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Abstract

Myelin is the multi-layered glial sheath around axons in the vertebrate nervous system. Myelinating glia develop and function in intimate
association with neurons and neuron–glial interactions control much of the life history of these cells. However, many of the factors that regulate
key aspects of myelin development and maintenance remain unknown. To discover new molecules that are important for glial development and
myelination, we undertook a screen of zebrafish mutants with previously characterized neural defects. We screened for myelin basic protein (mbp)
mRNA by in situ hybridization and identified four mutants (
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subsequent differentiation (Dutton et al., 2001; Kuhlbrodt et al.,
1998; Park et al., 2002). A transcription factor that is
specifically expressed in early Schwann cell development is
the winged helix protein FOXD3. In mice, FoxD3 is
preferentially expressed in developing neural crest derivatives
and its zebrafish homologue, foxD3, has been observed in glial
cell precursors associated with PNS axonal tracts. Transgenic
foxD3-GFP zebrafish have been used to follow the co-migration
of myelinating glial cells and axons in the lateral line (Gilmour
et al., 2002; Kelsh et al., 2000; Labosky and Kaestner, 1998).

In mammals, birds and teleost fish, oligodendrocyte
precursors (OLPs) can be identified, prior to and during
migration, by expression of the transcription factors Olig2
and/or Olig1 (Lu et al., 2000; Park et al., 2002; Takebayashi et
al., 2000; Zhou et al., 2000). Olig genes are required for the
generation of OLPs since compound disruption of Olig1 and
Olig2 results in a complete lack of oligodendrocytes throughout
the CNS. Olig2 null mice or zebrafish treated with olig2-
suppressing morpholino oligonucleotides show deficiencies of
both motor neurons and OLPs, indicating that these two cell
types share common precursors in the spinal cord and brainstem
(Lu et al., 2002; Park et al., 2002; Takebayashi et al., 2002;
Zhou and Anderson, 2002).

In teleost fish, myelination in both PNS and CNS is
characterized by upregulation of myelin proteins such as
myelin protein zero (Mpz), myelin basic protein (Mbp), and
orthologs of the DM20 isoform of proteolipid protein
(Plp1a/b) (Brosamle and Halpern, 2002; Schweitzer et al.,
2003, 2005). The process has been well characterized in
zebrafish. Upregulation of mbp, mpz and plp1b begins in a
few oligodendrocytes in the hindbrain at 48 hpf. At this
stage, mbp expression is also detectable in the anterior-most
Schwann cells of the lateral line. However, neither plp1b
nor mpz are expressed in the PNS at this stage. The number
of myelin-forming oligodendrocytes and Schwann cells



Larvae were fixed overnight in 4% paraformaldehyde in 0.1 M phosphate
buffered saline (PBS) at pH 7.5. After incubation in PBS + 0.1% Tween 20
(PBT), larvae were permeabilized by proteinase K treatment (40 μg/ml in PBT,
1 h for larvae at 5 dpf), postfixed in 4% paraformaldehyde, and washed
extensively followed by incubation in hybridization mix (50% deionized
formamide, 5× SSC, 0.1% Tween 20, torula RNA 5 mg/ml, heparin 50 μg/ml,
pH 6.0) for 3 h at 65°C. Probe hybridization was carried out over night at 65°C.
Unbound probe was removed by a series of washes. Larvae were blocked for 3 h
in 2% Blocking Reagent (Roche Molecular Biochemicals) in MABT solution
(Maleic acid (0.1 M), NaCl (0.15 M), pH 7.5 plus 0,1% Tween 20). Anti-
digoxygenin Fab fragments coupled to alkaline phosphatase (Roche Molecular
Biochemicals) were used to detect hybridized probe using BM Purple AP
Substrate (Roche Molecular Biochemicals). Larvae were transferred into
glycerol and photographed using a Polaroid PDMC-3 camera.

The RNA probes used included mbp, plp1b, mpz and foxD3 prepared from
EST clones fj45g01, fj43c04, fj33a07 and fk47f08 (Brosamle and Halpern,
2002; Kelsh et al., 2000). Probes for sox10 (Dutton et al., 2001) and olig2 (Park
et al., 2002) were synthesized from cloned PCR products amplified from
zebrafish genomic DNA using the primer pairs 5′-ACC GTG ACA CAC TCT
ACC AAG ATG ACC-3′/5′-CAT GAT AAA ATT TGC ACC CTG AAA AGG-
3′ and 5′-GCT TCA TCT CCT CCA GCG AGG-3′/5′-AAA CTG AGA GCG
CAC TGA ACC-3′.

Immunohistochemistry

For whole mount immunohistochemistry, larvae were fixed in 10%
trichloroacetic acid (TCA) for 3 h, permeabilized in 0.25% trypsin in PBT on
ice, extensively washed and stored in PBT. After blocking (1% DMSO, 10%
goat serum, 0.8% Triton X-100 in PBT) for 1–3 h, antibodies for acetylated
tubulin (Sigma) were applied overnight in the same solution. Antibody binding
was detected using either horseradish peroxidase, fluorescein isothiocyanate
(FITC) or Alexa 568 conjugated secondary antibodies. For sections embryos
were fixed and prepared as for in situ hybridization. Mouse monoclonal
antibody for Isl1 (Developmental Studies Hybridoma bank) was applied
overnight in PBT and antibody binding detected using rhodamine conjugated
anti-mouse secondary antibodies (Roche Molecular Biochemicals). Samples
were examined using either a Nikon Eclipse 800 photomicroscope or a Leica
confocal microscope.

Electron microscopy

For electron microscopy, larvae were fixed overnight in 6% glutaraldehyde in
0.1 M cacodylate buffer pH 7.4, washed in 0.1 M cacodylate and postfixed in 2%



Table 1



maintain expression of the zebrafish T-brachyury homologue no
tail (Odenthal et al., 1996). Iguana (igu) is a member of the



oligodendrocytes originate from the ventral olig2-expressing
domain of the VZ that earlier gives rise to motor neurons (Park
et al., 2004). We analyzed the expression of olig2 and the early
motor neuron marker Islet1 (Isl1) in ott mutants (Figs. 4G–J).
At 80 hpf, the distribution of Isl1-expressing cells appeared
normal but olig2 was still restricted to the ventricular zone,
whereas in wild type fish it could also be seen in the peripheral
cells, which are thought to represent migrating OLPs (Park et
al., 2002). As in the PNS, EM analysis of spinal cord
identified differentiating glial cells had begun to loosely wrap
axons (Figs. 4K, L).

Neckless/no fin

Both neckless (nls) and no fin (nof) mutations disrupt the
zebrafish homologue of the RA synthesis enzyme Aldh1a2
(Begemann et al., 2001; Grandel et al., 2002). This enzyme
catalyzes the final step in RA synthesis from vitamin A and is
expressed during early embryogenesis. In zebrafish, mutations
in aldh1a2 act non-cell-autonomously to cause rhombomeres 5–
7 to expand and affect the differentiation of catecholaminergic
and brachiomotor neurons in the hindbrain. A recent analysis
(Begemann et al., 2004) of nls mutants prior to myelinogenesis
(48 hpf) showed that in a proportion (30%) of embryos,
expression of the axonal marker Tag-1 in the PLL nerve was
attenuated, suggesting that in these embryos the axons fail to
extend past the level of the first somite. Both the size of the PLL
ganglion and the thickness of the axonal bundle were reduced in
all embryos. A significant fraction of mutant embryos die shortly



Fig. 3. PLL phenotype of mot/ott mutants. (A–C) Myelin protein expression in ott and mot mutants. Both mutants show a complete lack of mbp and Plp1b expression.
(D, E) Mpz expression in the CNS (arrows) of wild type (D) and ott (E) embryos at 72 hpf. Mpz is expressed at reduced levels in ott embryos. (F) Anti-acetylated
tubulin staining of the PLL in ott mutants. The axons (arrow) are present but do not extend the whole length of the fish. (G–J) Early development of the PLL nerve and
glia precursors. At 30 hpf, axons of the PLL nerve (arrows)of ott mutants (G) have extended less far than in the wild type. Arrowhead—caudal end of yolk sac (I). Prior
to myelination, early glial expression (arrowheads) of foxD3 in both mutant (H) and wild type (J) fish. (K–N) Electronmicrographs of transverse sections through the
PLL nerve of wild type (K, L) and ott mutant (M, N) fish 80 hpf. The larger diameter axons are ensheathed by loosely packed myelin (arrows) typical of this early stage
of development. Scale bars in panels A–C 10 μm; in panels D–F, H and J 5 μm; in panels G and I 3 μm; in panel E 1 μm; in panels K and M; in panels L and N 200 nm.
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Plp1b expression can be detected in the PLL of nls mutant
fish at reduced levels compared to wild type (Figs. 5E, F). EM
analysis of 5-day-old mutants also showed cells enwrapping the
axons of the PLL which were morphologically indistinguish-
able from wild type myelinating glia at this stage of normal
development (Figs. 5G, H).



Fig. 4. CNS phenotype of ott mutants. Transverse sections through the spinal cord of 80 hpf larvae. (A–F) Myelin protein expression in wild type (A, C, E) and ott (B,
D, F) mutant fish. (A, B) mbp is not expressed in ott mutants. (C, D) Plp1b is not expressed in ott mutants. (E, F) Mpz is weakly present in some grey matter cells in ott
mutants. (G, H) In wild type fish, olig2-expressing cells have migrated to the periphery by 80 hpf (G) whereas olig2 expression is still restricted to the ventral
ventricular zone in ott mutants (H). (I, J) The distribution of cells expressing the motor neuron marker isl1 is similar in wild type (I) and ott mutant (J) fish. (K, L)
Electronmicrographs of spinal cord axons ensheathed by loosely wrapped immature myelin in wild type (K) and ott mutant (L) fish. Scale bars in panels K and L,
200 nm.
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An effect on mbp expression is also seen in the spinal cord of
nls mutants. We observed a complete lack of mbp expression in
spinal cord oligodendrocytes in ∼85% (41/47) of 5-day-old nls
larvae, although the oligodendrocyte precursor marker sox10 is
expressed normally (Figs. 6A–C). Cells with a similar
morphology to wild type differentiating oligodendrocytes can
be seen by EM (data not shown). A similar lack of mbp
expression is seen in wild type fish treated with the RA
synthesis inhibitor DEAB from 11 hpf (Fig. 6D).

To determine the developmental stage at which RA synthesis
is required for normal mbp expression in both Schwann cells of
the PLL and spinal cord oligodendrocytes, we used timed
application of either exogenous RA (to rescue the PLL
phenotype in nls mutants) or DEAB (to suppress RA synthesis
in wild type fish). In both cases, treatment had to be applied
relatively early in development; no effects on mbp expression
were seen in the CNS of fish to which DEAB was applied later
than 26 hpf (Table 2, Figs. 6E, F). Similarly, mbp expression
was restored in the PLL of 100% of nls mutant fish to which RA
was applied between 10 and 16 hpf but only in 33% of larvae
treated between 16 and 19 hpf (Table 3, Fig. 6F).
Discussion

An advantage of zebrafish as an experimental model is the
ability to conduct forward genetic screens. Screens can be
performed either of newly induced mutants, bred to homozy-
gosity following mutagenesis, or of panels of mutants that have
been identified previously on the basis of some other phenotype
(so-called shelf screens). Recently, at least two groups have
successfully conducted de novo screens for mutations that
perturb myelination and mbp expression. In one of these, a
screen of 600 mutagenized genomes isolated eleven different
genes affecting various stages of myelin development (Lyons
et al., 2005). We have performed a shelf screen of 39 mutants
with known CNS defects, which uncovered mutations in four
loci that affect mbp expression in the PLL. None of these
mutants had been uncovered in the de novo screens, which
focused on glial cell specific phenotypes and may have
rejected mutants with pleiotropic phenotypes. The relatively
high success rate of our approach suggests that screening for
genes involved in both neuronal and glial development would
be a useful strategy to complement de novo screening efforts.



Screening for mutants that lack mbp



Fig. 6. (A–C) CNS phenotype of nls mutants at 4 dpf (A) Mbp expression in wild type spinal cord at 4 dpf. Differentiating oligodendrocytes are located peripherally in
the white matter. (B) Mbp expression is absent in the great majority of nls mutant fish. (C) Sox10 expression in wild type spinal cord. Sox10 labels oligodendrocyte
precursors in the grey matter (arrow) as well as differentiating oligodendrocytes in the periphery. (D) Sox10 expression appears normal in nls mutants. Note labeling of
oligodendrocyte precursors in the grey matter (arrow). (E–H) Effects of timed application of DEAB (D–F) and RA (G) on wild type and nls mutant fish respectively.
(E) Effects of DEAB treatment from 11 hpf on mbp expression. (F) Effects of DEAB treatment from 14 hpf on mbp expression. (G) Effects of DEAB treatment from
26 hpf on mbp expression. (H) Mbp expression is restored in the PLL (arrowheads) of nls mutants treated with exogenous RA between 10 and 16 hpf.
The effects on myelination observed in nof and nls mutants
are especially interesting. RA signalling has been implicated at
several stages of oligodendrocyte development in higher
vertebrates (Appel and Eisen, 2003) and RA has been shown
to activate the Mbp promoter in rat optic nerve glial cell cultures
Table 2
Effects of timed applications of the RA synthesis inhibitor DEAB on mbp
expression in the spinal cord of zebrafish embryos and larvae

DEAB
treatment

Larvae showing mbp expression in spinal cord
oligodendrocytes at 4 dpf (%)

Total
number

11 hpf 9.4 32
14 hpf 14.3 35
26 hpf 88.4 43
(Pombo et al., 1999). However, there is less evidence that RA is
required in Schwann cell development although RA synthesis
enzymes and receptors are expressed in peripheral nerves
(Berggren et al., 1999).

In nls mutant fish, the effects on the oligodendrocyte and
Schwann cell lineages are surprisingly similar and specifically
involve mbp expression as both plp1b and mpz expression can
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