows mark ends of single myelin sheaths. (H)
Quantification revealed fewer sheaths in dync1h1v4’6 mutant larvae than in control. (1)
Graph showing that average myelin sheath length is slightly longer in dync1h1¥476 mutant
larvae than in wild type. However, the statistical significance of the difference is weak
(P=0.0414). (J) Box-and-whisker plot revealed that both the minimum (min) and maximum
(max) lengths of sheaths in dync1h1¥476 mutant larvae were slightly more variable than in
control larvae. However, the differences between the average maximum and minimum
lengths were not significant (ns). (K) Graph showing the average total myelin sheath lengths
of individual oligodendrocytes. Error bars represent +/— SEM. For panels H-K, wild-type
data were collected from 28 cells in 11 larvae. Mutant data were collected from 15 cells in 9
larvae. Statistical significance was determined by Student’s t test for panels C-E and by
nonparametric two tailed Mann-Whitney t test for panels H-K. *** P<0.0001; **P<0.001; *
P<0.05.
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Figure 4. Axon wrapping by oligodendrocyte membrane is abnormal in dynclhl"U76 mutant
larvae

Panels show images captured from time-lapse movies of oligodendrocytes marked by
Tg(nkx2.2:EGFP-CaaX) reporter expression beginning at 2.5 dpf. Time elapsed since
beginning of movies is marked on the left. Images were obtained from lateral view of the
trunk spinal cord, with dorsal up. (A) In wild-type larvae, oligodendrocyte membrane
processes contact axons, initiate tight wrapping and lengthen bi-directionally to form myelin
sheaths (see example sheaths 1 and 2). Once formed, most sheaths are stable and rarely lost.
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(B) In dync1h1¥476 mutant larvae, some sheaths do not lengthen (e.g. sheath 3) and some
shorten and are subsequently lost (e.g. sheath 4). Sheath 5 forms a relatively long segment.
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Figure 5. Normal levels of CNS myelin gene expression require Dynclhl function
(A-F) Whereas 4 dpf wild-type larvae robustly express cldnk, plpla and mbp RNA, only

apparently low levels of transcripts are evident in similarly processed dync1h1'476 mutant
larvae. Images show dorsal views of whole larvae at the level of the midbrain and hindbrain,
with anterior to the left. (G, H) Quantitative RT-PCR confirmed the deficit of myelin gene
expression in dync1h1476 mutant larvae and dynclhl MO-injected larvae. (1, J) Levels of
Mbp (red), detected by immunohistochemistry, appear higher in wild-type spinal cord than
in mutant spinal cord. Anti-acetylated Tubulin (green) reveals axons. Images show

Dev Dyn. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yang etal.

Page 25

transverse sections, with dorsal up. Statistical analysis was performed using an unpaired t
test with Welsh correction. * P<0.05; ** P<0.001. Error bars represent + SEM.
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Figure 6. Loss of Dynclhl function causes CNS axon and myelin abnormalities
(A, B) EM micrographs of ventral spinal cords of 6 dpf wild-type and dync1h1¥476 mutant

larvae. M indicates Mauthner axon, asterisks indicate intermediate sized axons and white
arrowheads mark myelin membrane. (C) Scatter plot showing cross sectional area of axons.
Mauthner axons were excluded from the plot. The average area of axons in mutant larvae is
reduced relative to wild type. (D) Graph showing percentage of myelinated, intermediate
size axons at 6 dpf. Intermediate was defined as axons having a cross sectional area between
0.201-3.99 um. Loss of Dynclhl function results in more nonmyelinated axons. (E) Graph
showing the average axon cross sectional area of intermediate class myelinated axons. (F)
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Graph showing the average number of myelin wraps on intermediate class myelinated
axons. Statistical analysis for the proportion of myelinated and nonmyelinated axons was
performed using a two-sided Chi-square test. Statistical analysis for axon area and myelin
wraps was performed using two-tailed, unpaired t test. *** P<0.0005, **** P<0.0001. ns,
not significant. Error bars represent + SEM.
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