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Abstract. Myelination by oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral nervous
system is essential for nervous system function and health. Despite its importance, we have a relatively poor understanding
of the molecular and cellular mechanisms that regulate myelination in the living animal, particularly in the CNS. This
is partly due to the fact that myelination commences around birth in mammals, by which time the CNS is complex and
largely inaccessible, and thus very difficult to image live in its intact form. As a consequence, in recent years much effort
has been invested in the use of smaller, simpler, transparent model organisms to investigate mechanisms of myelination
in vivo. Although the majority of such studies have employed zebrafish, the Xenopus tadpole also represents an important
complementary system with advantages for investigating myelin biology in vivo. Here we review how the natural features of
zebrafish embryos and larvae and Xenopus tadpoles make them ideal systems for experimentally interrogating myelination
by live imaging. We outline common transgenic technologies used to generate zebrafish and Xenopus that express fluorescent
reporters, which can be used to image myelination. We also provide an extensive overview of the imaging modalities most
commonly employed to date to image the nervous system in these transparent systems, and also emerging technologies that

we anticipate will become widely used in studies of zebrafish and Xenopus myelination in the near future.
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INTRODUCTION

The ensheathment of axons with myelin is critical
for nervous system function. Often compared to the
plastic coating on electrical wires, myelin provides
axons with “insulation” that allows saltatory conduc-
tion, which increases the speed of nerve impulses by
up to 100-fold compared to unmyelinated axons [1].
However, over the past two decades it has become
increasingly evident that myelin’s role is much more
complex than just an “insulator”. The importance of
myelin for long-term axonal integrity has been high-
lighted [2], including roles in providing metabolic
support to axons [3, 4]. Modulation of the distribu-
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tion, length and thickness of myelin sheaths (often
referred to as the internodes) has been implicated in
synchronizing the timing of signals in neuronal cir-
cuits [5, 6]. Furthermore, there is increasing evidence
of myelin plasticity during adulthood [7], which has
been suggested to be important for learning [8]. Loss
of myelin and/or dysfunction of myelinating glia is a
pathological feature of many neurological diseases,
including multiple sclerosis, leukodystrophies, amy-
otrophic lateral sclerosis, Guillain-Barre syndrome,
Huntington’s disease, and Down’s Syndrome [9-12],
and changes to myelin are implicated in a range of
psychiatric disorders, including schizophrenia [13].
Yet, despite the obvious importance of myelin, the
mechanisms of myelination, myelin plasticity, and
myelin repair remain poorly understood. Thus, there
is a pressing need for good models to study these
processes, particularly in vivo.

Myelinated axons with nodes of Ranvier (the
short unmyelinated gaps between consecutive myelin
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sheaths where voltage gated sodium channels are
clustered to propagate action potentials) are essen-
tially a vertebrate specific innovation. Myelin sheaths
are membrane rich elaborations of specialised glial
cells called Schwann cells in the peripheral ner-
vous system (PNS) and oligodendrocytes in the
central nervous system (CNS). Much of what we
currently know about myelin has come from obser-
vations made in fixed tissue samples from humans
and rodents, as the inaccessibility of the nervous sys-
tem (particularly the CNS) and long-time course of
myelination in humans and rodents makes longitudi-
nal studies of myelination in its native in vivo context
challenging. Unfortunately, reliance on fixed tissue
analyses limits insight into the cell-cell interactions
that underlie myelin formation, regulation and regen-
eration, and is subject to the introduction of fixation
artefacts. Therefore small and transparent zebrafish
larvae and Xenopus tadpoles are becoming popular
models to study mechanisms of myelination using
intravital imaging in the living animal. Several excel-
lent reviews have recently summarised the biological
insights gained from studying myelination in vivo in
zebrafish [14-16]. In this review we will focus on
the tools available for live imaging these transpar-
ent models, and on imaging modalities that can be
employed to gain novel insights into myelination.

ADVANTAGES OF ZEBRAFISH AND
XENOPUS FOR LIVE-IMAGING STUDIES

Both zebrafish and Xenopus have several advan-
tages that make them ideal for live-imaging studies.
Their embryos develop outside the mother and are
accessible for manipulation and imaging from the sin-
gle cell stage. The small size and optical transparency
of early zebrafish embryos and larvae and Xenopus
tadpoles allow for non-invasive live-imaging of the
intact animal, even by consecutive time-lapse imag-
ing over days [17, 18]. In addition, after individual
imaging sessions animals can be returned to their
growth medium (simple buffered water) and be re-
imaged days or weeks later, allowing one to follow
the same region or specific cell for extended time
courses, or before and after an experimental treat-
ment. Imaging in older, larger animals does become
more challenging, due to increased size and opac-
ity. However, in zebrafish, several mutants have been
described in which pigment formation is disrupted
(ie. golden, nacre, casper), allowing for extended
live-imaging studies as animals age [19-21]. The

chemical PTU can also be used to prevent pigment
formation; however, it has been linked to develop-
mental defects and for this reason is often not the
preferred method for many studies [22, 23].

Furthermore, both zebrafish and Xenopus are
genetically tractable organisms allowing for the easy
generation of transgenic animals expressing genes
of interest, such as fluorescent reporters. Expression
of transgenes can be restricted to desired cell-types
through the use of specific gene promoter sequences.
The cell specific expression can be mosaic (by injec-
tion into the fertilized egg), or uniform (by generating
stable transgenic lines). Moreover, an array of tools
has been developed to obtain temporal regulation of
gene expression, allowing for further control of gene
expression (described further below). In addition
to expressing genes-of-interest/fluorescent reporters,
there are now also several different systems in use for
the generation of knockout animals, including Zinc
fingers, TALENS, and CRISPR/Cas9, which enable
imaging experiments assessing the role of specific
genes [for recent review see 24, 25, 26]. These tech-
niques are aided by the fact that the entire genome
of the zebrafish was published in 2013, while >85%
of Xenopus tropicalis and Xenopus laevis genomes
have been sequenced to date [27-29]. Both zebrafish
and Xenopus tropicalis are also amendable to for-
ward genetic screens based on random mutagenesis,
which can be used to identify novel genes involved in
biological processes [30-32], including myelination
[33, 34]. However, despite their better tractability for
genetic manipulation (diploid genome), to our knowl-
edge essentially no studies on myelination in Xenopus
tropicalis have been carried out to date. Therefore,
all references to Xenopus for the remainder of the
review will refer to those carried out on Xenopus
laevis (which have a tetraploid genome).

ADVANTAGES OF ZEBRAFISH AND
XENOPUS FOR STUDYING MYELINATION

A major advantage of using zebrafish to study
developmental events, including myelination, is their
rapid embryonic development. Organogenesis is
underway throughout the embryo by 2 days post-
fertilization (dpf), and by 5 dpf complex swimming
and feeding behaviours can be observed. In the
PNS, Schwann cell precursors are observed along
the posterior lateral line starting around 18 hours
post-fertilization (hpf) [35], and myelination com-
mences by just 2dpf [36]. Similarly, in the CNS,
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the first oligodendrocyte precursor cells (OPCs) are
observed around 36 hpf [37] and myelinating oligo-
dendrocytes are observed from 60 hpf [38] (Fig. 1).
Robust myelination of both the dorsal and ventral
tracts of the hindbrain and spinal cord is achieved
over the following days [39], with a slower rate of
ongoing myelination observed into adulthood [40].
In contrast, myelination in rodents occurs over a
longer time-course, and primarily at postnatal stages
when the nervous system is already highly complex
and largely inaccessible, making dynamic analy-
ses of myelination in vivo technically much more
challenging. Importantly, the structure and compo-
sition of myelin is generally well conserved between
zebrafish and mammals, as are many of the molecular
mechanisms controlling myelination. Some notable
differences do exist however in terms of protein
expression. Myelin protein zero is expressed in both
the CNS and PNS of fish, as opposed to just the PNS
of mammals [41]. Zebrafish also express some myelin
proteins (36K, claudin K, Zwilling-A/B) for which
no paralogs in rodents have currently been identified
[42-44]. Detailed comparisons of fish and mammal
myelin have recently been published [14, 16].

Compared to zebrafish, the time course and
molecular mechanisms of myelination in Xenopus
have not been investigated to the same degree, but
appear broadly similar. Oligodendrocytes have been
observed as early as stage 41-42 ( 3 dpf) in the brain-
stem of developing Xenopus tadpoles [45]. In the
spinal cord ensheathment of axons is observed by
stage 44/45 (~4 dpf), with myelination throughout
the ventral spinal cord by stage 46/47 (~5 dpf) [46].
By stage 55 (~32 dpf) robust myelination is observed
throughout the brain, spinal cord, and optic nerve [45]
(Fig. 1). Major myelin proteins in Xenopus are con-
served with those in mammals [47-49]; however, as
in zebrafish, PO protein is also found in CNS myelin
[50].

In addition to their rapid development, zebrafish
and Xenopus tadpoles have a remarkable ability
for regeneration [reviewed in 51, 52, 53], includ-
ing remyelination [45, 54-56]. This capacity for
myelin repair, together with the fact that they can
be generated in large numbers (one mating can
produce hundreds of offspring), be raised in small
volumes of water, and be easily treated with bath
application of drugs, makes both zebrafish and tad-
poles highly amenable for pharmacological screens
seeking compounds that promote or inhibit remyeli-
nation [57]. Furthermore, the ability to non-invasively
and repetitive image the same animal over time is

ideal for examining the dynamics of demyelination
and remyelination in different disease and injury
paradigms, free of fixation artefacts. In this review,
we will discuss the tools available for live-imaging
in zebrafish and tadpoles and how they have been
used to unravel mechanisms of myelin formation,
injury, and repair. We will also highlight up-and-
coming techniques offering exciting prospective for
future studies.

GENETIC TOOLS FOR THE EXPRESSION
OF FLUORESCENT REPORTERS FOR
LIVE-IMAGING

To date, almost all live imaging of myelin in
zebrafish and tadpoles has been fluorescence-based.
Although a small number of fluorescent vital dyes
(e.g. CMC, Fluoromyelin) have been used to label
myelin in other species [58, 59] and validated in
fish tissue [60—62], the primary method to fluores-
cently label myelinating glia and/or myelin is by
the expression of genetically encoded fluorescent
reporter proteins using cell-specific promoters. This
is primarily achieved by simply injecting constructs
encoding reporters into very early embryos, usually at
the 1-2 cell stage, which results in mosaic expression
(Fig. 2A). As an alternative to early embryo injec-
tions, plasmids can also be introduced into cells at
later stages of development via electroporation. Elec-
troporation of single cells can be carried out by pass-
ing current through a DNA-filled glass micropipette
placed against the cell of interest to transiently dis-
rupt the plasma membrane and allow entry of the
DNA [63-65]. Alternatively, large clusters of cells
can be electroporated in the nervous system by inject-
ing the DNA into the ventricle, then passing a current
through the tissue using closely spaced platinum
plate electrodes [66]. An advantage of electropora-
tion is that it allows for more targeted selection of the
cell(s) that expresses the construct, as opposed to the
random mosaicism resulting from microinjection of
constructs. Viral delivery of constructs is also feasi-
ble [67, 68], but not yet commonplace in zebrafish
or Xenopus larvae/tadpoles, largely due to the facile
nature of direct microinjection at early stages.

Mosaic expression of reporters is particularly use-
ful when the experiment calls for observing the
morphology and behaviour of single cells in great
detail. For example, several studies have used the
early stage plasmid injection technique for mosaic
labelling to determine the number and length of
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4-5 dpf - Robust myelination of spinal cord

60 hpf - Oligodendrocytes begin to myelinate

2 dpf - Schwann cells begin to myelinate

36 hpf - First oligodendrocytes

18 hpf - First Schwann cells

1 dpf 2 dpf 3 dpf

I 24 hrs |

STAGE 22 STAGE 35-36  STAGE 41

STAGE 45

4 dpf 5 dpf

STAGE 47

Stage 41/42 - First oligodendrocytes

Stage 44/45 - Oligodendrocytes begin myelinating spinal cord

Stage 46/47 - Myelin throughout ventral spinal cord

Fig. 1. Timeline of developmental myelination in zebrafish larvae and Xenopus tadpoles. Schematic indicates rapid development of zebrafish
and Xenopus embryos from one cell stage (left) to larvae (right) with myelinated axons. hpf=hours post fertilisation. dpf=days post

fertilisation.

myelin sheaths made by individual oligodendro-
cytes [38, 39], a feat which is simply not possible
when all oligodendrocytes are labelled due to the
high density of myelin sheaths along white mat-
ter tracts. Furthermore, multicolour mosaic labelling
can be used to aid in the visualization of cell-cell
interactions. For example, Kirby et al. injected two
different fluorescent reporter constructs, meGFP and
mRFP, to mosiacally label OPCs green (meGFP), red
(mRFP), or yellow (meGFP + mRFP) depending on
the constructs expressed. This allowed the authors to
carefully examine the interactions between processes
of neighbouring OPCs as they migrated throughout
the spinal cord [37].

To obtain uniform rather than mosaic expression
of reporter constructs, stable transgenic zebrafish are
generated (Fig. 2B). To do this mosaic animals cre-
ated via injection at the single cell stage are raised
and their offspring screened for appropriate expres-
sion of the construct, indicating incorporation into the
germline. Further analysis must then be done to deter-
mine whether these lines exhibit the desired pattern of
expression, which might differ from expected due to
the use of incomplete promoter/enhancer sequences
or positional effects of the site of insertion. Several
transgenic reporter lines have been published that
label oligodendrocytes, Schwann cells, and/or myelin
in the CNS and PNS (Table 1). This list continues
to expand, thanks to the many tools that are now
available to control expression in a spatial and tem-
poral manner, as well as the ongoing development of

new fluorescent proteins with expanding capabilities
(such as photoconvertability). The following section
provides a brief overview of tools available for the
generation and expression of fluorescent reporters for
live-imaging. We will focus on techniques used in
zebrafish, which are currently more heavily used in
the myelin field compared to tadpoles; however, the
majority of techniques are also applicable in principle
to Xenopus.

Generating cell type-specific fluorescent
reporters

Cell type- and tissue-specific fluorescent reporter
lines in zebrafish and Xenopus have been generated
using three principle methods. The first method is by
selecting a gene known to be specifically expressed
in a cell type of interest and cloning its predicted pro-
moter/enhancer elements upstream of a fluorescent
reporter. To do this, many zebrafish labs make use of
the Tol2kit, which harnesses the multi-site Gateway
recombination cloning technique [69, 70] to assem-
ble combinations of promoters, genes-of-interest and
protein tags into a Tol2 transposon backbone [71].
In addition to being a rapid cloning method, Tol2
constructs benefit from the added advantage that
the efficiency of genomic insertion can be increased
by co-injection of mRNA encoding the Tol2 trans-
posase [72]. While use of the Tol2Kit has streamlined
the process of generating fluorescent reporters, other
cloning strategies can also be employed to achieve the
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A Mosaic Expression of Reporter/Effector

ell specific prom. [\ Wil el G/ =l (7 d ——b -

B stable Transgenic Line

Screen offspring /O

for expression

Expression in all oligodendrocytes

Expression in single oligodendrocytes

Fig. 2. Generation of transgenic zebrafish to visualize myelinating oligodendrocytes. A) Transgenic animals with mosaic fluorescent reporter
expression in myelinating oligodendrocytes can be generated by injection of plasmid at the one cell stage, and visualized in the injected
animals at early larval stages. B) Transgenic animals with stable expression of a transgene that labels all myelin in the animal are first injected
with plasmid as in A, then grown to adulthood. Adults are bred with non-transgenic animals to identify those in which plasmid integration
has occurred in the germ-line and which can generate offspring with expression in all myelinating oligodendrocytes.

same means. Interestingly, promoters are sometimes
conserved across species — for example, the mouse
mbp promoter sequence has been used to express
eGFP in myelinating oligodendrocytes of Xenopus
and the mouse PLP promoter has been used to express
eGFP in oligodendrocytes of zebrafish [45, 73].
One challenge of cloning promoters is identify-
ing all the appropriate promoter/enhancer sequences
regulating the desired expression pattern, as these
can sometimes be scattered over large stretches
of genomic DNA both upstream and downstream
of the gene-of-interest [74]. In such cases, a sec-
ond method called bacterial artificial chromosome
(BACQ)-transgenesis can be used [for review see 75].

BAC vectors contain large stretches of genomic
DNA (>100kb), which similar to plasmids can be
injected and expressed in cells. Their sequences can
be searched in online databases, such as the Zebrafish
Information Network (ZFIN) (http://zfin.org), to
identify clones that contain a gene with the expression
pattern of interest. In many cases all the regula-
tory elements for that gene will also be contained
within the BAC, due to its large size. Homologous
recombination can be used to replace the gene with a
fluorescent reporter cassette, with the goal of achiev-
ing an expression pattern for the reporter that mimics
that of the replaced gene. For example, an olig2:GFP
zebrafish reporter line, which labels oligodendrocyte
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Table 1
List of transgenic zebrafish and Xenopus lines used to visualize myelinating cells and myelin in vivo
Reporter Labelled Cell Type Original Imaging Cellular Notes
Reference ~ Modality Localization
of Reporter
Zebrafish
mbp:EGFP OLs and SCs [40] & [38] Laser Scanning Confocal ~ Cytoplasmic Two independent lines
Microscope
mbp:EGFP- OLs and SCs [38] Laser Scanning Confocal =~ Membrane -
CAAX Microscope
mpz:EGFP OLs, some [203] Laser Scanning Confocal =~ Cytoplasmic -
non-myelinating cell Microscope
types
nkx2.2a:mEGFP Subset of OPCs and early [204] Laser Scanning Confocal =~ Membrane BAC transgenic
myelinating OLs, some Microscope
non-myelinating cell
types
oligl:mEGFP OL lineage cells [205] Not defined Membrane -
olig2:EGFP OL lineage cells, motor [76] Laser Scanning Confocal ~ Cytoplasmic BAC transgenic
neurons Microscope
olig2:dsRed2 OL lineage cells, motor [206] Spinning Disk Confocal Cytoplasmic BAC transgenic
neurons Microscope
olig2:Kaede OL lineage cells, motor [207] Spinning Disk Confocal Cytoplasmic BAC Transgenic
neurons Microscope
Photoconvertible
plpl:EGFP Ols, some [73] Laser Scanning Confocal ~ Cytoplasmic Mouse PLP promoter
non-myelinating cell Microscope
types
sox10:mRFP OL lineage cells, SCs, [37] Spinning Disk Confocal Membrane -
some interneurons, Microscope
neural-crest cells
sox10:EGFP OL lineage cells, SCs, [208] Not defined Cytoplasmic -
some interneurons,
neural-crest cells
sox10:Eos* OL lineage cells, SCs, [209] Spinning Disk confocal *Cytoplasmic -
sox10:nls-Eos** some interneurons, microscope **Nuclear
neural-crest cells
foxD3:GFP SC precursors, SCs, some [210] Laser Scanning Confocal ~ Cytoplasmic -
non-myelinating cell Microscope
types
MSE-EGFP SCs, some [211] Laser Scanning Confocal ~ Cytoplasmic Enhancer sequence for
non-myelinating cell Microscope the mouse krox20 gene.
types
Expression high during
initiation of
myelination and
decreases with time.
cldk:Gal4 OLs and SCs [43] Laser Scanning Confocal - Gal4 activator line
Microscope
sox10:KalTA4 OL lineage cells, SCs, [91] Laser Scanning Confocal - Optimized gal4 activator
some interneurons, Microscope line
neural-crest cells
mbp:Gal4; OLs and SCs [54] Not defined Cytoplasmic Gal4 driving expression
UAS:NTR- of NTR-mCherry
mCherry fusion protein. Induces
cell death in presence
of Mtz.
sox10:Gal4; OL lineage cells, SCs, [54] Not defined Cytoplasmic Gal4 driving expression
UAS:NTR- some interneurons, of NTR-mCherry
mCherry neural-crest cells fusion protein. Induces

cell death in presence
of Mtz.

(Continued)
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(Continued)
Reporter Labelled Cell Type Original ~ Imaging Cellular Notes
Reference  Modality Localization
of Reporter
mbp:NTR-EGFP OLs and SCs (55) Laser Scanning Confocal ~ Cytoplasmic Direct regulation of
Microscope NTR-EGFP expression
using mbp promoter.
Less mosaicism than
Gal4-UAS.
Label-Free Myelin (170) Third Harmonic - -
Generation
Xenopus laevis
mbp:EGFP-NTR OLs (45) Two photon excitation Cytoplasmic Fusion protein, induces
microscopy cell death upon
exposure to Mtz.
Label Free Myelin (189) Stimulated Raman - Visualized both healthy

Scattering

and degrading myelin.

OL =Oligodendrocyte, OPC = Oligodendrocyte precursor cells, SC = Schwann cells, NTR = nitroreductase, MTZ = metronidazole.

lineage cells and motor neurons, was generating using
BAC transgenesis [76].

A third method for obtaining cell-specific reporter
lines relies on random integration of reporter cas-
settes into the genome using enhancer traps [for
review see 77]. Typically, the reporter cassette con-
tains a weak basal promoter and fluorescent protein
gene, which is expressed when integrated in the prox-
imity of an enhancer element. This will result in
a spatio-temporal expression pattern that often, but
not always, mimics the expression pattern of the
gene closest to the insertion site. In the zebrafish
community, large libraries of transgenic lines have
been generated using enhancer traps, which can be
screened for desired expression patterns [78-80];
however, to date no one has reported a myelinating
cell specific enhancer trap line.

Despite which method is used to obtain cell-
specificity, selecting the appropriate fluorescent
reporter to express is critical for the success of
imaging studies. A constantly expanding number of
fluorescent reporters exist, each with their own advan-
tages [reviewed in 81]. For example, deep-tissue
live-imaging has benefited from the generation of far-
red and near infrared fluorescent proteins, which use
light wavelengths for excitation and emission that
decrease light scattering and autofluorescence [82].
In addition to having different excitation and emis-
sion spectra, reporters also differ in their brightness,
speed of folding, susceptibility to photobleaching,
multimerization properties, and cytotoxicity. Some
reporters have also been engineered to incorporate
unique properties, such as photoactivatability, pH
sensitivity, or ion sensitivity [§3—85]. With the many

options available, it is worth spending time to select
the best reporter for the planned imaging project.

Another important consideration is how one wants
the fluorescent reporter to be localized within the cell.
For example, visualizing myelin requires membrane-
targeted fluorescent proteins due to the extrusion
of cytoplasm (and thus cytoplasmic reporters) from
myelin during compaction. Membrane targeting can
be achieved by adding a CAAX motif to the C-
terminal of the fluorescent protein (where C is
cysteine, A is aliphatic, and X is typically Met or Ser)
[86]. This sequence is post-transcriptionally modified
by the addition of a farnesyl group, which localizes
the protein to the cytoplasmic face of the plasma
membrane. Importantly, targeting fluorescent pro-
teins in this way does not appear to disrupt myelin
formation or cytoarchitecture. In cases where more
specific reporter localization is required, fluorescent
proteins can be fused in frame with a protein-of-
interest, in order to target them to a specific structure
or part of the cell where the protein-of-interest is nor-
mally is found. Care must be taken when choosing
this approach however, as tagging proteins can inter-
fere with their localization or function. For example,
in rodents, expression of the myelin protein PO fused
to a myc-tag resulted in demyelination [87].

Use of the Gal4VP16/UAS system to amplify
expression levels of reporters

Gal4 is a transcription factor, which recognizes
and binds a specific DNA-binding site called an
“upstream activating sequence” (UAS) that is not nat-
urally present in multi-cellular organisms. Transgenic
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expression of Gal4 using a cell-specific promoter
can be used to drive expression of genes placed
downstream of UAS-sequences (plus a minimal pro-
moter), which would otherwise not be expressed [88]
(Fig. 3A). This system is often used to increase gene
expression in cases where cell-specific promoters
do not drive high enough expression on their own.
It is particularly useful for live-imaging studies to
drive high expression of fluorescent reporters that can
then be imaged with lower laser intensities, reducing
photodamage. For use in zebrafish, the Gal4 DNA
binding domain has been fused to the minimal tran-
scriptional activation domain of Herpes simplex virus
protein 16 (VP16) to improve its activation ability
[89]. More recently, the Gal4 VP16 activator has been
further optimized to generate the KalTA4 activator,
which has increased expression levels and reduced
toxicity in zebrafish [90]. To regulate gene expression
in myelinating glial lineages, Gal4 activators have
been placed downstream of the zebrafish claudin K,
mbp, and sox10 promoters [54, 56, 91].

An interesting adaption of the Gal4/UAS sys-
tem is the split Gal4 system [92]. This system uses
two hemidrivers — one encoding the DNA-binding
domain of Gal4 and one encoding the activation
domain of Gal4. On their own, neither domain is func-
tional, but when expressed in the same cell the two
domains heterodimerize. This results in the formation
of a functional protein that binds to UAS elements and
drives transgene expression. By driving expression
of each domain of Gal4 using a different promoter,
expression of the reporter downstream of the UAS
is restricted to those cells in which both promoters
are expressed [92]. This is incredibly useful in cases
where the desired cell specificity cannot be achieved
using a single promoter. The split Gal4 system has
been successfully applied in Drosophila, for example,
to label specific subsets of neurons [92, 93]. Recently
an adaptation of this system, the split KalTA4 sys-
tem, was successful used in zebrafish [91]. In this
case, a subset of neurons that were Sox10+ were
labelled without also labelling the Sox10+ oligo-
dendrocytes [91]. The use of such a system holds
promise for controlling gene expression in difficult
to target cell populations such as oligodendrocyte
precursors.

Expressing multiple reporter constructs

Several methods exist for expressing multiple
genes-of-interest (e.g. fluorescent reporters) in the
same cell. The simplest way is to simply inject

two individual plasmids each encoding one of the
reporters; however, the mosaic nature of expression
means only a proportion of the cells will express
both reporters. Alternatively, one can clone the two
reporters, each driven by its own promoter, one
after another in the same plasmid. While theoreti-
cally recombination into the genome should result in
expression of both proteins, interference between the
promoters can result in weak expression of one of
the two transgenes or altered gene expression [94].
For this reason, vectors with a single bidirectional
promoter have been generated that can be used to co-
express two different reporter genes. These “Janus”
vectors contain a series of UAS (Gal4 binding) sites,
flanked on each side by an Elb minimal promoter
[95, 96] (Fig. 3B). This has been reported to result
in 97-99% of all cells expressing both transgenes,
although the downstream reporter was found to be
expressed at slightly higher levels than the upstream
reporter [95]. Medusa vectors build upon Janus vec-
tors, incorporating additional Janus sites or UAS
sequences, allowing for expression of up to four trans-
genes from one plasmid [95].

An alternative approach to bidirectional vectors
is the use of multicistronic vectors, which contain
a single promoter followed by the coding sequence
the two reporters separated by an internal ribosome
entry site (IRES) sequence or a self-cleaving 2A-
peptide sequence (Fig. 3C). IRES sequences function
by recruiting a second ribosome to the mRNA, result-
ing in the translation of two separate proteins [97]. In
contrast, 2A-peptide sequences cause ribosome skip-
ping, resulting in a break in the peptide backbone
when the ribosome reaches the 2A sequence, and
consequently two protein products [98, 99]. Since
2A-peptide sequences are much shorter than IRES
sequences and multiple 2A-peptide sequences exist,
different 2A-peptides can be inserted between multi-
ple transgenes in a row, allowing for the expression
of 3+ transgenes at the same time [100]. An impor-
tant difference between using IRES or 2A-peptide
sequences is the expression levels of the two trans-
genes. Using the IRES sequence the second gene is
usually expressed at lower levels, while using the
2A-peptide the transgenes are expressed in equal
amounts [101, 102]. The latter is particularly useful
in the scenario where 2A-peptides are used to gen-
erate an untagged protein and fluorescent reporter,
since the reporter can then be used to measure the
amount of untagged protein in the cell. For exam-
ple, Czopka et al. used this technique to overexpress
molecularly distinct forms of Fyn kinase together
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A Gal4/UAS System

m Reporter/Effector

B Janus Constructs

cell specific prom. Gald VP16

Gal4 activator

C 2A-peptides

cell specific prom. Gene1

D Heat shock promoters

Janus responder construct

Gene2
1 2

hsp?ﬂ Reporter/Effector a hspTO Reporter/Effector

21-28°C

38°C

Fig. 3. Example strategies to control gene expression in zebrafish and Xenopus. A) Plasmids that can drive expression of the transcriptional
activator Gal4-VP16 can be co-injected into embryos together with plasmids that encode genes-of-interest downstream of Upstream Activator
Sequences (UAS). Gal4 trans-activates UAS and can amplify gene expression. When injected in this way, it leads to mosaic gene expression.
Stable transgenic lines expressing Gal4 in specific cell types or UAS effectors can be generated as in Fig. 1. B) The Gal4-UAS system can
be modified to control expression of multiple genes from one plasmid. In the Janus system Gal4 trans-activates UAS, which drives gene
expression in both directions, if minimal promoters are present upstream of the genes of interest. C) Alternative strategies exist to express
two genes from one construct including the self-cleaving 2A peptide sequence, which can be placed between two open reading frames in
one mRNA, which is then translated as two polypeptides due to ribosome skipping. D) Temporal control of gene expression can be mediated
by the use of heat sensitive promoters, which are only active at specific temperatures.

with eGFP in zebrafish and showed that constitutive
activation of Fyn in myelinating oligodendrocytes
increased myelin sheath number [39]. 2A-peptides
have been shown to have an efficiency of almost 100%
in zebrafish, making them the most reliable method
to express multiple transgenes in the same cell [103].

Howeyver, it must be taken into consideration that this
method results in 17-21 stretch of amino acids added
to the C-terminal of the first protein, and a proline
added to the N-terminal of the second protein, which
could in principle interfere with protein localization
or function.
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Temporal regulation of gene expression

A common method to temporally control expres-
sion of fluorescent reporters in both zebrafish and
Xenopus is with the hsp70 heat shock promoter
[104-106] (Fig. 3D). At normal rearing temperatures
(28°C for zebrafish, 21-25°C for Xenopus), this pro-
moter is largely silent. It is activated by transferring
the animals to warmer water (38°C for zebrafish,
34°C for Xenopus), resulting in gene expression. The
downstream gene is usually expressed within 30 min;
however, expression is transient since the gene stops
being transcribed when animals are returned to
normal temperatures. A downside to replacing cell-
specific promoters with heat shock promoters is the
loss of cell-specific expression; however, spatial con-
trol can be achieved by local heat sources, such as
a thin copper soldering iron tip [107] or sub-lethal
focused laser excitation [104]. Another potential way
to achieve both cell-specific and temporal expression
could be to incorporate an hsp70 heat shock promoter
into the split KalTA4 system described above [91].

A second method to achieve temporal control of
gene expression is with the CreERT?/loxP system
[108, 109]. This is a combinatorial expression sys-
tem which relies of the expression of two transgenes.
The first transgene is cre-recombinase fused to a
modified estrogen receptor ligand binding domain,
which can be activated by binding the synthetic estro-
gen receptor ligand 4-hydroxytamoxifen. The second
transgene is the reporter or gene of interest pre-
ceded by a stop codon flanked by two loxP sequences
in the same orientation. CreER? alone is an inac-
tive recombinase enzyme that can be activated by
adding 4-hydroxytamoxifen or tamoxifen to the water
[109]. Upon activation it catalyses excision of DNA
sequences between loxP sites. In the case we have
just described, activation would result in excision
of the stop codon allowing expression of the fluo-
rescent reporter/gene of interest. Spatial control can
be added to this system by using cell-specific pro-
moters to drive expression of the cre-recombinase or
the reporter construct. Recent studies have developed
numerous reagents for cre inducible control of gene
expression in zebrafish [110, 111] and Xenopus [112].

The LexPR system (modification of LexA system
in mice) is another combinatorial expression system
that allows for chemical-inducible gene expression
in zebrafish [113]. It uses a hybrid transcriptional
factor, LexPR, which consists of the DNA-binding
domain of the LexA repressor, a truncated ligand-
binding domain of the progesterone receptor, and the

activation domain of NF-KB. LexPR is activated via
binding of the synthetic steroid mifepristone, and
upon activation induces expression of genes with
LexA binding sites within their promoter sequence
[113].

A third combinatorial expression system that can
be used to temporally induce gene expression is the
tetON/OFF system [114]. This system uses a fusion
of the tetracycline repressor and the VP16 activa-
tion domain. Two versions of this fusion protein
exist, TetR and rTetR, both of which bind the com-
pound doxycycline to become active. The difference
is TetR binds tetO sequences and blocks transcription
of genes, while rTetR binds tetO sequences to activate
transcription of genes. An advantage of this system
is that doxycycline can be washed-out rendering the
system reversible. These systems have been validated
in zebrafish [115] and Xenopus [116], but are not yet
used as widely as heat shock promoters, which may
simply reflect historical rather than technical reasons.

IMAGING MODALITIES TO OBSERVE
MYELINATION IN VIVO

A wide array of imaging modalities, both fluo-
rescent and label-free, have been used to visualize
myelin in vivo. The following sections give an
overview of the major techniques, which are sum-
marized in Table 2.

Confocal imaging

To date the most common type of microscope used
for live-imaging of myelin in zebrafish is the confocal
microscope, in part owing to its wide availability and
the user-friendliness of commercially available sys-
tems. Scanning confocal microscopes use a pinhole
to eliminate out of focus light, which differs from
traditional wide field microscopes that collect light
emitted from the entire depth of the sample [117].
Three-dimensional images can be obtained by acquir-
ing a series of 2D images at different focal planes
along the z-axis (a z stack), which are reconstructed
into a 3D image using imaging software. The main
limitation to this method is the slow speed of acqui-
sition, as well as photobleaching and phototoxicity
caused by repeated excitation by laser light which
illuminates a large out of focus region in addition to
the focal plane.

Speed of acquisition can be improved 10-100
times by the use of spinning disk confocal micro-
scopes, which rather than scanning a single point at
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Table 2
Overview of imaging modalities for in vivo live-imaging

Brief Description

Pros

Cons

Fluorescent Imaging Modalities
Point Scanning Confocal
Microscopy

Spinning Disk Confocal
Microscopy

2 Photon Excitation Microscopy

Light Sheet Microscopy

Pinhole used to eliminate out of
focus light

Multiple pinholes used to scan
many points simultaneously

Two photon excitation used to
excite a localized focal point

Excitation objective projecting a
thin sheet of light orientated
orthogonally to the imaging
objective

Super-Resolution Imaging Modalities

Stimulation Emission Depletion
(STED)

Structure Illumination
Microscopy

Airyscan Microscopy

Label-Free Imaging Modalities
Coherent Anti-Stokes Raman
Scattering

Third Harmonic Generation

Deep Optical Coherence
Microscopy

Spectral Confocal Reflectance
Microscopy

Secondary laser beam used to
selective deactivate
fluorescence around the edge
of the excitation beam

Grid pattern superimposed on
sample to generate an
interference pattern exploited
by software to generate a
higher resolution image

Imaging array incorporating 32

pinholes set to 0.2 Airy units in

size, combined with post-hoc
image deconvolution

Generates signals based on the
characteristic vibration
frequencies of chemical bonds

Non-linear, three photon based
technique that detects changes
in the refractive index of tissue

High-numerical aperture infrared

optical coherence microscope
used to collect light
backscattered due to refractive
index variations in the sample
Generates images by merging
simultaneously reflected
signals from multiple lasers of
different wavelengths

o Widely available and
user-friendly

Good spatial resolution
Good spectral separation
Versatile

High speed of imaging

e Lower phototoxicity and
photobleaching than point
scanning confocal, but still
excites out of focus regions

o Capable of deep tissue imaging

e Low phototoxicity and

photobleaching due to only

exciting the focal plane

High speed of imaging

e Low phototoxicity and
photobleaching due to only
exciting focal plane and
reduced light input

e Resolution beyond the
diffraction limit of light

e Can be combined with imaging
modalities capable of imaging
deep in tissue

e Resolution beyond the
diffraction limit of light

e Can image depths comparable
to confocal

e Resolution beyond the
diffraction limit of light

o Uses lower laser intensities
than confocal microscopy

e Little to no phototoxicity

e Deep tissue imaging ( 1 mm)

e Capable of quantitative
measures, including g-ratio,
lipid levels, and lipid ordering

e Can be combined with
conventional light microscopy

e Little to no phototoxicity

e Can be combined with
conventional light microscopy

e Little to no phototoxicity
e Can be combined with
conventional light microscopy

e Uses conventional confocal
microscope (no extra set-up
required)

e Slow speed of acquisition

e Phototoxicity and
photobleaching due to repeated
excitation of large out of focus
regions

e Lower spatial resolution than
point scanning confocal,
particularly z axis

o Less versatile than point
scanning confocal

o Slow speed of acquisition

o Typically lower resolution than
confocal microscopy

e Lower spatial resolution, but
quickly improving

e Limited ability to selectively
activate regions of interest

e Phototoxicity and
photobleaching from high laser
excitation

o Slow speed

o Slow speed, due to need to
image with multiple grid
patterns

e Resolution increase not as
significant as STED

e Very large datasets (each pixel
imaged 32X)

e Resolution increase not as
significant as STED

e Currently needs expert
engineers to implement

o Currently needs expert
engineers to implement

o Not amenable for imaging deep
in tissue (up to 50wm)

o Currently needs expert
engineers to implement

e Limited application

o Needs validation
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a time use a rapidly rotating disk with thousands of
pinholes to scan many points in the sample simultane-
ously [reviewed in 118]. This method also results in
less photobleaching and phototoxicity of the sample
compared to the traditional scanning confocal micro-
scope. OPCs and early myelinating oligodendrocytes
are highly dynamic cells, constantly sending out and
retracting processes as they migrate and select axons
to wrap [37, 39]. The ability to image these events ata
higher temporal resolution with spinning disk confo-
cal microscopes compared to point scanning confocal
microscopes is a definite advantage in understanding
the dynamics of these cells (Fig. 4).

Two photon excitation microscopy

While in confocal microscopy fluorescent
molecules are excited with a single high-energy
photon, two photon excitation microscopy uses
two lower-energy photons that excite the fluores-
cent molecule simultaneously [119, reviewed in
120]. A long wavelength, pulsed laser is used to
concentrate photons at the region of interest in
the sample. Since simultaneous absorption of two
photons is statistically most probable at the focal
point, fluorescence excitation is localized only at
that point, rather than along the entire beam path.
This eliminates the need for a pinhole to get rid
of out-of-focus light. The primary advantages of
two photon excitation microscopy over confocal
microscopy are reduced photodamage and the ability
to image deeper in tissues, over 1 mm in some
studies [121]. Two photon microscopy also reduces
autofluorescence, photobleaching and phototoxicity
compared to confocal microscopy by exciting only
the focal point. Imaging in Xenopus tadpoles,
which are larger and less transparent than zebrafish
larvae, benefits greatly from two-photon based
imaging. However, a drawback is that two photon
microscopy typically has poorer resolution than
confocal microscopy due to the longer excitation
wavelengths used, given that the resolution is
approximately 1/2 that of the excitation wavelength.
Furthermore, like the scanning confocal microscope,
this is a point scanning technique, so the speed of
acquisition is slower than techniques like spinning
disk confocal and light sheet microscopy (described
below).

It is important to note that despite being most suit-
able for live in vivo analyses, imaging of myelinating
glia has not been restricted to naturally transparent
animals. As two-photon microscopy can penetrate

deep into tissue, studies on superficial layers of the
rodent cortex [122] and spinal cord [123] have also
been achieved. Although these methods require inva-
sive surgical manipulation, they do also provide the
opportunity for longitudinal studies, and will serve
as important cross-validation/comparison modalities
for imaging myelination.

Light sheet microscopy

Light sheet fluorescence microscopy, also known
as Selective Plane Illumination Microscopy (SPIM),
is an over century old concept [124] that has recently
been rejuvenated [125] and taken the intravital imag-
ing world by storm. Light sheet microscopy provides
significant improvements for the speed of 3D image
acquisition, while dramatically decreasing photo-
bleaching and phototoxicity of samples (reviewed in
126). This technique uses two objectives — an excita-
tion objective that projects a thin sheet of light to
illuminate the sample from the side and an imag-
ing objective orientated orthogonally to the excitation
objective. Thus, optical sectioning of the sample is
achieved by the excitation light path, rather than with
a pinhole, as in confocal microscopy. Without the
restriction of a pinhole, the entire focal plane is illu-
minated simultaneously, allowing the complete field
of view to be imaged at once. This significantly
increases imaging speed enabling observations of
events such as heart beat, blood flow and neuronal
activity in close to real time [127-130]. In addition,
since light sheets excite only the imaging plane, rather
than the large volume excited in confocal microscopy,
photobleaching and phototoxicity are reduced. This
reduction is also contributed to by the fact that less
energy input is required, since all light contributes to
a useful signal.

Amazingly, one study reported imaging functional
activity throughout the entire zebrafish brain every
1.3 s, achieving cellular resolution for more than
80% of neurons, allowing for correlation of neu-
ronal activity in different brain regions [127]. A more
recent study has extended the speed of imaging even
further, by the introduction of Spherical-aberration-
assisted Extended Depth-of-field (SPED) light sheet
microscopy, which eliminates the need to physically
move the detection objective or specimen and con-
sequently limits speed only by the acquisition rate
of the camera [131]. In this study the authors were
able to image the entire brain and spinal cord of liv-
ing zebrafish at cellular resolution over 6 times per
second.
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Fig. 4. Time-lapse microscopy reveals dynamic behavior of oligodendrocytes. A and B show images from a time-lapse made on a spinning
disk confocal microscope, using the stable zebrafish transgenic line Tg(nkx2.2a:meGFP) as a reporter, exemplifying the rapid dynamics
of oligodendrocyte processes. Scale bars =5um. A shows a cell in the process of initiating myelination. Arrowhead points to an elongated
membrane rich process that may represent at nascent myelin sheath that remains stable for the frames shown, whereas the arrow points to a
similar elaboration of membrane that is resorbed during the same short period. B shows an oligodendrocyte with a process (arrowhead) that
acutely transitions in morphology from a profile indicative of a nascent myelin sheath (0’ and 8’) to that of an exploratory process (4’, 12°,

16’ and 20°).

One current disadvantage of light sheet microscopy
is the spatial resolution that can be achieved in its
most commonly implemented forms at present; how-
ever, the field is rapidly advancing to deal with
this issue [see review by 132]. Many variations of
the technique have been published throughout the
literature including inverted SPIM, dual excitation
SPIM, sample rotation SPIM, dual view SPIM, two-
photon fluorescence SPIM, Bessel beam light sheet
microscopy, and Airy beam light sheet microscopy
[126, 133, 134]. The main differences between these
techniques are changes to the imaging orientation
and the type of excitation or light sheet used, in
efforts to achieve better spatial or temporal resolution,
as well as image deeper in tissues. Recently, Xiao
and colleagues [135] were one of the first to image
zebrafish myelin in vivo using light sheet microscopy.
They used a variation of the technique called lattice
light sheet microscopy, which uses light sheets gen-
erated from two-dimensional optical lattices, rather
than the Gaussian beams used in conventional light
sheet microscopy [136]. The advantage is that lattice
light sheets are thinner than Gaussian light sheets,
allowing for rapid three-dimensional in vivo imaging
at higher, subcellular resolutions [136]. Light sheet

microscopy has also be combined with label-free
bright field contrast imaging (optimal tomography)
to allow 3D reconstruction of the zebrafish anatomy,
allowing one to visualize the outline and internal
organs of the sample [137]. This is particularly useful
when expression of fluorescent reporters is sparse, as
it allows for orienting the reconstructed fluorescent
data by putting it in the context of the surrounding
tissue.

Super-resolution imaging

In recent years, a large number of microscopy
techniques have been implemented to break the
diffraction limit of light microscopy. These “super-
resolution” techniques can broadly be divided
into three categories: stimulation emission deple-
tion microscopy (STED), structured illumination
microscopy (SIM), and single molecule localization
microscopy [reviewed in 138]. While single molecule
localization microscopy techniques such as PALM
and STORM are not suited to live in vivo imaging due
to limitations of imaging depth, both STED and SIM
have been successfully applied to in vivo live imaging
studies, albeit with limited application to date.
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Stimulation emission depletion (STED) is a tech-
nique that uses a secondary beam to selectively
deactivate fluorescence around the edge of the exci-
tation beam to sharpen fluorescence at the focal
spot [139, 140]. Using this method, spatial reso-
lutions up to 30nm have been achieved [141]. To
image deep within tissues, STED has been com-
bined with two photon excitation [142]. STED has
also been combined with light sheet microscopy
(STED-SPIM), with one study in zebrafish report-
ing improvements of 17% and 30% in lateral and
axial resolution respectively compared to SPIM
alone [143]. However, STED imaging currently
requires very high laser excitation and is not com-
patible with long term imaging, although the use
of reversibly switchable fluorescent proteins can
help overcome this issue [RESOLFT microscopy;
144]. For example, using RESOLFT, Testa et al.
were able to live image dendritic spines within hip-
pocampal brain slices over a period of several hours
[145].

Structure illumination microscopy is a super-
resolution technique that superimposes a grid pattern
on the sample while capturing images to generate an
interference pattern (Moire effect) that is exploited by
software to generate a higher resolution image [146].
SIM doubles the spatial resolution in all three dimen-
sions and has been optimized for live-cell imaging
and in optically thick samples [147, 148]. It has also
been combined with Bessel beam light (SR-SIM) and
two photon excitation to achieve greater depth pene-
tration for imaging living organisms and was shown
to cause significantly less photodamage compared to
confocal microscopy [149].

An alternative technique compatible with live in
vivo imaging is a very recent adaption to confocal
microscopy, the Zeiss Airyscan, which makes use
of the fact that simple closing of the pinhole on a
confocal microscope will improve axial and depth
resolution [150]. The Airyscan uses an imaging array
that incorporates 32 pinholes set to 0.2 Airy units in
size, and combines image acquisition with post-hoc
image deconvolution, to achieve imaging with a res-
olution of 140 nm in the X, y axis and 400 nm in the
z axis, while functioning at the same speed and with
the same depth as a standard confocal. The array of
32 detectors also means that lower laser light can be
employed to image samples, increasing opportunities
for time-lapse imaging at super-resolution [150]. We
have recently employed this system to image myeli-
nation in zebrafish (Fig. 5). It is clear that future
live imaging studies will continue to incorporate

diffraction breaking techniques, which will provide
further insights into biological mechanisms.

Correlative light-electron microscopy

Despite the ever-developing improvements to var-
ious modes of light microscopy, it remains true
that many of the key features of myelinated axons
are likely to remain beyond the resolution of light
microscopy for the foreseeable future. Historically
myelin ultrastructure has been viewed by elec-
tron microscopy, which is currently also undergoing
something of arenaissance. This is in part due to inno-
vations in tissue preservation techniques [151] and
also important adaptations to automate many aspects
of the once laborious processes of tissue section-
ing and imaging [152-155]. Needless to say electron
microscopy is not compatible with live imaging, and
is typically restricted to very small single plane fields
of view. However, recent advances have begun to
address these two issues, through the development
of methods to directly correlate live imaging by light
microscopy with electron microscopy, and also with
the emergence of electron microscopy techniques that
can reconstruct large tissue volumes in 3D.

Seminal work by Bunge and colleagues provided
the first direct evidence that the Schwann cell myelin
sheath formed by movement of a process around the
axon, rather than movement of the cell. This study
was in fact an early example of correlative light
microscopy, in that the authors first observed the
movement of Schwann cell nuclei during myelina-
tion by light microscopy (no fluorescence) and then
imaged how many wraps of myelin had been made
by the same cells during that period using electron
microscopy [156]. Today, a major goal is to combine
sophisticated imaging of fluorescent reporters visu-
alised in the living animal with subsequent electron
microscopic analyses. However, one of the biggest
challenges is that most often fluorescence does not
survive the sample preparation required for electron
microscopy. Similarly, antigenicity of proteins can
also be destroyed, so what may have been a good
signal for fluorescence microscopy ends up as just
a few gold particles by immuno-EM, thus making
it difficult to confidently identify the labelled cell
or structure. Several protocols now exist to correlate
fluorescence live-imaging with electron microscopy
[for review see 157], which have been applied to
zebrafish studies [158, 159], but these techniques are
still are not routinely used in the field. Recently a
new class of highly antigenic fluorescent reporters
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Confocal

Airyscan

Airyscan Confocal

Fig. 5. Confocal super-resolution imaging. A+B are images of the stable transgenic reporter mbp:eGFP-CAAX, which labels myelin sheaths,
taken in confocal (A) and Airyscan (B) modes. A clear improvement in resolution in the X-Y plan is observed. C indicates improvement in
z-axis resolution in Airyscan mode. The red line indicates the position where the Y-Z projections on the right were taken. Definitive circular
rings of myelin membrane are observable in the Airyscan mode. Scale bars =5um.

were reported called “spaghetti monster” fluorescent
proteins (smFPs) [160], which may make correla-
tive studies more common place. SmFPs are protein
reporters engineered to combine a florescent protein
scaffold (ie. super folder GFP), with 10-15 copies
of single epitope tags (ie. Myc, HA, flag) inserted
within loops of the fluorescent protein structure.
These reporters are ideal for use in correlative light
electron microscopy — the fluorescent protein allows
for labelling of cells for live-imaging, while the epi-
tope tags act as robust probes for antibody-targeted

electron microscopy. In the original report, smFPs
were detected with high levels of specific labelling
by immuno-EM, allowing for 3D reconstruction of
neurites within mouse brain tissue [160]. Alterna-
tive options also exist, including the possibility to
drive expression of GFP in the same cells as mem-
brane tethered Horseradish Peroxisdase (HRP), an
enzyme that can be used to convert the substrate DAB
(Diaminobenzidine) into electron dense products vis-
ible by electron microscopy. This method was first
demonstrated using Xenopus and used to correlate
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live and ultrastructural imaging of dendrite morpho-
genesis [161]. Yet further possibilities for converting
fluorescent molecules to substrates suitable for elec-
tron microscopy include mini-SOG [162] and apex2
[163]. Use of any of these correlative light elec-
tron microscopy probes to study of myelination in
zebrafish and Xenopus may be valuable in the future.

The emergence of techniques to reconstruct
large tissue volumes by electron microscopy is an
important advancement for correlative light elec-
tron microscopy. Numerous insights into myelination
have been drawn from heroic manual reconstructions
of serial sections imaged by electron microscopy
one at a time [164, 165]. However, it is now pos-
sible to automate the cutting and imaging of tissue
for electron microscopy using techniques such as
focussed ion beam scanning electron microscopy
(SEM) [154] and serial block face imaging (FIB)
[152]. Advances in SEM now allow imaging with
a resolution in the x, y plane similar to transmission
electron microscopy (<10nm per pixel), and using
the FIB milling technique one can reach a resolution
on the order of 10 nm per pixel in the z axis [166].
Extraordinary community efforts are now underway
to use 3D electron microscopy to reconstruct cell,
and even whole tissue, volumes at ultrastructural res-
olution to better understand neuronal circuitry [e.g.
153]. Analysis of such datasets have already provided
novel insights into the pattern of myelination along
individual axons belonging to different neuronal sub-
types [167]. However, there are major bottlenecks
with respect to data acquisition, storage and pro-
cessing that will need to be addressed in parallel, as
the field of so-called “connectomics” matures [168].
Automated, and semi-automated options exist for
analysing data from 3D electron microscopy, which
have led to the development of a completely novel
model of myelin sheath wrapping around the axon
[169]. Indeed an important aspect of this new model
of myelin wrapping involved comparing 3D electron
microscopy data of myelin sheath ultrastructure from
the optic nerve of rodents with live imaging data of
myelin sheath wrapping from studies in zebrafish [see
section 6]. Future studies that directly correlate live
imaging in vivo with subsequent 2D and 3D ultra-
structural imaging will provide further insights into
myelination.

Label-free imaging of myelin

Label-free imaging techniques, such as third
harmonic generation [170, 171], spectral confocal

reflectance (ScoRe) microscopy [10, 172, 173], deep
optical coherence microscopy [174], and coherent
anti-stokes Raman scattering (CARS) microscopy
[175], are emerging as powerful imaging modali-
ties for imaging of myelin. The “label-free” nature
of these techniques eliminates the problem of pho-
tobleaching, which can be a major impediment for
fluorescent live-cell imaging, particularly when per-
forming time-lapse studies. It also removes the risk
of disrupting myelin structure with the expression of
fluorescent reporters. Furthermore, unlike membrane
tethered fluorescent reporters which label oligo-
dendrocyte cell bodies, processes, and myelin, the
label-free techniques published thus far detect only
myelin, allowing for an unobstructed view of myelin
sheaths along individual axons.

Third harmonic generation, deep optical coher-
ence microscopy, and ScoRe microscopy all rely on
the high refractive index of myelin (~1.46) com-
pared to its aqueous surroundings (~1.33) to generate
imaging contrast, although the imaging set-up and
capabilities of each are quite different. Third har-
monic generation is a three photon-based nonlinear
microscopy technique that can be implemented on
existing multiphoton microscopes with the addition
of appropriate lasers and filters [170]. In contrast,
optical coherence microscopy uses a high-numerical
aperture infrared full-field optical coherence micro-
scope to collect backscattered light [174], while
ScoRE generates images by merging the simultane-
ously reflected signals from multiple confocal lasers
of different wavelengths [173]. Both third harmonic
generation and ScoRe achieve resolutions capable
of visualizing myelin sub-structures including nodes
of Ranvier and Schmidt-Lanterman incisures [171,
173]. Using third generation harmonics it has also
been shown that the thickness of myelin can be esti-
mated, allowing for visualization of hypo- and hyper-
myelination [171]. While this is a definite advantage,
a drawback is that third harmonic generation is cur-
rently limited to imaging 50 pm into the tissue [170],
compared to depths of 340 wm and 400 pm that can
be achieved with optical coherence microscopy and
ScoRe respectively [173, 174]. ScoRe has the addi-
tional advantage of using a conventional confocal
microscope that is commonly found in most imaging
labs, making the method potentially widely accessi-
ble. To date, only third harmonic generation has been
used to image myelin in zebrafish [170].

CARS imaging differs from the other three label-
free techniques to image myelin in that it is a type of
vibrational microscopy that generates signals based
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on the characteristic vibration frequencies of chem-
ical bonds [reviewed in 175, 176]. It is particularly
sensitive for detecting lipid rich structures, such as
myelin, due to the strong signal generated by phos-
pholipid fatty acid chains. Phopholipids, the main
component of myelin, each consist of two fatty acid
chains 14-24 carbons in length [177]. The C-H bonds
within these chains have a unique vibration frequency
that generates a strong coherent Raman scattering sig-
nal, particularly when the bonds are present at high
density, as in myelin. Consequently the vibration of
the bonds can be harnessed to provide imaging con-
trast, allowing for the detection of myelin in live
tissue at diffraction-limit resolution without the need
for expressing fluorescent tags or adding lipophilic
dyes [178]. Importantly, the signals can be captured
using short exposure times and near-infrared wave-
length lasers, reducing phototoxicity and allowing
imaging at depths up to 1 mm. Of all the label-free
technique, CARS has been most widely employed to
image myelin.

Using CARS microscopy myelin can be imaged
at sub-micron resolutions, allowing for not only the
visualization of myelin internodes, but also nodes
of Ranvier, paranodal loops, and Schmidt-Lanterman
incisures [178—180]. In addition to imaging normal
myelin, it has become a popular choice for imaging
myelin in injury models [180-184], since in fixed
tissue it is often hard to discriminate whether the
observed changes in myelin structure are due to the
injury or artefacts introduced during fixation and sam-
ple preparation. For example, CARS has been used to
image paranode retractions in models of EAE, gluta-
mate excitotoxicity, and high-frequency stimulation
[179, 185, 186]. A unique advantage of CARS is that
it can be used to directly quantify lipid levels giving
readouts comparable to standard biochemical meth-
ods [187, 188]. Furthermore, by collecting images
at different vibrational frequencies it is possible to
determine relative levels of saturated and unsaturated
lipids [179, 188]. Given that many myelinated fibers
are oriented parallel to one another along myelinated
tracts, CARS can also be used to determine the order-
ing degree of myelin by comparing the intensity of
CARS signals when the excitation polarization beam
is parallel or perpendicular to the myelinated fiber.
Previous studies have shown that this ratio decreases
after injury and prior to demyelination [182]. It has
also been used to differentiate between normal myelin
and regenerated myelin in models of EAE [179].
Another quantitative measure that can be made from
CARS images is myelin thickness (often expressed as

a g-ratio), which is not possible to accurately access
by conventional light microscopy and otherwise has
to be measured in fixed tissue by electron microscopy
[178, 181].

To date live imaging of myelin using CARS
microscopy has been primarily carried out on rodent
tissues. However, due to the requirements for invasive
surgery, impediments to imaging resulting from the
formation of scar tissue, and motion artefacts arising
from animal respiration, these studies remain chal-
lenging, particularly when imaging 3D volumes or
time courses. Consequently the ability to perform
non-invasive live-imaging of the nervous system in
immobilized zebrafish larvae or tadpoles provides an
attractive alternative animal model system to examine
the dynamics of myelin using CARS. Recently, Hu
et al. used a similar technique to CARS, called stim-
ulated Raman scattering (SRS) microscopy, to image
myelin in the optic nerve, spinal cord, and trochlear
nerve of stage 49-50 Xenopus tadpoles. Using this
technique, they were able to follow changes to the
myelin over time, including the formation of nodes
of Ranvier, as well as myelin degradation following
cranial nerve transection [189].

The specificity, sensitivity, and quantitative nature
of CARS holds alot of potential for future in vivo live-
imaging of myelin. The fast image acquisition times
(25 frames/s), coupled with the ability to directly
quantify lipid levels, could also make this an inter-
esting technique for chemical or genetic screening in
zebrafish or Xenopus to identify genes or compounds
that affect myelin levels [176, 187]. In addition, it
would be interesting to harness the ability to per-
form multimodal CARS imaging with two photon or
confocal fluorescence microscopy to allow for dual
imaging of fluorescently labelled proteins in con-
junction with myelin lipids in zebrafish. Multi-model
CARS and fluorescence microscopy have already
been used by several groups, for example to label
axonal domains or image microglia within EAE
lesions in mice [179, 180]. However, it may also be
interesting to use these techniques to study myelin
protein — lipid interactions, which is an area that
remains largely unexplored.

INSIGHTS INTO MYELIN FORMATION
FROM LIVE IMAGING

Despite the extraordinary potential of the tech-
niques noted above to image myelination, to date the
majority of live imaging studies using zebrafish have
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relied on point scanning or spinning disk confocal
approaches and focussed on analysis in the central
nervous system. Time-lapse confocal microscopy of
myelin formation in zebrafish has contributed critical
insight into our understanding of how oligoden-
drocyte myelin sheaths wrap around axons. Using
a membrane tethered GFP reporter, Snairdero et
al. quantified the fluorescent profiles along grow-
ing myelin sheaths prior to any myelin compaction.
They found that fluorescence was always bright-
est in the middle of these growing sheaths and
decreased in a quantal step-wise fashion towards the
lateral edges, suggesting differences in the number
of myelin wraps along the growing internode [169].
Over time, as myelin sheaths extended laterally, the
step-like pattern of fluorescence also extended out-
wards, indicative of longitudinal growth of each of
the myelin layers. A further study went on to show
accumulation of F-actin along the leading edge of the
growing myelin sheath [190]. Live imaging of sheath
formation revealed that this edge of F-actin moved
in a spiral pattern longitudinally along the axon,
eventually being restricted to the paranodal regions
[190]. This data, together with electron microscopy
data from experiments in rodents, was used to pro-
pose a model in which F-actin turnover drives the
growth of myelin around the axon via wrapping of the
inner tongue in a triangle like shape under the exist-
ing myelin. Meanwhile, the existing myelin layers
grow laterally with their cytoplasmic edges extend-
ing helically towards the node, eventually forming
the paranodal loops [169, 190].

In addition to visualizing membrane wrapping,
time-lapse imaging elegantly captured the dynam-
ics of single oligodendrocytes as they formed their
myelin sheaths. To do this, the ability to mosia-
cally label single cells was harnessed. The sparse
labelling of individual oligodendrocytes allows for
detailed morphological analysis of their processes
and myelin sheaths, which is simply not possible oth-
erwise. For example, Czopka et al. used time-lapse
confocal imaging to show that each oligodendrocyte
initiates formation of all of its myelin sheaths within
a five hour window of time [39]. They followed the
same oligodendrocytes for 16 days, but never saw
any additional myelin sheaths added. Furthermore,
they were able to either increase or decrease the num-
ber of sheaths made by an individual oligodendrocyte
by manipulating fyn activity; however, formation of
these sheaths was still always initiated within the five
hour window [39]. A second study examining indi-
vidual oligodendrocytes found that their myelinating

potential was determined by axons [38]. In the pres-
ence of additional large calibre neurons, individual
oligodendrocytes produced more myelin in order to
ensheath the extra axons. Furthermore, it was found
that oligodendrocytes which usually only myelinate
small calibre axons could also form myelin sheaths on
the supernumerary large calibre axons [38]. Together
this data showed that oligodendrocytes can change
their myelinating capacity based on environmental
cues.

To further elucidate how axons influence the myeli-
nating behaviour of oligodendrocytes, two recent
studies used live-imaging in zebrafish to show that
neuronal activity regulates myelin sheath formation
[191, 192]. Global block of vesicle release was found
to decrease the number of sheaths made by individual
oligodendrocytes, resulting in reduced total levels of
myelin in the spinal cord [192]. Time-lapse imag-
ing was able to differentiate that this was due to
the generation of fewer myelin sheaths, rather than
an increased number of myelin retractions [192],
which was shown to be due to the fact that activ-
ity appeared to consolidate the formation of nascent
contacts between axons and oligodendrocyte pro-
cesses within the first 90 minutes of their engagement
[191]. Interestingly, blocking synaptic vesicle release
along individual axons also decreased the number of
myelin sheaths made along those axons, as well as
their length [191, 192], while suppressing neuronal
excitability along individual axons only decreased
sheath number [191]. This suggested that axon selec-
tion and sheath growth are regulated by two separate
mechanisms.

Although transgenic reporters that label myeli-
nating glia have provided novel insights into
myelination, these reporters do not easily allow
assessment of myelination along the length of
individual axons, in large part due to the fact
that myelinated axons are typically tightly bundled
together in tracts. A recent study of the rodent cor-
tex indicated that myelination along single axons
may be quite diverse with respect to distinct neu-
ronal subtype identity [167], but this study required
analysis of large datasets of 3D reconstructed elec-
tron microscopy images, which clearly preclude any
longitudinal analysis. To overcome this problem,
Koudelka et al. recently developed a novel fluores-
cent reporter in zebrafish that allows observation of
myelin sheath formation and remodelling along indi-
vidual axons over time [193] (Fig. 6). This reporter,
crucially expressed in neurons and localised along
axons, consists of GFP fused to the extracellular
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GFP-Contactinla

GFP-Contactin1a, sox10:mRFP

Fig. 6. Transgenic tool to visualize myelin along individual axons in vivo. A fluorescent fusion of GFP with the GPI anchored axonal protein
contactinla can be expressed in individual neurons together with a fluorescent protein that labels the entire cell, e.g. Tandem dimer (Td)
Tomato (A). Gaps in GFP-Cntnla localisation along axons (A+B) correspond to the locations of myelin sheaths, as shown in (C) where all
myelin is labelled using the sox10:mRFP reporter. Scale bars: A =20um, B+C =5um.

domain of the GPI-linked axonal protein contactinla.
GFP-contactin-1a localizes along the entire length
of axons prior to myelination. However, upon glial
contact, GFP-contactinla becomes extruded from the
axonal membrane specifically at points of contact
with glia and continues to be extruded as myelin
sheaths grow longitudinally along the axon. Ulti-
mately the GFP-contactinla becomes specifically
localised to unmyelinated nodes of Ranvier. When
expressed in sparsely labelled neurons, this tool
allows for easy visualization of the number and length
of myelin sheaths along individual axons, and using
live-imaging can be followed over time to assess the
growth and refinement of individual myelin sheaths.
Koudelka et al. used this tool to demonstrate dis-

tinct modes of myelination by two different neuronal
subtypes in the larval zebrafish CNS. They showed
that while one neuronal subtype, reticulospinal neu-
rons, profoundly regulated myelination of their own
axons in a vesicle release dependent manner, another
neuronal sub-type (commissural primary ascending
neurons) did not [193]. The ability to manipulate and
visualise myelination from the point of view of neu-
rons, as well as oligodendrocytes, further highlights
the versatility of using zebrafish, and in principle
Xenopus, for in vivo analyses of myelination.

Time lapse confocal microscopy coupled with
laser ablation experiments has also been used to
help further our understanding of earlier stages of
myelinating glial cell development. For example in
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a seminal study, Kirby et al. used spinning disk
confocal microscopy to characterize the migration
of OPCs in the zebrafish spinal cord [37]. They
found migrating OPCs displayed numerous highly
branched processes, an unexpected observation given
previous reports describing a unipolar or bipolar mor-
phology for OPCs migrating in culture. Furthermore,
their time-lapses allowed them to follow the remod-
elling of individual OPC processes, which were
found to be highly dynamic, extending, retracting and
forming new branches within a matter of minutes.
Interestingly, they observed that while net migra-
tion was dorsal, OPCs actually changed direction
frequently. These alterations in path often occurred
after making contact with the processes of other
OPCs, suggesting repulsive cell-cell interactions. The
presence of these repulsive interactions was further
supported by in vivo laser ablation experiments tar-
geting individual OPCs [37]. Live-imaging showed
that within 5 hours of ablation, surrounding OPCs
re-populated the ablated site, first by extending pro-
cesses into the ablated region, followed by migration
of the cells. Together this data suggested OPCs
use cell-cell interactions to uniformly space them-
selves throughout the CNS, prior to myelination
[37]. Importantly, more recent studies using 2-photon
based imaging of OPC behaviour in the adult rodent
cortex found essentially the same cell behaviours,
indicating conservation of function not only between
species, but also between embryonic and adult stages
[122]. Numerous additional studies have used the
power of zebrafish for live imaging to gain insight
into glial cell development, and have been reviewed
extensively elsewhere [14—16, 194].

IMAGING DEMYELINATION AND
REMYELINATION

As previously mentioned, zebrafish and tadpoles
have remarkable capacities for regeneration and are
highly amenable for pharmacological screens, mak-
ing them interesting organisms with which to create
models of demyelination and remyelination. To this
end, Kaya et al. generated a transgenic Xenopus line
in which myelinating oligodendrocytes could be con-
ditionally ablated by using part of the MBP promoter
to drive expression of eGFP-nitroreductase (NTR)
[45]. Under normal conditions the NTR enzyme
is benign. However, in the presence of the pro-
drug metronidazole (MTZ), NTR reduces MTZ to
a cytotoxic metabolite that results in oligodendro-

cyte cell death, and consequently demyelination.
Using two photon fluorescence microscopy to track
GFP in the same tadpole over time, the authors
were able to image the behaviour of oligodendro-
cytes following MTZ treatment and during recovery
[45]. A three day treatment of tadpoles with MTZ
resulted in a 50% depletion of GFP+ cells in the
optic nerve, which returned to normal after 6 days
of recovery in untreated water. This correlated with
immunohistochemistry and electron microscopy time
courses showing demyelination, followed by par-
tial remyelination [45]. A second study went on to
show that the remyelinating oligodendrocytes in this
model originate from OPCs already present prior
to demyelination, rather than from newly generated
OPCs [195].

Following the development of this Xenopus
model, two independent groups went on to gener-
ate very similar models in zebrafish. Chung et al.
generated a transgenic line expressing UAS:NTR-
mCherry, which was expressed by crosses with
sox10:Gal4VP16 or mbp:Gal4 VP16 transgenic lines,
while Fang et al. generated a transgenic line express-
ing NTR-eGFP under the control of the MBP
promoter [54, 55]. Similar to in Xenopus, treat-
ments of zebrafish larvae or adult fish with Mtz
resulted in the loss of oligodendrocytes and myelin,
followed by remyelination after removal from MTZ
[54, 55]. Interestingly, loss of myelin correlated with
decreased locomotion in fish, which recovered on a
similar time scale as the recovery of oligodendrocytes
[55].

An interesting application of these models is for
screening for novel compounds that promote myelin
repair. As a proof of principle, Kaya et al. treated
Xenopus larvae with retinoic acid, which was pre-
viously shown to increase remyelination in rodents
[196], and found that it improved oligodendrocyte
recovery after 11 days of treatment with MTZ [45]. In
zebrafish, the anti-inflammatory drug sulfasalazine,
previously used to treat rheumatoid arthritis and
inflammatory bowel disease, was also found to
promote recovery of oligodendrocyte numbers and
myelin thickness following demyelination [197].

It should be noted that in all these studies, expres-
sion of the fluorescent reporters was cytoplasmic and
therefore extruded from myelin; thus, direct visual-
ization of demyelination and remyelination required
fixation of samples for immunohistochemistry or
electron microscopy. It would be interesting if sim-
ilar models were generated using 2A peptides and
membrane-tethered reporters to be able to visu-
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alize myelin loss and remyelination directly with
time-lapse imaging. Live-imaging with additional
reporters could also be incredibility informative in
unravelling how the axon or microglia respond to
demyelination for example.

The NTR-model of demyelination induces
widespread demyelination throughout the CNS.
Recently, a second model to induce focal demyeli-
nation in the optic nerve of adult zebrafish was
developed using the myelinotoxin lysophosphatidyl-
choline (LPC) [56]. Reduced levels of myelin were
readily observed by 8 days post lesion (dpl), with
spontaneous recovery to normal levels of myelin by
28 dpl. Interestingly, remyelinated axons in young
fish (4-7 months) displayed normal myelin thick-
ness, while in older fish (>15 months) remyelinated
axons had thinner myelin, indicating an age related
decline in remyelination capacity, as has also been
reported in humans and rodents [198]. With current
techniques, live-imaging in this model would be
challenging due to the depth within the tissue that
must be imaged, but as microscopy techniques
continue to improve, this may become more feasible.

FUTURE OUTLOOKS AND
CONCLUSIONS

The research community has only begun to harness
the power of zebrafish and Xenopus as in vivo mod-
els to study myelination. The current swathe of new
and improved microscopy platforms will continue
to offer improved spatial and temporal resolution,
less photodamage, and the ability to image deeper
within tissues. These improvements, coupled with the
ongoing development of new reporters and tools, will
continue to open new doors to ask new questions.

For example, the ability to study myelination
at sub-cellular resolution in vivo using transpar-
ent models will represent an important avenue of
exploration. Imaging of the actin cytoskeleton in
the myelinating processes of zebrafish oligodendro-
cytes has already pointed towards the importance
of actin polymerisation in driving myelin sheath
morphogenesis [190]. Future investigations using
fluorescent probes to follow cytoskeletal dynam-
ics, as well as transport and trafficking of key
molecules and organelles, within myelinating glia
during myelin sheath formation, growth and mainte-
nance holds exciting promise. Similarly, live imaging
will provide important insights into the dynamics
of cell-cell interactions. By live imaging molecules

and organelles in labelled neurons one will be
able to assess how myelin formation, damage and
regeneration affect the underlying axon during the
emergence and resolution of myelin pathologies.
Imaging molecules that constitute key sub-cellular
domains, such as nodes of Ranvier and paranodes,
will also provide further insight into the mechanisms
controlling myelinated axon structure and function.
Furthermore, the expanding palette of fluorescent
proteins means that more and more cells, structures
and molecules can be imaged simultaneously in indi-
vidual samples, which will provide more holistic
insight into biological and pathological events.

In addition, the ability to assess neuronal and glial
function using available genetically-encoded fluo-
rescent Ca’t and voltage indicators holds promise
for directly assessing cellular communication and
conduction speeds in vivo. Coupled with the ability
to control neuronal (and in principle glial) func-
tion by light using optogentic tools, the myelin field
is now poised to address critical questions related
to neuronal regulation of myelin growth and plas-
ticity. Optogenetics has already been employed to
show that modulation of neuronal activity profoundly
affects oligodendrocyte behaviour in vivo in rodents
[199]. The application of similar approaches in small
transparent models will allow for opportunities to
control neuronal and glial function at single cell,
and even sub-cellular, resolution in vivo. Optoge-
netic based methods can be employed not only to
regulate cell excitability, but also to regulate intra-
cellular organelle and protein localisation [200-202],
capacities which will further enhance the range of
mechanistic questions that can be addressed in liv-
ing nervous system. Very importantly, with gene
targeting technologies such as crispr-cas9 becoming
routine in both zebrafish and Xenopus, we can expect
to see increased interest in using these systems to
combine live-image and genetic analyses of myelinat-
ing cell behaviour in the CNS and PNS in the future.
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