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Foreword

This book, Zebrafish, Medaka, and Other Small Fishes: New Model Animals in 
Biology, Medicine, and Beyond, offers readers advanced research topics in small 
fish biology. These aquatic animals have come to the forefront of biomedical 
research as simple genetic models for biological studies that retain molecular, cel-
lular, and physiological similarities with humans. Consequently, the majority of 
disease-causing genes have orthologs in fish, and genetic models can be used advan-
tageously for drug screening. Small fish thus offer great hopes for biology and 
medicine.

The first two parts of the book describe common elements that are essential for 
the development, homeostasis, and reproduction of zebrafish and medaka. The 
developmental topics covered are molecular signaling in development and cancer 
(Ishitani and Zou), the ontology of blood vessels (Phng), hematopoietic stem cells 
(Kobayashi), and the development of sensory neurons (Ogino and Hirata). The sec-
ond part deals with homeostasis related to gravity (Chatani and Kudo), reproduction 
(Kanda), and secondary sex characteristics (Ogino).

The third part focuses on the development of human disease models in zebrafish 
and medaka and their use in clinical studies, including angiogenesis (Katraki-Pavlou 
and Beis), myopathies (Baxter and Bryson-Richardson), dystrophies (Mitsuhashi), 
scoliosis (Guo, Ikegawa, and Shukunami), and Parkinson’s disease (Uemura and 
Takahashi).

The last part describes challenging studies that utilize several fish species pos-
sessing special, unique traits, such as blind cavefish (Rohner), viviparous fish (Iida), 
electric fish (Kohashi), and catfish, which have an excellent sense of taste (Ikenaga 
and Kiyohara).

Collectively, these reviews encompass the broad range of studies currently under 
way in a variety of fish species, from cavefish to fish in space. The thought-provoking 
chapters are of general interest to a broad readership, as you will likely find a topic 
of direct pertinence to your own interests in biology, biotechnology, or drug discov-
ery and at the same time discover new and fascinating subjects that can be uniquely 
studied in fish. This book thus nicely illustrates the usefulness and pertinence of 
modern fish biology. Quoting the concluding sentence from Neil Shubin’s book 
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Your Inner Fish (Pantheon Press, 2008): “I can imagine few things more beautiful 
or intellectually profound than finding the basis for our humanity, and remedies for 
many of the ills we suffer, nestled inside some part of the most humble creatures that 
have ever lived on our planet.” We hope this book will help convey our enthusiasm 
for fish models pertinent to drier vertebrates as well.

Department of Neurosciences� Pierre Drapeau
University of Montréal, 
Montréal, Canada

Foreword
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Preface

Small fish such as zebrafish and medaka are now among the major model organisms 
employed in the life sciences. As model organisms, small fish owe their use in the 
life sciences to the remarkable extent of species variation that commonly presents 
researchers with complementary characteristics for studies ranging from develop-
ment and regeneration to complex behaviors such as learning and memory.

Zebrafish (Danio rerio) was first introduced as a vertebrate model organism in 
the 1970s by Prof. George Streisinger at the University of Oregon. Originating from 
India, the zebrafish was chosen as a result of its ease of laboratory maintenance and 
diurnal driven ability to produce hundreds of embryos each day that displayed a 
rapid rate of external development. These attributes contributed to the use of zebraf-
ish in two large-scale mutagenesis projects in Germany and the United States in the 
1990s. These and other mutagenesis projects, coupled with the development of 
transgenic techniques and fluorescent proteins for live-cell imaging, solidified the 
use of zebrafish in the life sciences and thereby caused an expansion of the zebrafish 
research community.

By comparison, medaka (Oryzias latipes) has been a popular pet fish in Japan 
since the mid-1800s. In the late 1900s, the isolation of two genetically distinct lines 
and several temperature-sensitive mutants promoted the use of medaka in the life 
sciences. In addition, several genetically divergent populations of medaka have 
been identified. While the method of sex determination has remained enigmatic in 
zebrafish, a sex chromosome and a sex-determination gene have been identified in 
medaka. These and other genetic attributes have rendered medaka the second most 
popular fish model in the life sciences.

Over the last decade, development of cutting-edge technologies such as next-
generation sequencing, CRISPR/Cas9-mediated genome editing, high-resolution 
imaging, and a cellular-level connectome have further fostered the use of zebrafish 
and medaka in the life sciences. As many of these techniques are translatable to 
other small fishes, we expect that additional fish models will be developed enabling 
scientists to address research topics that are not readily assessable in zebrafish and 
medaka.
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Zebrafish, Medaka, and Other Small Fishes: New Model Animals in Biology, 
Medicine, and Beyond introduces readers to research topics in small fish biology 
currently being investigated by a group of young and ambitious scientists. This 
special book includes not only basic biology to investigate common mechanisms in 
animals, but also clinical models as translational research for human diseases using 
zebrafish and medaka. In addition, the other chapters deal with eccentric small fish 
with highly unique traits seemingly uncommon in other species. We suggest these 
are forthcoming vertebrate models to provide novel insights and significance for 
basic and applied research.

It will be a great pleasure to the authors if this book aids readers in their under-
standing of small fish and the ongoing studies that utilize them, with the hope that it 
encourages participation in the large and fantastic world of small fish.

Kyoto, Japan� Atsuo Iida
Sagamihara, Japan� Hiromi Hirata

Preface
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Chapter 1
Zebrafish Wnt/β-Catenin Signaling 
Reporters Facilitate Understanding 
of In Vivo Dynamic Regulation 
and Discovery of Therapeutic Agents

Tohru Ishitani and Juqi Zou

Abstract  Wnt/β-catenin signaling plays multiple roles in embryogenesis, organo-
genesis, and adult tissue homeostasis, and its dysregulation is linked to numerous 
human diseases such as cancer. Although strict spatiotemporal regulation must sup-
port the multi-functionality of Wnt/β-catenin signaling, detailed mechanisms remain 
unclear. In addition, Wnt/β-catenin signaling is a potential drug target candidate and 
several inhibitors have been identified by in vitro screening, but none have yet been 
incorporated into clinical practice. Recent studies using reporter zebrafish lines 
have gradually improved our understanding of in  vivo dynamic regulation of  
Wnt/β-catenin signaling and have facilitated the discovery of new chemicals that 
can reduce Wnt/β-catenin signaling and cancer cell viability with few side effects. 
Here, we describe several new mechanisms supporting the spatiotemporal regula-
tion of Wnt/β-catenin signaling and new small molecule inhibitors, discovered 
using zebrafish reporters. In addition, we discuss the potential of zebrafish signaling 
reporters in both developmental biology and pharmaceutical sciences.

Keywords  Wnt/β-catenin signaling · reporter · modifier · chemical inhibitor · 
anti-cancer drug

1.1  �Introduction

Wnt/β-catenin signaling is an evolutionarily conserved system that controls cell 
proliferation, fate specification, differentiation, survival, and death during embryo-
genesis, organogenesis, and adult tissue homeostasis (Clevers 2006; Clevers and 
Nusse 2012; Logan and Nusse 2004). Dysregulation of this signaling system is 

T. Ishitani (*) · J. Zou 
Lab of Integrated Signaling Systems, Department of Molecular Medicine, Institute for 
Molecular & Cellular Regulation, Gunma University, Maebashi, Gunma, Japan
e-mail: ishitani@gunma-u.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1879-5_1&domain=pdf
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linked to various human diseases, including cancer, obesity, diabetes, osteoporosis, 
schizophrenia, and autism (Clevers 2006; Clevers and Nusse 2012; De Ferrari and 
Moon 2006; Logan and Nusse 2004). This system transduces its signal by control-
ling the levels of cytoplasmic β-catenin protein (Fig.  1.1). In unstimulated cells, 
cytoplasmic β-catenin are maintained at low levels by a destruction complex that 
includes glycogen synthase kinase 3β (GSK3β) and Axin. GSK3β phosphorylates 
β-catenin at the N-terminal region, thereby promoting its ubiquitination by the E3 
Ub ligase β-TrCP and the subsequent proteasomal degradation (Clevers 2006; 
Clevers and Nusse 2012; Logan and Nusse 2004). The Tcf/Lef family of transcrip-
tion factors represses the expression of Wnt/β-catenin target genes by interacting 
with transcriptional co-repressors, such as histone deacetylase 1 (HDAC1) and 
Groucho (Arce et al. 2009). Wnt/β-catenin signaling is activated when the secreted 
glycoprotein Wnt binds to the cell surface receptor Frizzled (Fz) and its co-receptor 
LRP5/6. This Wnt-bound receptor complex then recruits the cytoplasmic protein 
Dishevelled (Dvl), which in turn promotes the dissociation of the β-catenin degrada-
tion complex. This series of events results in the stabilization of cytoplasmic 
β-catenin. The increased β-catenin concentration drives its migration into the 
nucleus where it forms complexes with Tcf/Lef, which activates gene expression. 
This core Wnt/β-catenin signaling process has been revealed through extensive 
investigation using invertebrate models, mammalian cell culture, and Xenopus early 
embryos over the past three to four decades. In addition, knockout mouse analyses 
have contributed to our understanding of the role Wnt/β-catenin signaling plays in 
animal development and disease. However, the spatiotemporal dynamics of Wnt/β--
catenin signaling and its regulatory mechanisms in living animals remains unclear 
though recent studies using Wnt/β-catenin signaling reporter zebrafish lines have 

Target gene

Axin

β-cat
β-cat

β-cat
β-cat

Target gene

β-cat
Cytoplasm

Nucleus

PUb

Degradation

Unstimulated Stimulated
Fz

Tcf/Lef

β-cat

Ub
Ub

GSK3β

LRP5/6
Wnt

Axin

Fz

GSK3β

LRP5/6

Tcf/Lef
co-Rs

Dvl

Fig. 1.1  The Wnt/β-catenin signaling pathway. In unstimulated conditions, levels of cytoplasmic 
β-catenin are kept low by a destruction complex including GSK3β and Axin. Tcf/Lef represses the 
expression of target genes by interacting with transcriptional co-repressors (co-Rs). Binding of 
Wnt to the receptor Frizzled (Fz) and its co-receptor LRP5/6 activates Dvl, and then Dvl promotes 
dissociation of the β-catenin destruction complex and consequently stabilizes cytoplasmic 
β-catenin. As a result, β-catenin accumulates and enters the nucleus, where it forms complexes 
with Tcf/Lef that activate gene expression. Ub ubiquitin, P phosphorylation, β-cat β-catenin

T. Ishitani and J. Zou
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gradually improved our understanding. Here, we introduce Wnt/β-catenin signaling 
reporter zebrafish lines and review several studies in which new mechanisms sup-
porting the spatiotemporal regulation of Wnt/β-catenin signaling were revealed 
using these reporter lines. Furthermore, we also demonstrate how reporter lines may 
be useful in the exploration of new anti-cancer drugs.

1.2  �Wnt/β-Catenin Signaling Reporter Zebrafish Lines 
and Their Properties

Zebrafish are one of the most suitable animals for live imaging because of their opti-
cal clarity and rapid development. A transgenic zebrafish line carrying the Wnt/β--
catenin signaling reporter top:GFP (original name: TOPdGFP)—which contains 
four copies of consensus Tcf/Lef binding sites, a c-fos minimal promoter, and a 
d2EGFP reporter gene (Fig. 1.2; Dorsky et al. 2002)—has proved to be a useful tool 
for understanding the regulation of in vivo Wnt/β-catenin signaling. In fact, new 
domains in which Wnt/β-catenin signaling is activated and new mechanisms that 
regulate Wnt/β-catenin signaling have been discovered using this reporter (some of 
which are described in Sect. 1.3). However, given that fine reporter activity has only 
been observed in some Wnt/β-catenin signaling-active sites in living top:GFP-
transgenic fish using a fluorescence stereomicroscope (Fig. 1.2), attempts have been 
made to improve Wnt/β-catenin signaling reporters. We generated OTM:d2EGFP 
(original name: Tcf/Lef-miniP:dGFP), which comprises a destabilized green fluo-
rescent protein (d2EGFP) driven by a promoter containing six copies of Tcf/Lef 
binding sites and a minimal promoter (miniP) derived from Promega pGL4 (Fig. 1.2; 
Shimizu et al. 2012). Moro et al. (2012) also generated two new reporters, 7xTCF-
Xla.Siam:GFP and 7xTCF-Xla.Siam:nlsmCherry, which express GFP or mono-
meric Cherry proteins with nuclear localization signals (nlsmCherry) under the 
control of seven multimerized TCF responsive elements upstream of the minimal 
promoter of the Xenopus direct β-catenin target gene, siamois (Fig. 1.2). Results 
showed that both reporters were activated in almost all cells in which Wnt/β-catenin 
signaling is known to be active in zebrafish, and they also revealed further new 
developmental roles of Wnt/β-catenin signaling, including in the formation of the 
brain-blood vessel network and gill filaments (Moro et  al. 2012; Shimizu et  al. 
2012). These reporters are useful but should be used separately. 7xTCF-Xla.
Siam:GFP and 7xTCF-Xla.Siam:nlsmCherry are suitable for searching for new 
Wnt/β-catenin signaling-active cells/areas because they express fluorescence 
strongly; the half-lives of GFP and mCherry are very long (more than 24 h), so fluo-
rescence of 7xTCF-Xla.Siam:GFP and 7xTCF-Xla.Siam:nlsmCherry can be 
detected in cells where Wnt/β-catenin signaling was activated in the past. On the 
other hand, OTM:d2EGFP is suitable for the detection of dynamic changes during 
Wnt/β-catenin signaling in vivo as the half-life of the d2EGFP protein, the fluores-
cent reporter in OTM:d2EGFP, is relatively short (approximately 2 h). In addition, 
to detect “highly” dynamic signaling changes, we recently generated “the third 

1  Zebrafish Wnt/β-Catenin Signaling Reporters Facilitate Understanding of In Vivo…
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generation of in vivo Wnt/β-catenin signaling reporter”—OTM:Eluc-CP—which 
expresses destabilized emerald luciferase in response to Wnt/β-catenin activation. 
Using this, we can detect the dynamic change of Wnt/β-catenin signaling activity 
during brain anterior-posterior patterning (Akieda et  al. in preparation). 
OTM:Eluc-CP will facilitate rigorous analysis of the spatiotemporal dynamics of 
Wnt/β-catenin signaling.

1.3  �Studies Using the Reporter Zebrafish Revealed New 
Regulatory Mechanisms of Wnt/β-Catenin Signaling

Mechanisms supporting the spatiotemporal dynamics of Wnt/β-catenin signaling in 
living animals remain unclear, but recent studies with reporter zebrafish, described 
within this section, have gradually improved our understanding.

OTM:d2EGFP

top:GFP

minimal 
promoter (miniP)

siam promoter (tkP)

6xTcf/Lef BS (WT) 

GFP

d2EGFP

Poly A

7xTcf/Lef BS (WT) 

d2EGFP

4xTcf/Lef BS (WT) 

c-fos promoter

7xTCF-
Xla.Siam:GFP

7xTCF-
Xla.Siam:nls
mCherry

siam promoter (tkP)

nlsmCherry

7xTcf/Lef BS (WT) 

BF d2EGFP
OTM:d2EGFP

top:GFP

OTM:d2EGFP

top:GFP

Axitinib

control

XAV-939

OTM:d2EGFP
(1)

(2)

(3)

Fig. 1.2  Zebrafish Wnt/β-catenin signaling reporters. (1) Schematic diagrams of Wnt/β-catenin 
signaling-reporter constructs. Tcf/Lef BS: consensus sequence of the Tcf/Lef-binding site; PolyA: 
polyadenylation sequence. (2) Comparison of reporter activity in OTM:d2EGFP- and top:GFP 
transgenic zebrafish embryos. Dorsal views of transgenic embryos, with the anterior side to the 
left. Cells expressing d2EGFP were visualized by fluorescence microscopy (right panel). Bright-
field (BF) images are shown in the left panel. Scale bar, 200 μm. (3) Effects of chemical inhibitors 
on OTM:d2EGFP reporters. Reporter activity was shown as green. Axitinib reduces OTM:d2EGFP 
expression in the midbrain and tail (red arrows), while XAV-939 completely blocks it in whole 
embryos

T. Ishitani and J. Zou
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1.3.1  �Reck: A New Wnt Regulator in Plasma Membrane

The G protein-coupled receptor Gpr124 promotes Wnt7-mediated β-catenin signal-
ing and controls central nervous system (CNS) angiogenesis (Posokhova et  al. 
2015; Zhou and Nathans 2014). Vanhollebeke et al. (2015) discovered that Reck 
(reversion-inducing-cysteine-rich protein with Kazal motifs), a GPI-anchored extra-
cellular protein, cooperates with Gpr124 to activate Wnt/β-catenin signaling in 
zebrafish CNS angiogenesis. Knockdown of Gpr124 and Reck using morpholino 
antisense oligonucleotides (MO) reduced 7xTCF-Xla.Siam: GFP reporter activity 
in zebrafish CNS endothelial cells and induced identical CNS-specific vascular 
defects. Reck interacted with Gpr124 in the plasma membrane and synergistically 
promoted Wnt7-mediated β-catenin signaling. In addition, live imaging analyses of 
genetically mosaic zebrafish revealed that Gpr124- and Reck-dependent Wnt/β--
catenin signaling is specifically required for endothelial tip cells during sprouting 
angiogenesis in the CNS.  Interestingly, knockdown of Reck and Gpr124 specifi-
cally affected CNS angiogenesis but did not produce gross morphological pheno-
types, indicating that Gpr124 and Reck are Wnt/β-catenin signaling modulators 
specifically required for CNS angiogenesis.

1.3.2  �Hipk2 and Nephrocystin-4: New Dvl Modulators

Homeodomain-interacting protein kinase 2 (Hipk2) was identified as a positive 
regulator of Wnt/β-catenin signaling using biochemistry and Drosophila genetics 
(Lee et al. 2009). However, the mechanism by which Hipk2 promotes Wnt/β-catenin 
signaling and its physiological significance was unclear but is explained by our 
recent study using OTM:d2EGFP.  MO-mediated knockdown of Hipk2 reduced 
OTM:d2EGFP activity and the protein levels of Dvl, which is a core regulator of 
Wnt/β-catenin signaling. Consequently, Wnt/β-catenin signaling-mediated brain 
anterior-posterior (AP) patterning and tail development in zebrafish embryos were 
disturbed. Interestingly, these defects were rescued by injection of Hipk2 wild-type 
or kinase-negative mutant mRNA (Shimizu et al. 2014), suggesting that Hipk2 pro-
motes Dvl protein levels and Wnt/β-catenin signaling in a kinase activity-
independent manner, and this regulation contributes to brain and tail development. 
Biochemical analyses revealed that Hipk2 promotes the binding of protein phospha-
tase 1c (PP1c) to Dvl and thus the consequent dephosphorylation of Dvl, which 
prevents Itch ubiquitin E3 ligase-mediated Dvl ubiquitination and degradation to 
stabilize Dvl (Fig. 1.3; Shimizu et al. 2014). Consistent with this, knockdown of 
PP1c also reduced OTM:d2EGFP activity; Hipk2 MO-induced reduction of 
OTM:d2EGFP activity was rescued by injection of the Dvl 3A mutant, in which 
PP1c-dephosphorylation sites were substituted to alanine (Shimizu et  al. 2014). 
Thus, a new post-translational modification of Dvl and its roles in Wnt signal trans-
duction and embryogenesis were revealed by the reporter zebrafish studies.

1  Zebrafish Wnt/β-Catenin Signaling Reporters Facilitate Understanding of In Vivo…
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The NPHP4 gene encoding nephrocystin-4 is associated with nephronophthisis, 
which is a hereditary nephropathy characterized by interstitial fibrosis and cyst for-
mation. Burckle et  al. (2011) examined the molecular and cellular functions of 
Nephrocystin-4 using zebrafish as a model. Injection of Nephrocystin-4 MO 
enhanced top:GFP activity in the pronephric duct and produced pronephric cysts; 
Nephrocystin-4 MO-mediated pronephric cyst formation was enhanced by co-
injection with the MO against prickle2 gene encoding a negative regulator of Dvl. 
In the mammalian kidney cell line (MDCK), exogenous Nephrocystin bound to Dvl 
and reduced its protein level and Wnt/β-catenin reporter activity (Burckle et  al. 
2011). Based on these findings, it was concluded that Nephrocystin-4 represses the 
Wnt-β-catenin pathway via Dvl degradation (Fig. 1.3) and contributes to morpho-
genesis of zebrafish pronephros.

1.3.3  �Simplet and PGE-PKA Axis: New β-Catenin Modulators

Simplet was first isolated as a gene expressed in the developing CNS of medaka fish 
(Deyts et al. 2005) although molecular function is unclear. Using reporter fish, Kizil 
et al. (2014) showed that Simplet is required for Wnt/β-catenin signaling as it posi-
tively regulates β-catenin nuclear localization; injection of simplet MO prevented 
nuclear accumulation of β-catenin. Activation of top:GFP and 7xTCF-Xla.
Siam:nlsmCherry activities and expression of Wnt/β-catenin target genes, cdx4, 
tbx6, and gbx1, were also prevented in the tail bud stage of zebrafish embryos but 
not in 85% epiboly stage embryos; loss of Wnt/β-catenin signaling also produced 
axial defects (Kizil et al. 2014). Simplet localized into the nucleus. Overexpression 
of Simplet promoted β-catenin nuclear localization but not in nuclear-localization-
signal (NLS)-deleted mutant SimpletΔNLS positive cells; overexpression of this 
mutant blocked β-catenin nuclear localization and transcriptional activity. 
Biochemical analyses revealed that Simplet proteins interact directly with β-catenin 
(Kizil et al. 2014). These results suggest that Simplet associates with β-catenin to 
promote its nuclear localization and transcriptional activity and plays an essential 
role in zebrafish axial development.

Wnt/β-catenin signaling has been implicated in the regulation of hematopoietic 
stem cells (HSCs); the bioactive lipid prostaglandin E2 (PGE2) also regulates the 
induction and engraftment of HSCs (Reya et  al. 2003; Trowbridge et  al. 2006). 
Therefore, Goessling et al. (2009) focused on the relationship between PGE2 and 
HSCs and discovered that PGE2 promotes Wnt/β-catenin signaling in HSC regula-
tion. Treatment of zebrafish embryos with PGE2 enhanced top:GFP activity in 
HSCs and Wnt/β-catenin signaling-mediated HSC proliferation and survival, while 
treatment with indomethacin, which suppresses PGE2 production, reduced them. 
This suggests that PGE2 positively regulates Wnt/β-catenin signaling in HSCs. 
Furthermore, treatment with the PKA chemical activator forskolin reversed 
indomethacin-induced HSC reduction, while treatment with the PKA chemical 
inhibitor H89 blocked PGE2-induced HSC formation, suggesting that PGE2 regu-

1  Zebrafish Wnt/β-Catenin Signaling Reporters Facilitate Understanding of In Vivo…
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lates HSCs via PKA. By carrying out assays using hematopoietic mouse ES cells, 
Goessling et al. (2009) confirmed that the relationship between PGE2, PKA, and 
Wnt/β-catenin signaling is also conserved in mammals. In addition, it was found 
that PGE treatment promoted the phosphorylation of β-catenin at Ser-675, which is 
mediated by PKA, and stabilizes β-catenin in mouse ES cells; indomethacin reduced 
this phosphorylation and β-catenin protein levels (Goessling et  al. 2009). Thus, 
PGE2-PKA axis stimulates β-catenin stability and the consequent Wnt/β-catenin 
signaling activity through β-catenin phosphorylation to promote HSC formation 
(Fig. 1.3).

1.3.4  �Nrarp and NLK: New Tcf/Lef Modifiers

We discovered the essential roles of Lef1 post-translational modification in embryo-
genesis using top:GFP reporter zebrafish and showed that proper control of Lef1 
ubiquitination is involved in the development of neural crest cells (NCCs) (Fig. 1.3; 
Ishitani et al. 2005). NCCs are pluripotent progenitors induced within the neuroepi-
thelium in vertebrate embryos. They migrate to target destinations throughout the 
embryo and differentiate into diverse cell types, including sensory neurons, glia, 
smooth muscle, cranial cartilage, bone cells, endocrine cells, and pigment cells. Wnt/
β-catenin signaling is known to regulate induction, migration, and differentiation of 
NCCs (Yanfeng et al. 2003) and furthermore, Ishitani et al. (2005) found that Nrarp 
(Notch-regulated ankyrin repeat protein), a small protein containing two ankyrin 
repeats, promotes Wnt/β-catenin signaling activity in NCCs by blocking Lef1 ubiq-
uitination. Nrarp was expressed in migrating neural crest cells; Nrarp knockdown, 
using MO, reduced top:GFP reporter activity in migrating NCCs and induced defects 
in NCC migration and differentiation (Ishitani et  al. 2005), which suggests that 
Nrarp contributes to NCC development through positive regulation of Wnt/β-catenin 
signaling in migrating NCCs. Biochemical analyses also showed that Nrarp blocks 
the ubiquitination-proteasome-dependent degradation of Lef1 and consequently sta-
bilizes it, which promotes Wnt/β-catenin signaling in migrating NCCs (Ishitani et al. 
2005). This was the first discovery of ubiquitination of Tcf/Lef family proteins.

Lef1 phosphorylation is also essential for midbrain development (Fig.  1.3). 
Previous reports showed that MAP kinase-related nemo-like kinase (NLK) 
phosphorylates the Tcf/Lef family of transcription factors and activates Wnt/β-
catenin signaling in Caenorhabditis elegans (Ishitani et al. 1999; Meneghini et al. 
1999) though the physiological role of NLK-mediated Tcf/Lef regulation in verte-
brates was not explained. We found that knockdown of zebrafish NLK (Nlk2) 
reduced top:GFP reporter activity and proliferation of neural progenitor cells in the 
developing midbrain, without gross morphological defects (Ota et al. 2012). This 
suggests that Nlk2 acts as a midbrain-specific Wnt/β-catenin activator and promotes 
cell proliferation in the midbrain of zebrafish. Biochemical studies revealed that 
Nlk2 phosphorylates Lef1 at the conserved Thr residue, which promotes Lef1 tran-

T. Ishitani and J. Zou
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scriptional activity by blocking the interaction of Lef1 with HDAC1(Ota et  al. 
2012). Consistent with this finding, the Nlk2 knockdown-induced reduction in 
top:GFP activity was reversed by co-knockdown of HDAC1 (Ota et al. 2012). Thus, 
the midbrain-specific regulation of Wnt/β-catenin signaling was revealed using 
reporter fish.

It is noteworthy that inhibition of Reck, Gpr124, Nephrocystin-4, PGE2, Nrarp, 
and/or Nlk2 induces defects in specific tissues, which suggests they are cell/tissue 
type-specific Wnt/β-catenin signaling modifiers, but not general Wnt/β-catenin sig-
naling regulators. Such cell/tissue type-specific modifiers should support the spatio-
temporal dynamics of Wnt/β-catenin signaling, which enables Wnt/β-catenin 
signaling to play diverse roles in animal development and homeostasis.

1.4  �Utility of the Wnt/β-Catenin Signaling Reporter 
Zebrafish for Drug Discovery

Wnt/β-catenin signaling regulates stem cell fates, and dysregulation of Wnt/β--
catenin signaling causes various human diseases, including cancer, mental disor-
ders, osteoporosis, and obesity. Therefore, chemical inhibitors against Wnt/β-catenin 
signaling have potential as regenerative medicines and therapeutic agents; several 
chemical inhibitors of Wnt/β-catenin signaling, such as XAV-939, IWR-1, IWP-2, 
and ICG-001, have already been identified. XAV-939 and IWR-1 reduce β-catenin 
protein levels by promoting Axin protein stabilization, and IWP-2 also blocks Wnt 
secretion (Chen et al. 2009). ICG-001 blocks β-catenin binding to a histone acetyl-
transferase CREB-binding protein (CBP) and consequently prevents CREB-
mediated β-catenin activation (Teo et al. 2005). Importantly, treatment with these 
chemical inhibitors eliminates not only Wnt/β-catenin signaling activity in mam-
malian cells but also the activities of Wnt/β-catenin signaling reporters (7xTCF-
Xla.Siam:GFP and OTM:d2EGFP) in zebrafish (Moro et al. 2012; Shimizu et al. 
2012). Therefore, reporter fish were used for identification of new chemicals that 
can inhibit Wnt/β-catenin signaling in vivo. In this section, we describe three chemi-
cals, the in vivo activities of which were characterized using Wnt/β-catenin signal-
ing reporter fish.

1.4.1  �9-Hydroxycanthin-6-one Promotes β-Catenin 
Degradation by Activating GSK3β

Ohishi et al. (2015) screened plant extracts using reporter assays in HEK293 cells 
and identified the β-carboline alkaloid 9-hydroxycanthin-6-one as a new Wnt/β--
catenin inhibitor. Although the direct target molecules of 9-hydroxycanthin-6-one 

1  Zebrafish Wnt/β-Catenin Signaling Reporters Facilitate Understanding of In Vivo…



12

remain unclear, treatment with 9-hydroxycanthin-6-one activated GSK3β-
mediated phosphorylation and the consequent degradation of β-catenin. To con-
firm in  vivo activity of this inhibitor, Ohishi et  al. (2015) used top:GFP 
Wnt/β-catenin reporter fish. Treatment with 9-hydroxycanthin-6-one reduced 
top:GFP activity and expression of endogenous Wnt/β-catenin target genes, 
including mitf and zic2a, and partially rescued the eyeless phenotype induced by 
treatment with BIO, a GSK3β specific inhibitor (Ohishi et al. 2015), which sug-
gests that this inhibitor can block Wnt/β-catenin signaling via GSK3β regulation 
in vivo.

1.4.2  �PMED-1 Blocks β-Catenin Binding to CREB

Because XAV-939, IWR-1, and 9-hydroxycanthin-6-one affect the activity of the 
Wnt/β-catenin core signaling system, which contributes to the homeostasis of vari-
ous tissues, these inhibitors may not only affect abnormal tissues but may also dam-
age healthy ones. In contrast, pharmacological inhibition of the cell type-specific 
modulators may enable cell type-specific Wnt/β-catenin signaling regulation and 
contribute to disease treatment with few side effects. Two histone acetyltransfer-
ases, CREB and p300, interact with β-catenin to activate β-catenin-mediated tran-
scription although the binding of each results in distinct effects. CBP-β-catenin 
complexes positively regulate the expression of genes promoting cell proliferation 
while p300-β-catenin complexes are not involved in cell proliferation (Teo and 
Kahn 2010). Interestingly, ICG-001 specifically inhibits β-catenin binding to CBP, 
but not to p300, and blocks β-catenin-mediated cell proliferation. In addition, ICG-
001 is selectively cytotoxic to colon carcinoma cells because treatment with ICG-
001 kills SW480 and HCT116 colon cancer cells, while it has no effect on 
CCD-841Co normal colonic epithelial cells (Teo et al. 2005). Therefore, ICG-001 
is thought to be usable for cancer treatment with few side effects. Delgado et al. 
(2014) searched for chemicals that possess similar activity to ICG-001 by using in 
silico analysis and zebrafish reporter assays. To identify compounds structurally 
similar to ICG-001, they screened the ZINC 10 database (http://zinc.docking.org/
subsets/lead-like) and identified PMED-1 as the lead compound, with ≥70% simi-
larity to ICG-001. Similar to ICG-001, PMED-1 blocked the interaction of β-catenin 
with CBP, but not with p300, and reduced the viability of hepatocellular carcinoma 
(HCC) cells; it has no toxicity in human normal hepatocytes (Fig.  1.4; Delgado 
et al. 2014). Results also showed that PMED-1 can block Wnt/β-catenin signaling 
in  vivo using OTM:d2EGFP reporter zebrafish. Interestingly, the OTM:d2EGFP 
activity in PMED-1-treated zebrafish embryos was strongly inhibited from 5 to 15 h 
after treatment but restored after 24 h; OTM:d2EGFP activity still continued to be 
suppressed 24 h after treatment in XAV939-treated zebrafish embryos, which indi-
cates that the half-life of Wnt/β-catenin inhibitory activity of PMED-1 is shorter 
than that of XAV939. Thus, it is possible to evaluate the effect on Wnt/β-catenin 
signaling activity and its duration in vivo of a new Wnt/β-catenin inhibitor using 
reporter fish.

T. Ishitani and J. Zou
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1.4.3  �Axitinib Promotes β-Catenin Degradation in Nucleus

Most Wnt/β-catenin pathway mutations in cancer patients are observed in the 
β-catenin gene and the APC gene, which encodes a component of the β-catenin 
destruction complex. Therefore, it is important to develop drugs that target down-
stream of the destruction complex. Recently, Qu et al. (2016) identified axitinib as 
such a drug; 460 Food and Drug Administration (FDA)-approved drugs were 
screened to find chemicals capable of inhibiting Wnt/β-catenin signaling activation 
induced by treatment with BIO, a GSK3β specific inhibitor, in HEK293 cells. Qu 
et al. (2016) also confirmed that axitinib inhibits in vivo Wnt/β-catenin signaling in 
OTM:d2EGFP zebrafish. Interestingly, axitinib reduced OTM:d2EGFP activity in 
the developing midbrain and tail but not in the developing ear, lateral line primordia, 
pectoral fin, fin fold, or cranial NCCs (Fig. 1.2; Qu et al. 2016); XAV-939 com-
pletely eliminated OTM:d2EGFP activity in the whole body (Fig.  1.2; Shimizu 
et al. 2012). Results suggest that axitinib inhibits Wnt/β-catenin signaling in spe-
cific cells but not in all cells. Consistent with this idea, axitinib reduced the activities 
of Wnt/β-catenin signaling and proliferation in colon cancer cells but not in normal 
intestinal tissues (Qu et al. 2016), indicating that axitinib may be usable for colon 
cancer treatment with few side effects. Furthermore, biochemical analyses revealed 
that axitinib binds to and stabilizes the E3 ubiquitin ligase SHPRH (SNF2, histone-
linker, PHD and RING finger domain-containing helicase). Axitinib-stabilized 
SHPRH promoted the ubiquitination and degradation of nuclear β-catenin, which 
was independent of the β-catenin destruction complex including APC and GSK3β 
(Fig. 1.4; Qu et  al. 2016). Thus, a new Wnt/β-catenin signaling inhibitor and its 
mechanism of action were elucidated.

1.5  �Conclusions

Numerous molecules that regulate Wnt/β-catenin signaling have been discovered 
previously using invertebrate models, mammalian cell culture, and Xenopus early 
embryos. It was believed that most were “general regulators” that participate in the 
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Fig. 1.4  Chemical inhibitors against Wnt/β-catenin signaling, which were characterized by 
reporter fish analyses. (1) PMED-1 blocked the interaction of β-catenin with CBP but not with 
p300. (2) Axitinib binds to and stabilizes the E3 ubiquitin ligase, SHPRH.  Axitinib-stabilized 
SHPRH promoted the ubiquitination and degradation of nuclear β-catenin
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control of Wnt/β-catenin signaling in all cells/tissues, but their physiological roles 
in vertebrates were unclear. However, recent studies using reporter zebrafish lines 
have revealed cell/tissue-type specific Wnt/β-catenin signaling modifiers, such as 
Reck, Gpr124, Nephrocystin-4, Nrarp, and Nlk2, which must complicate the spatio-
temporal pattern of Wnt/β-catenin signaling activity in order to play multiple roles 
in animal development and homeostasis. It is also possible that parts of previously 
identified regulators may also be cell/tissue-type-specific modifiers. Future studies 
on previously and newly identified Wnt regulators using reporter fish will facilitate 
further understanding of cell/tissue type-specific Wnt/β-catenin signaling regulation 
and thereby make clear the whole picture of Wnt/β-catenin signaling regulation in 
living animals.

Reporter zebrafish lines will also help the discovery of new anti-cancer drugs 
that have few side effects. The chemicals that control the activity of Wnt/β-catenin 
core signaling systems may affect the homeostasis of healthy tissues, while chemi-
cal inhibitors against cell/tissue-specific modulators may enable cancer tissue-
specific regulation. It is worth noting that axitinib inhibits OTM:d2EGFP reporter 
activity in a part of Wnt/β-catenin-active cells in zebrafish embryos and also reduces 
the activity of Wnt/β-catenin signaling and proliferation in colon cancer cells but 
not in normal intestinal tissues (Qu et al. 2016). This indicates that axitinib acts as a 
Wnt/β-catenin inhibitor in specific cells and may be able to reduce colon cancer cell 
activity without causing severe side effects. It also suggests that such cell/tissue-
specific reporter inhibition could be used as an index for safe Wnt/β-catenin inhibi-
tors that can be employed for cancer therapy in anti-cancer drug screening.

In addition to Wnt/β-catenin signaling, other cell signaling pathways, including 
TGF-β/BMP and Shh, are activated repeatedly and play multiple roles in animal 
development and homeostasis, and dysregulation of these pathways is involved in 
tumorigenesis. In addition, reporter fish lines that visualize various signaling path-
ways have been generated (Casari et  al. 2014; Laux et  al. 2011; Schwend et  al. 
2010). Therefore, a similar strategy can be implemented to investigate the in vivo 
regulatory mechanisms of other cell signaling pathways and their control agents. 
Thus, cell signaling reporter zebrafish are a useful tool for both investigating the 
mechanisms of dynamic signaling regulation and for identifying new drugs control-
ling particular signaling pathways in specific cells/tissues.
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Chapter 2
Endothelial Cell Dynamics during Blood 
Vessel Morphogenesis

Li-Kun Phng

Abstract  Blood vessels, together with the heart, have a fundamental role in sup-
porting the metabolic demands of tissues not only during development but also in 
adults. New blood vessels are frequently generated through angiogenesis when new 
vessels emerge from pre-existing ones (Fig. 2.1a). Initially, endothelial cells (ECs) 
lining an existing vessel are selected to become tip cells to spearhead the formation 
of new vascular sprouts. New sprouts grow through EC proliferation and the polar-
ized collective migration of both tip and trailing stalk cells into the avascular tissue. 
In order to generate a network of interconnecting vessel segments, tip cells anasto-
mose with neighboring tip cells to establish new vascular loops. Importantly, vascu-
lar sprouts develop into tubes through which oxygen, metabolites, cells, and waste 
products can circulate around the body. Finally, the tubular network of blood vessels 
are either maintained or, depending on the tissue requirements in which the vessels 
pervade, remodeled through pruning into a more refined vascular network that car-
ries blood flow optimally to tissues (Fig. 2.1b).

Over the past few decades, many key signaling pathways that regulate blood ves-
sel development have been identified using primarily the mouse as the model organ-
ism. These include the Neuropilin (NRP)/Vascular Endothelial Growth Factor 
(VEGF)/Vascular Endothelial Growth Factor Receptor (VEGFR), Jagged/Delta-like/
Notch, Transforming Growth Factor β (TGFβ)/Bone Morphogenic Protein (BMP) 
and EphrinB/EphB signaling cascades (Adams RH, Alitalo K. Nat Rev Mol Cell Biol 
8:464–478, 2007; Potente M, Makinen T.  Nat Rev Mol Cell Biol 18:477, 2017). 
Although these studies have uncovered the fundamental principles of angiogenesis, 
temporal information on the cellular dynamics of angiogenesis has been lacking due 
to difficulties in performing live imaging in mouse embryos and tissues. These chal-
lenges are alleviated by the use of zebrafish, whose embryos develop ex utero, are 
optically transparent and are therefore highly suited for live imaging. Combined with 
recent advances in imaging techniques and the development of fluorescent biosen-
sors or reporters, it is now possible to observe the dynamics of ECs at cellular and 
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subcellular resolution as blood vessel morphogenesis takes place. Imaging vascular 
morphogenesis in the zebrafish embryo has been indispensable in the identification 
of morphogenetic events such as apical membrane invagination and the elucidation 
of the cellular mechanisms of anastomosis and vessel pruning, which are dynamic 
processes that are difficult to visualize and investigate in mouse models.

In this chapter, I will summarize recent findings from zebrafish studies that high-
light the dynamic nature of ECs during angiogenesis and vessel remodeling and 
focus on how the actin cytoskeleton regulates EC morphogenesis and behavior.

Keywords  Angiogenesis · vascular morphogenesis · endothelial cells · actin cyto-
skeleton · membrane · junction · zebrafish · live imaging

2.1  �Endothelial Morphogenetic Behaviors During Vessel 
Development and Remodeling

ECs display great plasticity with the ability to generate extensive cell shape changes 
necessary to drive diverse cellular behaviors. Although they are individually hetero-
geneous in behavior during development, ECs collectively coordinate their cellular 
processes to generate a hierarchical, well-patterned network of tubular blood ves-
sels (Fig. 2.1).

2.1.1  �Endothelial Cell Migration and Elongation

Angiogenic vessels are characterized by vascular sprouts that are headed by endo-
thelial tip cells, which are recognized by their long filopodia, and trailing stalk cells 
(Kurz et al. 1996; Lawson and Weinstein 2002; Gerhardt et al. 2003). As tip cells 
have higher VEGFR2 and VEGFR3 activities and lower Notch and TGFβ/BMP 
signaling (Potente and Makinen 2017), they are highly migratory and have a 
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Lumen expansion
Vessel stabilisation

Vessel growth
Vessel branching

parent blood vessel

Vessel anastomosis
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Fig. 2.1  (a) New blood vessel formation through angiogenesis. (b) Remodeling of a primitive 
vascular plexus through vessel pruning
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competitive advantage over stalk cells to take the leading position in the vessel 
sprout. The growth or extension of the new vessel sprout requires the coordinated 
migration of both tip and stalk cells into the avascular tissue as well as stalk cell 
elongation (Sauteur et al. 2014).

2.1.2  �Endothelial Cell Proliferation

Vessel growth also depends on the proliferation of endothelial tip and stalk cells 
(Siekmann and Lawson 2007; Costa et al. 2016). During this process, ECs undergo 
rounding and furrowing at anaphase (Phng et  al. 2013; Aydogan et  al. 2015). 
Cytokinesis of daughter cells can be symmetrical or asymmetrical, depending on 
the presence or absence of a lumen within the vessel during proliferation (Aydogan 
et  al. 2015; Costa et  al. 2016). Asymmetric EC division influences EC behavior 
since it leads to a higher distribution of mRNA and proteins from the VEGFR sig-
naling pathway in one daughter cell (Costa et  al. 2016). As a consequence, the 
daughter cell with higher VEGFR signaling migrates faster to take the leading tip 
cell position.

2.1.3  �Endothelial Cell Branching and Anastomosis

To expand the vascular network, new branch points are made by either the selection 
of new tip cells to form new vascular sprouts or by the bifurcation of a tip cell. 
During bifurcation, the cell transforms into a T-shaped cell by generating two pro-
trusions from the cell body to make a new branch point. Vessel branching is fol-
lowed by anastomosis whereby a new cell-cell contact is created between two tip 
cells or between a tip cell and a functional blood vessel (Herwig et al. 2011; Lenard 
et al. 2013) so to establish a closed vascular loop.

2.1.4  �Endothelial Cell Rearrangements

ECs do not remain static within blood vessels. In growing vascular sprouts, dynamic 
shuffling between tip and stalk cells for the leading position occurs (Jakobsson et al. 
2010) and, upon ablation of tip cells of the zebrafish intersegmental vessel (ISV), 
stalk cells rapidly transform into new tip cells during sprouting angiogenesis 
(Sauteur et al. 2014), demonstrating that tip and stalk cell fates are interchangeable. 
In developing blood vessels that are initially unicellular in organization (such as that 
of ISVs, see Fig. 2.2a), cell rearrangements drive the conversion of the vessel to a 
multicellular organization. Here, cell rearrangement is coupled with extensive cell 
morphogenesis. Among these, cell splitting occurs when a single EC surrounding a 
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Fig. 2.2  (a) Membrane dynamics and junction remodeling during the formation of tubular blood 
vessels. AMIS, apical membrane initiation site. (b) Inverse blebbing during lumen expansion is 
controlled by local and transient actomyosin activity. (Figure adapted from Gebala et al. 2016). (c) 
Endothelial cell-cell junction elongation and maintenance requires formin-mediated actin polym-
erization, Cdh5 (VE-cadherin) and Esama. (d) Anastomosis between two tip cells requires the 
stabilization of interfilopodial contacts and the assembly and remodeling of endothelial cell-cell 
junction
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lumen splits on one side (Fig. 2.2a, Lenard et al. 2013). In developed vessels, ECs 
rearrange their positions relative to each other to make new neighbors. For example, 
single-labeled cells are observed to translocate from one ISV to another (Blum et al. 
2008; Yu et al. 2015) and vein-derived endothelial tip cells change their forward 
course of migration to move backwards into the vascular plexus to contribute to 
artery formation in a Cxcr4a–dependent manner (Xu et al. 2014). These observa-
tions highlight the dynamic nature of ECs not only during the migratory phase of 
angiogenesis but also during the reorganization of ECs in tubules and in vessel 
remodeling.

2.1.5  �Apical Membrane Invagination

ECs undergo extensive morphological changes in order to expand its apical com-
partment during lumen formation.  In transcellular lumen formation, the apical 
membrane invaginates into the cell body to form a luminal space, or hollow cell 
(Figs. 2.2a and 2.4c), and compresses the cytoplasm at the same time so that the EC 
becomes squeezed between the basal and apical membranes (Herwig et al. 2011; 
Gebala et al. 2016).

2.1.6  �Vessel Pruning

During the remodeling of a vascular plexus, segments of blood vessels are pruned 
from the network (Fig. 2.3). ECs rearrange in the vessel segment to be pruned and 
migrate into a neighboring vessel, transforming the vessel from a multicellular to a 
unicellular vessel (Lenard et al. 2015). In some vessels, EC self-fusion can occur to 
generate unicellular tubes (Lenard et al. 2015). Interestingly, cell self-fusion does 
not give rise to an autocellular junction.

2.2  �Endothelial Membrane Dynamics During Vessel 
Morphogenesis

As described in the previous section, ECs frequently transform its shape to match its 
function during vascular morphogenesis. In this section, I will discuss local shape 
changes in the endothelial apical and basal membranes that drive EC morphogene-
sis and how membrane dynamics are regulated during angiogenesis.

2  Endothelial Cell Dynamics during Blood Vessel Morphogenesis



Fig. 2.3  Decreased blood flow and changes in flow direction trigger vessel pruning. The lumen of 
the vessel segment can either be maintained (a) or can collapse (b). If the lumen is maintained, EC 
junction remodeling, cell rearrangements, cell self-fusion and cell migration convert the multicel-
lular tube into a unicellular tube. Eventually, the transcellular lumen collapses, resulting in two 
separate luminal compartments. If the lumen collapses, cell rearrangements and migration lead to 
unicellular organization of the vessel segment. In both mechanisms, the process of vessel pruning 
is completed by the migration of the final cell in the pruned vessel to one of the major branches and 
the resolution of the last cell-cell contact. (Figure adapted from Lenard et al. 2015)
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2.2.1  �Endothelial Cell Membrane Plasticity

Migrating cells exhibit front-rear polarity whereby they generate membrane protru-
sions at the leading edge to drive forward movement (Ridley 2011). During angio-
genesis, F-actin-rich filopodia are the most prominent protrusions formed at the 
leading edge of migrating endothelial tip cells (Fig.  2.4a, Gerhardt et  al. 2003; 
Fraccaroli et al. 2012; Phng et al. 2013). Tip cells also use filopodia to facilitate 
contact with other ECs with which to anastomose to create new vessel connections 
(Phng et  al. 2013). ECs can additionally generate lamellipodia and blebs. 
Lamellipodia protrude from filopodia and likely facilitate the growth and expansion 
of vascular sprouts (Phng et al. 2013) while blebs are generated during EC division 
(Fig. 2.4b, Phng et al. 2013; Aydogan et al. 2015) and in the apical membrane during 
lumen expansion (Figs. 2.2a and 2.4c, Gebala et al. 2016).

Fig. 2.4  Endothelial membrane dynamics during blood vessel morphogenesis. (a) Endothelial tip 
cells generate extensive filopodia (arrows) during migration. Arrowheads, lamellipodia-like pro-
trusions. (b) Blebs (arrows) during EC division. Green, membrane; magenta, H2B. (c) Inverse 
blebbing drives lumen expansion into an endothelial tip cell during ISV formation. Arrowhead, 
apical membrane. Arrows, retracting blebs. 00:15, lumen collapse. 00:25–00:55, fusion and inte-
gration of collapsed apical membranes into the invaginating lumen. Green, F-actin (Lifeact); 
magenta, membrane. (d) Black arrowhead, site of apical membrane scission. Magenta arrowhead, 
fusion of two opposing apical membranes to form a continuous lumen. Scale bars, 5 μm. 00:00, 
hours:minutes
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Blebs are spherical membrane protrusions that are recognized as another form of 
leading edge protrusion that drives the migration of cells such as zebrafish progeni-
tor germ cells (Paluch and Raz 2013). However, the blebs observed in the apical 
membrane of expanding lumen protrude into the EC cytoplasm. They are therefore 
referred to as inverse blebs. Interestingly, two classes of inverse blebs are observed. 
In one class, the inverse blebs resolved soon after forming while in the second class, 
the blebs persisted. The second class of blebs is often observed at the front of the 
expanding apical membrane and drives the expansion of new lumens in the vessel 
(Gebala et al. 2016).

Other apical membrane behaviors have also been reported during lumen forma-
tion of angiogenic vessels. The formation and fusion of intracellular vesicles in 
single ECs to form bigger vacuolar compartments have been proposed to initiate 
transcellular lumenization of angiogenic vessels (Kamei et  al. 2006; Wang et  al. 
2010; Yu et al. 2015). Intracellular vesicles can also arise from the collapse and scis-
sion of an expanding lumen (Fig. 2.4c, Gebala et al. 2016). These vesicles subse-
quently re-fuse with and contribute to the expanding lumen. After lumen expansion, 
the apical membrane continues to exhibit dynamic behavior, going through cycles 
of luminal membrane scission and fusion before establishing a stable lumen 
(Fig. 2.4d, Lenard et al. 2013; Gebala et al. 2016). During vessel regression, apical 
membrane scission occurs before the lumen collapses (Lenard et al. 2015).

2.2.2  �Regulation of Membrane Dynamics by Actomyosin 
Activity

The actin cytoskeleton is integral in providing cells with mechanical support, regu-
lating cell shape, and generating the driving forces for cell movement (Pollard and 
Cooper 2009). By assembling distinct cellular structures, such as filopodia and 
lamellipodia, the actin cytoskeleton confers the cell the capacity to change its mor-
phology and generate movement. During angiogenesis, diverse actin cytoskeleton 
structures of different subcellular localization and dynamics are generated in ECs at 
distinct phases of vessel morphogenesis (Phng et al. 2013). Furthermore, by follow-
ing the dynamics of these actin structures, it was possible to determine that some 
actin-based structures such as that in filopodia and apical compartment during 
lumen expansion are transient while others such as the actin cables in EC junctions 
are more stable.

It has long been assumed that endothelial tip cells use filopodia for guided cell 
migration and vessel patterning. Interestingly, the depletion of filopodia formation 
in vivo by using low concentrations of Latrunculin B, an actin polymerization inhib-
itor, does not inhibit EC migration during ISV formation (Phng et al. 2013). Instead, 
tip cells generate lamellipodia at the leading edge that are sufficient to drive the cell 
forward albeit at a reduced speed. Furthermore, tip cell guidance is unaffected since 
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normal ISV patterning persisted, indicating that filopodia are dispensable for tip cell 
guidance (Phng et al. 2013). These observations highlight the plasticity of ECs in 
generating different membrane protrusions that cooperate to promote efficient 
polarized migration during vessel formation.

Recent publications have revealed some molecular insights on the regulation of 
EC protrusions in vivo. The bone morphogenetic protein (BMP) regulates the for-
mation of zebrafish caudal vein plexus (CVP) (Wiley et  al. 2011) by inducing 
Arghef9b-mediated Cdc42 activation, which in turn activates Formin-like 3 (Fmnl3) 
to assemble linear F-actin cables that generate filopodia (Wakayama et al. 2015). 
The failure to generate filopodia leads to incomplete CVP formation due to defects 
in ECs migration (Wakayama et al. 2015). Additionally, the loss of filopodia by ECs 
can prevent vessel anastomosis that is required for ventral CVP formation (Phng 
et al. 2013). Interestingly, inhibition of Fmnl3 activity does not completely abolish 
filopodia formation in ISVs (Phng et al. 2015; Wakayama et al. 2015), indicating 
differences in the molecular regulation of filopodia of ECs from different vascular 
beds.

Unlike filopodia and lamellipodia, the formation of blebs is not generated by 
actin polymerization. Instead, bleb formation is initiated by the local detachment of 
the plasma membrane from the cell cortex or the local rupture of the cortex. 
While intracellular pressure and cytoplasmic flow propel classical bleb expansion 
(Blaser et  al. 2006; Charras 2008; Paluch and Raz 2013),  blood flow drive the 
expansion of inverse blebs at the apical membrane of ECs (Fig. 2.2b, Gebala et al. 
2016). In both types of blebs, the cortex is initially free of F-actin. However, actin 
assembly and non-muscle myosin II activity at the bleb cortex subsequently pro-
mote the retraction of both classical (Charras 2008) and inverse blebs (Figs. 2.2b 
and 2.4c, Gebala et al. 2016). In ECs, misregulation of myosin II activity results in 
uncontrolled blebbing at the apical membrane due to decreased bleb retraction and 
consequently prevents proper transcellular lumen formation in angiogenic vessels 
(Gebala et al. 2016). This finding indicates that inverse blebbing at the apical mem-
brane needs to be actively suppressed for controlled, unidirectional lumen 
expansion.

2.3  �Endothelial Cell–Cell Junction Dynamics During Vessel 
Morphogenesis

The generation of vascular tubes requires the coordinated activity of many ECs that 
are connected through cell-cell junctions, which dynamically remodel to allow cell 
shape changes and rearrangement. Notably, while tubulogenesis requires the forma-
tion, expansion, and stabilization of cell-cell junctions, vessel pruning entails junc-
tion disassembly.

2  Endothelial Cell Dynamics during Blood Vessel Morphogenesis
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2.3.1  �Cell-Cell Junction Remodeling During Sprout Extension

During sprouting angiogenesis, ECs are initially arranged in a serial manner within 
the vascular sprout (unicellular vessel, Fig.  2.2a). In this arrangement, cell-cell 
junctions are circular in shape but are subsequently transformed to an elliptical 
shape (Fig. 2.2a, Sauteur et al. 2014). Such junction morphogenesis is required to 
drive EC elongation that is observed during sprout growth or extension and to allow 
the formation of multicellular tubes (Sauteur et al. 2014).

2.3.2  �Formation of New Junctions During Anastomosis

The de novo formation of new EC junctions in vivo can be conveniently studied 
during the process of anastomosis. Anastomosis is facilitated by filopodial contacts, 
although ECs can still anastomose in the absence of filopodia through lamellipodia 
(Phng et al. 2013) or when endothelial cell bodies come to direct contact (Sauteur 
et al. 2017). Upon stabilization of filopodia contacts, new junctions form and expand 
into rings (Fig. 2.2d, Herwig et al. 2011). As in the case of growing vascular sprouts, 
the circular junctional rings become elliptical to allow EC elongation and the forma-
tion of multicellular tube.

2.3.3  �Cell-Cell Junction Organization During Blood Vessel 
Tubulogenesis

Different mechanisms exist to make lumens in angiogenic vessels. In one mecha-
nism called cord hollowing, cell rearrangements drive lumen formation. From a 
unicellular junction conformation, cells converge toward each other, leading to new 
contacts and junction formation (Herwig et al. 2011; Lenard et al. 2013). As apical 
membranes form de novo at intercellular junctions (Herwig et al. 2011; Pelton et al. 
2014), the two membrane compartments merge into one, resulting in the formation 
of a continuous lumen space. In another mechanism that is observed in vessels 
where cell rearrangements is initially limited, transcellular lumen formation occurs. 
Here, the lumen is formed by apical membrane invagination and internal apical 
membrane fusion to form a hollow cell and unicellular tube. Transcellular lumen 
formation is highly dependent on blood pressure as its cessation prevents apical 
membrane invagination (Herwig et al. 2011; Lenard et al. 2013; Gebala et al. 2016). 
Often, unicellular tubes are transformed into multicellular tubes, which are charac-
terized by two (or more) longitudinal junctions along the vascular axis, by junction 
elongation and cell rearrangements (Sauteur et al. 2014).

It is likely, however, that ECs employ several mechanisms to make tubes. Live 
imaging experiments show that cell rearrangements can simultaneously occur to 
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align the apical membranes of different ECs as transcellular lumen formation takes 
place at the region of the vessel that is connected to a patent vessel (personal obser-
vation). As the invaginating lumen reaches a cell-cell junction, inter-cellular apical 
membrane fusion occurs to allow a rapid expansion of the lumen (see Fig. 2.2a).

2.3.4  �Reorganization of Cell-Cell Junctions during Vessel 
Pruning

Once formed, the primitive vascular network remodels to give rise to a network with 
efficient blood flow. Vascular remodeling is greatly influenced by local changes of 
hemodynamic forces (see Sect. 2.4.4) and comprises of vessel pruning or regression 
that occurs in a step-wise manner (Fig. 2.3, Chen et al. 2012; Kochhan et al. 2013; 
Lenard et  al. 2015). In vessel segments that are selected for pruning, junction 
remodeling transforms the vessels from that of a multicellular to a unicellular ves-
sel. Furthermore, regressing vessels frequently display lumen collapse or stenosis 
before cell rearrangements. Here, the vessel goes through a transient non-lumenized 
state as a multicellular cord with continuous junctional connections. However, in 
30% of pruning events in the subintestinal vessels of the zebrafish, the lumen does 
not collapse prior to or during junction rearrangements (Lenard et al. 2015). Instead, 
regressing vessels become unicellular tubes with transcellular lumens that eventu-
ally collapse towards the end of pruning. In both scenarios, ECs in the regressing 
segment migrate away from each other, with cells displaying axial polarity towards 
their direction of migration (Franco et  al. 2015). Through active migration, cell 
contacts that were previously established within the vessel segment resolve and 
cells integrate into the neighboring vessels (Chen et al. 2012; Franco et al. 2015; 
Lenard et al. 2015). Interesting, Lenard et al also observed a different mechanism of 
vessel remodeling, collateral fusion (Lenard et  al. 2015), which is also likely 
induced by low blood flow.

2.3.5  �Molecular Regulation of Endothelial Cell-Cell Junctions

Immunohistochemistry staining and live-imaging of fluorescently labeled proteins 
demonstrate that vascular endothelial-cadherin (VE-cadherin or Cdh5) (Lenard 
et al. 2013), zonula occludens 1 (Herwig et al. 2011) and endothelial cell-selective 
adhesion molecule a (Esama) (Sauteur et al. 2014) localize at newly formed endo-
thelial cell-cell junctions. During vessel extension, Cdh5 is required for stalk cell 
elongation and motility by driving the transformation of junctions from circular to 
elliptical (Fig. 2.2c, Sauteur et al. 2014). Additionally, Cdh5 regulates the process of 
anastomosis by facilitating the formation of interfilopodial contacts since endothe-
lial tip cells deficient in Cdh5 require more filopodial interactions to establish firm 
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contacts (Lenard et al. 2013; Sauteur et al. 2017). Although Esama zebrafish mutants 
do not display any overt vascular phenotype, loss of Esama function in ECs worsens 
the vascular defects in Cdh5 mutants to decrease the ability of ECs to recognize 
each other and maintain cell-cell contacts during vessel sprout extension and dorsal 
longitudinal anastomotic vessel (DLAV) formation (Fig. 2.2c, Sauteur et al. 2017).

2.3.6  �Regulation of Endothelial Cell-Cell Junctions by the 
Actin Cytoskeleton

The interaction between cell-cell junction molecules and the actin cytoskeleton is 
important in junction remodeling. The transformation of ring-shaped to elliptical-
shaped junctions in stalk cells during sprout outgrowth is mediated by the interac-
tions between the C-terminus β–catenin binding domain of Cdh5 and the F-actin 
cytoskeleton (Sauteur et al. 2014). In cdh5 mutants, junction elongation failed to 
occur so that vessels are mostly in the unicellular arrangement. Furthermore, the 
organization of F-actin cytoskeleton in the cortex is disrupted in the mutants and 
appeared as puncta with areas devoid of F-actin cables (Sauteur et al. 2014). The 
VE-cadherin/F-actin interaction is probably required to transmit the deforming 
force to elongate the endothelial cell junctions (Heinz-Georg Belting, personal 
communication).

The establishment of actin cables at cell-cell junctions is crucial for the remodel-
ing of junctions. Fluorescence recovery after photobleaching (FRAP) of EGFP-
Actin revealed a mobile pool of F-actin with high turnover at endothelial cell-cell 
junctions of the DA and PCV whose polymerization is dependent on the formin 
family of actin nucleators (Phng et al. 2015). In developing ISVs, Formin-like 3 
(Fmnl3) translocates to endothelial junctions. A reduction in formin activity 
decreases F-actin cable formation at junctions to inhibit cell rearrangement and the 
formation of multicellular tubes. Like cdh5 mutants, Fmnl3 morphants and embryos 
treated with the pan-formin inhibitor, SMIFH2, display an increase in discontinuous 
junctions in ISVs and the DLAV, which often fail to lumenize or, if it occurred, 
lumen continuity becomes disrupted due to weakened junction integrity. 
Furthermore, the maintenance of vessels as multicellular tubes requires formin 
activity, highlighting the role of F-actin polymerization in supporting the remodel-
ing and maintenance of junctions and consequently, lumen integrity (Fig.  2.2c, 
Phng et al. 2015).

In recent years, several molecules that link membrane receptors to the actin cyto-
skeleton have been implicated in vessel morphogenesis. These include members of 
the Ezrin/Radixin/Moesin (ERM) family, which, when activated, can associate with 
both actin and membranes. In the zebrafish, moesin 1 localizes to endothelial cell-
cell junctions during ISV formation, and its knockdown by antisense morpholino 
prevents ISV tubulogenesis in a cell autonomous manner (Wang et al. 2010). The 
scaffold protein AmotL2, a member of the Angiomotin family, couples Cdh5 to 
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F-actin (Hultin et al. 2014). Its inactivation dissociates Cdh5 from actin cytoskeletal 
tensile forces that affected EC shape and ultimately, aortic lumen expansion and 
formation in both mouse and zebrafish (Hultin et al. 2014). However, it is uncertain 
whether AmotL2 also has a role in regulating lumen formation of angiogenic ves-
sels since the disruption of DA formation has an adverse effect on ISV formation.

2.4  �Influence of Hemodynamic Forces on Blood Vessel 
Morphogenesis

Once blood vessels become lumenized, ECs become exposed to increasing hemo-
dynamic forces in the form of shear stress and blood pressure. Such forces subse-
quently regulate EC signaling, cell polarity, vessel remodeling, and the mechanical 
phenotype and stiffness of blood vessels (Nicoli et al. 2010; Collins et al. 2014; 
Baeyens et al. 2016). Because of the ability to manipulate blood flow while per-
forming live imaging, the use of zebrafish has been instrumental in aiding the under-
standing of how ECs temporally respond to hemodynamic forces to modulate vessel 
morphogenesis.

2.4.1  �Modulation of Endothelial Cell Polarity by Blood Flow

ECs exhibit a front-rear polarity during migration whereby the Golgi apparatus is 
positioned ahead of the nucleus (Franco et al. 2015; Kwon et al. 2016). However, 
this polarity shifts upon the onset of blood flow. Live imaging of ECs of zebrafish 
ISVs, DA, and PCV revealed that the Golgi shifts its position so that it is down-
stream of or against the flow direction (Franco et  al. 2015; Kwon et  al. 2016). 
Interestingly, EC polarity is less prominent in vessels of venous origin, probably 
because of lower blood flow (Kwon et al. 2016).

2.4.2  �Lumen Formation and Maintenance Depends on Blood 
Flow

The expansion of apical membranes by inverse blebbing during lumen formation is 
highly dependent on blood flow. When blood flow in the lumenizing vessel segment 
is decreased by slowing the heart rate or disrupted by ablating its connection to the 
parental vessel carrying blood flow, apical membrane blebbing ceases and lumen 
expansion stalls (Gebala et al. 2016). Furthermore, the continued presence of blood 
flow or pressure is critical in keeping the lumen open (Kochhan et al. 2013).

2  Endothelial Cell Dynamics during Blood Vessel Morphogenesis
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Blood flow additionally regulates endothelial gene expression profiles that con-
tribute to the maintenance of vessel lumen. It negatively regulates the expression of 
the pro-angiogenic chemokine, cxcr4a, to convert ECs from an active to a more 
quiescent phenotype (Bussmann et  al. 2011) and induces cytoplasmic to nuclear 
localization of Yes-Activated Protein 1 (Yap1), a transcriptional co-regulator that 
binds to enhancer elements through TEA domain (TEAD) factors downstream of 
Hippo signaling (Panciera et al. 2017) to promote transcriptional activity of genes 
that contribute to the maintenance of lumenized blood vessels (Nakajima et  al. 
2017). The localization of Yap1 is regulated by its association with angiomotins 
which, upon the onset of blood flow, preferentially binds to actin cytoskeleton and 
releases YAP. In zebrafish mutants that lack yap1 expression, there is increased ves-
sel stenosis and retraction in several vessel plexi including the DLAV and cerebellar 
central artery (Nakajima et  al. 2017). However, it remains unclear which genes 
operate downstream of Yap1 to stabilize perfused blood vessels.

2.4.3  �Hemodynamic Forces Regulate Vessel Diameter and Size

During development, the DA and PCV of the zebrafish display a biphasic response 
to increases in blood flow (Sugden et al. 2017). Between 24 and 48 hours post fertil-
ization (hpf), the increase in cardiac output induces outward remodeling of the axial 
vessels so that their diameter increases. This is supported by the findings that 
decreases in blood flow by pharmacological inhibition of heart contraction reduces 
the diameter of the DA (Baeyens et al. 2015). Between 48 and 72 hpf, a second phase 
of remodeling occurs with the constriction of the DA, a process that is dependent on 
EC shape changes whereby ECs transform from a rounded to a more elongated shape 
while keeping the surface area and perimeter constant (Sugden et al. 2017). Such 
shape changes within a tube would induce a narrower tube. The flow-induced shape 
change is dependent on the activity of endoglin, a receptor involved in the TGFβbeta/
BMP pathway (Sugden et  al. 2017). ECs deficient in endoglin expression fail to 
respond to increases in hemodynamic forces so that vessels become enlarged, lead-
ing to patterning defects such as arterial-venous shunts. Another molecule that regu-
lates vessel diameter is Flt4 (or Vegfr3). Progressive decrease in Flt4 expression 
reduces the diameter of the DA in a Vegfc-independent manner (Baeyens et al. 2015).

2.4.4  �Role of Hemodynamic Forces on Vessel Formation 
and Remodeling

Although EC differentiation and the initial vascular patterning of many tissues are 
largely independent on blood flow, the onset of circulation is required for the subse-
quent remodeling of primitive vascular plexi and the development of some blood 
vessels.
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In the zebrafish, the fifth and sixth aortic arches (AA) connects the aortic sac to 
the lateral dorsal aorta to transport blood from the heart to the trunk and tail 
(Anderson et al. 2008). The formation of the fifth AA is dependent on blood flow-
induced expression of klf2a, which in turn activates endothelial-specific microRNA, 
mir-126, to activate Vegf signaling that is essential for AA development (Nicoli 
et al. 2010). Hemodynamic forces are also required for the proper development of 
the CVP, a process that entails EC sprouting. The inhibition of blood flow and low-
ering of blood viscosity at the primitive heart stage impair the morphogenesis of the 
CVP by decreasing EC number, sprouting and vascular loops so that the plexus 
remains immature (Goetz et al. 2014).

Once formed, a primitive vascular plexus can become remodeled by vessel prun-
ing into a more refined network that permits efficient blood flow. It is becoming 
increasing evident  that hemodynamic forces determine which vessel segments 
should undergo pruning. Chen et al described the process of pruning to begin with 
vessel thinning, followed by vessel collapse and finally, elimination of the vessel 
segment (Chen et al. 2012). By carefully quantifying blood flow in many vessel seg-
ments of the zebrafish midbrain vasculature, they found that vessels that become 
pruned display decreased blood flow velocity and shear stress as well as bi-
directional blood flow prior to pruning and have different flow characteristics from 
unpruned segments. Pharmacological elevation or suppression of blood flow 
decreases or increases the frequency of vessel pruning, respectively (Chen et  al. 
2012; Kochhan et al. 2013). Notably, single-cell imaging revealed that vessel prun-
ing is driven by Rac1-mediated EC migration (Chen et al. 2012). These experiments 
suggest that increasing flow asymmetry between juxtaposed vessel segments trig-
gers vessel regression. While the vessel segment experiencing high flow becomes 
stabilized, the segment with the lowest flow regresses (Chen et al. 2012; Kochhan 
et al. 2013) to finally shape a hierarchical and efficient vascular network.

2.4.5  �Mechanosensors of Hemodynamic Forces

How are hemodynamic forces in the vessel lumen sensed and transduced into bio-
chemical signals and cellular responses in ECs? In the zebrafish, the primary cilia 
has been demonstrated to transduce subtle changes in blood flow and viscosity into 
differential calcium levels in ECs through the calcium-permeable channel PKD2 
(Goetz et al. 2014). However, the role of cilia as a mechanotranducer of hemody-
namic forces may be limited to early phases of blood vessel development or regions 
with low shear forces since high shear stress can disassemble cilia (Iomini et al. 
2004) and cilia are almost absent in the caudal artery and vein by 48 hpf (Goetz 
et al. 2014). Given that ECs must still be able to respond to changes in hemody-
namic forces, it is likely that other cellular structures or molecules serve as mecha-
nosensors or machanotransducers of blood flow to regulate blood vessel homeostasis. 
One such candidate is the calcium channel, Piezo1, which in the mouse has been 
reported to sense shear stress and to induce calcium influx in ECs to drive blood 
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vessel remodeling (Li et al. 2014). However, its function in EC mechanobiology in 
the zebrafish has yet to be revealed. Additionally, the receptors, VEGFR2 and 
VEGFR3, the junctional molecules, VE-cadherin, PECAM-1 and vinculin, the 
transmembrane proteins, heparin sulfate proteoglycan and syndecan 4, and the 
intermediate filament, vimentin, have been reported to transduce hemodynamic 
forces to biochemical and cell morphological changes in ECs in culture (Tzima 
et al. 2005; Grashoff et al. 2010; Conway et al. 2013; Baeyens et al. 2014; Coon 
et al. 2015). In particular, VEGFR3 has been shown to monitor endothelial fluid 
shear stress set point to mediate outward or inward remodeling of blood vessels to 
adjust lumen diameter in the zebrafish (Baeyens et al. 2015). However, it remains 
elusive how these mechanosensory complexes sense alterations in blood flow to 
modulate EC responses.

2.5  �Conclusions

In recent years, the zebrafish has been invaluable in providing insights into the 
dynamics of EC behavior during blood vessel formation and remodeling. Although 
we have gained a better understanding of the cellular principles of blood vessel 
morphogenesis, it still unclear how ECs communicate with each other to coordinate 
their actions. Another challenge is to understand how endothelial membrane and 
junction plasticity are molecularly regulated at distinct steps of vessel morphogen-
esis. Given that these are dynamic events that are spatially and temporally regulated, 
the zebrafish will continue to be instrumental in understanding the molecular and 
mechanical regulation of blood vessel morphogenesis.

Acknowledgments  I would like to thank Henry Belting for critical reading of the manuscript. I 
apologize to authors whose work in this research area was not cited due to space restrictions.

References

Adams RH, Alitalo K (2007) Molecular regulation of angiogenesis and lymphangiogenesis. Nat 
Rev Mol Cell Biol 8:464–478

Anderson MJ, Pham VN, Vogel AM, Weinstein BM, Roman BL (2008) Loss of unc45a precipi-
tates arteriovenous shunting in the aortic arches. Dev Biol 318:258

Aydogan V, Lenard A, Denes AS, Sauteur L, Belting H-G, Affolter M (2015) Endothelial cell divi-
sion in angiogenic sprouts of differing cellular architecture. Biol Open 4:1259

Baeyens N, Mulligan-Kehoe MJ, Corti F, Simon DD, Ross TD, Rhodes JM, Wang TZ, Mejean CO, 
Simons M, Humphrey J, Schwartz MA (2014) Syndecan 4 is required for endothelial align-
ment in flow and atheroprotective signaling. Proc Natl Acad Sci 111:17308

Baeyens N, Nicoli S, Coon BG, Ross TD, Van den Dries K, Han J, Lauridsen HM, Mejean CO, 
Eichmann A, Thomas J-L, Humphrey JD, Schwartz MA (2015) Vascular remodeling is gov-
erned by a VEGFR3-dependent fluid shear stress set point. elife 4:1

L.-K. Phng



33

Baeyens N, Bandyopadhyay C, Coon BG, Yun S, Schwartz MA (2016) Endothelial fluid shear 
stress sensing in vascular health and disease. J Clin Invest 126:821

Blaser H, Reichman-Fried M, Castanon I, Dumstrei K, Marlow FL, Kawakami K, Solnica-Krezel 
L, Heisenberg C-P, Raz E (2006) Migration of zebrafish primordial germ cells: a role for myo-
sin contraction and cytoplasmic flow. Dev Cell 11:613

Blum Y, Belting H-G, Ellertsdottir E, Herwig L, Lüders F, Affolter M (2008) Complex cell rear-
rangements during intersegmental vessel sprouting and vessel fusion in the zebrafish embryo. 
Dev Biol 316:312

Bussmann J, Wolfe SA, Siekmann AF (2011) Arterial-venous network formation during brain vas-
cularization involves hemodynamic regulation of chemokine signaling. Development 138:1717

Charras GT (2008) A short history of blebbing. J Microsc 231:466
Chen Q, Jiang L, Li C, Hu D, J-w B, Cai D, J-l D (2012) Haemodynamics-driven developmental 

pruning of brain vasculature in zebrafish. PLoS Biol 10:e1001374
Collins C, Osborne LD, Guilluy C, Chen Z, O’Brien ET, Reader JS, Burridge K, Superfine R, 

Tzima E (2014) Haemodynamic and extracellular matrix cues regulate the mechanical pheno-
type and stiffness of aortic endothelial cells. Nat Commun 5:3984

Conway DE, Breckenridge MT, Hinde E, Gratton E, Chen CS, Schwartz MA (2013) Fluid shear 
stress on endothelial cells modulates mechanical tension across VE-cadherin and PECAM-1. 
Curr Biol 23(11):1024–1030

Coon BG, Baeyens N, Han J, Budatha M, Ross TD, Fang JS, Yun S, Thomas J-L, Schwartz MA 
(2015) Intramembrane binding of VE-cadherin to VEGFR2 and VEGFR3 assembles the endo-
thelial mechanosensory complex. J Cell Biol 208:975

Costa G, Harrington KI, Lovegrove HE, Page DJ, Chakravartula S, Bentley K, Herbert SP (2016) 
Asymmetric division coordinates collective cell migration in angiogenesis. Nat Cell Biol 
18:1292

Fraccaroli A, Franco CA, Rognoni E, Neto F, Rehberg M, Aszodi A, Wedlich-Söldner R, Pohl U, 
Gerhardt H, Montanez E (2012) Visualization of endothelial actin cytoskeleton in the mouse 
retina. PLoS One 7:e47488

Franco CA, Jones ML, Bernabeu MO, Geudens I, Mathivet T, Rosa A, Lopes FM, Lima AP, Ragab 
A, Collins RT, Phng L-K, Coveney PV, Gerhardt H (2015) Dynamic endothelial cell rearrange-
ments drive developmental vessel regression. PLoS Biol 13:e1002125

Gebala V, Collins R, Geudens I, Phng L-K, Gerhardt H (2016) Blood flow drives lumen formation 
by inverse membrane blebbing during angiogenesis in vivo. Nat Cell Biol 18:443

Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist A, Abramsson A, Jeltsch M, Mitchell 
C, Alitalo K, Shima D, Betsholtz C (2003) VEGF guides angiogenic sprouting utilizing endo-
thelial tip cell filopodia. J Cell Biol 161:1163

Goetz JG, Steed E, Ferreira RR, Roth S, Ramspacher C, Boselli F, Charvin G, Liebling M, Wyart 
C, Schwab Y, Vermot J  (2014) Endothelial cilia mediate low flow sensing during zebrafish 
vascular development. Cell Rep 6:799

Grashoff C, Hoffman BD, Brenner MD, Zhou R, Parsons M, Yang MT, McLean MA, Sligar SG, 
Chen CS, Ha T, Schwartz MA (2010) Measuring mechanical tension across vinculin reveals 
regulation of focal adhesion dynamics. Nature 466:263. Nature Publishing Group

Herwig L, Blum Y, Krudewig A, Ellertsdottir E, Lenard A, Belting H-G, Affolter M (2011) Distinct 
cellular mechanisms of blood vessel fusion in the zebrafish embryo. Current Biology: CB 
21:1942

Hultin S, Zheng Y, Mojallal M, Vertuani S, Gentili C, Balland M, Milloud R, Belting H-G, 
Affolter M, Helker CSM, Adams RH, Herzog W, Uhlén P, Majumdar A, Holmgren L (2014) 
AmotL2 links VE-cadherin to contractile actin fibres necessary for aortic lumen expansion. 
Nat Commun 5:3743

Iomini C, Tejada K, Mo W, Vaananen H, Piperno G (2004) Primary cilia of human endothelial cells 
disassemble under laminar shear stress. J Cell Biol 164:811

Jakobsson L, Franco CA, Bentley K, Collins RT, Ponsioen B, Aspalter IM, Rosewell I, Busse M, 
Thurston G, Medvinsky A, Schulte-Merker S, Gerhardt H (2010) Endothelial cells dynamically 

2  Endothelial Cell Dynamics during Blood Vessel Morphogenesis



34

compete for the tip cell position during angiogenic sprouting. Nat Cell Biol 12(10):943–953. 
Nature Publishing Group

Kamei M, Brian Saunders W, Bayless KJ, Dye L, Davis GE, Weinstein BM (2006) Endothelial 
tubes assemble from intracellular vacuoles in vivo. Nat Cell Biol 442:453

Kochhan E, Lenard A, Ellertsdottir E, Herwig L, Affolter M, Belting H-G, Siekmann AF (2013) 
Blood flow changes coincide with cellular rearrangements during blood vessel pruning in 
zebrafish embryos. PLoS One 8:e75060

Kurz H, Gärtner T, Eggli PS, Christ B (1996) First blood vessels in the avian neural tube are 
formed by a combination of dorsal angioblast immigration and ventral sprouting of endothelial 
cells. Dev Biol 173:133

Kwon H-B, Wang S, Helker CSM, Rasouli SJ, Maischein H-M, Offermanns S, Herzog W, Stainier 
DYR (2016) In vivo modulation of endothelial polarization by Apelin receptor signalling. Nat 
Commun 7:11805

Lawson ND, Weinstein BM (2002) In vivo imaging of embryonic vascular development using 
transgenic zebrafish. Dev Biol 248:307

Lenard A, Ellertsdottir E, Herwig L, Krudewig A, Sauteur L, Belting H-G, Affolter M (2013) In 
vivo analysis reveals a highly stereotypic morphogenetic pathway of vascular anastomosis. 
Dev Cell 25:492

Lenard A, Daetwyler S, Betz C, Ellertsdottir E, Belting H-G, Huisken J, Affolter M (2015) 
Endothelial cell self-fusion during vascular pruning. PLoS Biol 13:e1002126

Li J, Hou B, Tumova S, Muraki K, Bruns A, Ludlow MJ, Sedo A, Hyman AJ, McKeown L, 
Young RS, Yuldasheva NY, Majeed Y, Wilson LA, Rode B, Bailey MA, Kim HR, Fu Z, Carter 
DAL, Bilton J, Imrie H, Ajuh P, Dear TN, Cubbon RM, Kearney MT, Prasad RK, Evans PC, 
Ainscough JFX, Beech DJ (2014) Piezo1 integration of vascular architecture with physiologi-
cal force. Nature 515(7526):279–282. Nature Publishing Group

Nakajima H, Yamamoto K, Agarwala S, Terai K, Fukui H, Fukuhara S, Ando K, Miyazaki T, 
Yokota Y, Schmelzer E, Belting H-G, Affolter M, Lecaudey V, Mochizuki N (2017) Flow-
dependent endothelial YAP regulation contributes to vessel maintenance. Dev Cell 40:523. 
Elsevier Inc

Nicoli S, Standley C, Walker P, Hurlstone A, Fogarty KE, Lawson ND (2010) MicroRNA-mediated 
integration of haemodynamics and Vegf signalling during angiogenesis. Nature 464:1196

Paluch EK, Raz E (2013) The role and regulation of blebs in cell migration. Curr Opin Cell Biol 
25:582

Panciera T, Azzolin L, Cordenonsi M, Piccolo S (2017) Mechanobiology of YAP and TAZ in 
physiology and disease. Nat Rev Mol Cell Biol 18:758

Pelton JC, Wright CE, Leitges M, Bautch VL (2014) Multiple endothelial cells constitute the tip 
of developing blood vessels and polarize to promote lumen formation. Development 141:4121

Phng LK, Stanchi F, Gerhardt H (2013) Filopodia are dispensable for endothelial tip cell guidance. 
Development 140:4031

Phng L-K, Gebala V, Bentley K, Philippides A, Wacker A, Mathivet T, Sauteur L, Stanchi F, 
Belting H-G, Affolter M, Gerhardt H (2015) Formin-mediated actin polymerization at endo-
thelial junctions is required for vessel lumen formation and stabilization. Dev Cell 32:123

Pollard TD, Cooper JA (2009) Actin, a central player in cell shape and movement. Science 
326:1208

Potente M, Makinen T (2017) Vascular heterogeneity and specialization in development and dis-
ease. Nat Rev Mol Cell Biol 18:477. Nature Publishing Group

Ridley AJ (2011) Life at the leading edge. Cell 145:1012. Elsevier Inc
Sauteur L, Krudewig A, Herwig L, Ehrenfeuchter N, Lenard A, Affolter M, Belting H-G (2014) 

Cdh5/VE-cadherin promotes endothelial cell Interface elongation via cortical actin polymer-
ization during Angiogenic sprouting. Cell Rep 9:504. The Authors

Sauteur L, Affolter M, Belting H-G (2017) Distinct and redundant functions of Esama and 
VE-cadherin during vascular morphogenesis. Development 144:1554

L.-K. Phng



35

Siekmann AF, Lawson ND (2007) Notch signalling limits angiogenic cell behaviour in developing 
zebrafish arteries. Nature 445:781

Sugden WW, Meissner R, Aegerter-Wilmsen T, Tsaryk R, Leonard EV, Bussmann J, Hamm MJ, 
Herzog W, Jin Y, Jakobsson L, Denz C, Siekmann AF (2017) Endoglin controls blood vessel 
diameter through endothelial cell shape changes in response to haemodynamic cues. Nat Cell 
Biol 19:653

Tzima E, Irani-Tehrani M, Kiosses WB, Dejana E, Schultz DA, Engelhardt B, Cao G, DeLisser H, 
Schwartz MA (2005) A mechanosensory complex that mediates the endothelial cell response 
to fluid shear stress. Nature 437:426

Wakayama Y, Fukuhara S, Ando K, Matsuda M, Mochizuki N (2015) Cdc42 mediates bmp-
induced sprouting angiogenesis through Fmnl3-driven assembly of endothelial Filopodia in 
zebrafish. Dev Cell 32:109. Elsevier Inc

Wang Y, Kaiser MS, Larson JD, Nasevicius A, Clark KJ, Wadman SA, Roberg-Perez SE, Ekker 
SC, Hackett PB, McGrail M, Essner JJ (2010) Moesin1 and Ve-cadherin are required in endo-
thelial cells during in vivo tubulogenesis. Development 137:3119

Wiley DM, Kim J-D, Hao J, Hong CC, Bautch VL, Jin S-W (2011) Distinct signalling pathways 
regulate sprouting angiogenesis from the dorsal aorta and the axial vein. Nat Cell Biol 13:686

Xu C, Hasan SS, Schmidt I, Rocha SF, Pitulescu ME, Bussmann J, Meyen D, Raz E, Adams RH, 
Siekmann AF (2014) Arteries are formed by vein-derived endothelial tip cells. Nat Commun 
5:5758

Yu JA, Castranova D, Pham VN, Weinstein BM (2015) Single-cell analysis of endothelial morpho-
genesis in vivo. Development 142:2951

2  Endothelial Cell Dynamics during Blood Vessel Morphogenesis



37© Springer Nature Singapore Pte Ltd. 2018 
H. Hirata, A. Iida (eds.), Zebrafish, Medaka, and Other Small Fishes, 
https://doi.org/10.1007/978-981-13-1879-5_3

Chapter 3
Development of Hematopoietic Stem Cells 
in Zebrafish

Isao Kobayashi

Abstract  Hematopoietic stem cells (HSCs) are a rare population of cells with the 
remarkable abilities to both self-renew and differentiate into all types of mature 
blood cells. Understanding of the developmental mechanisms of HSCs is of great 
importance to instruct and expand HSCs from pluripotent precursors, such as 
induced pluripotent stem cells (iPSCs). The zebrafish is a unique vertebrate model 
in which numerous elegant experimental approaches can be applied to the study of 
HSC development, including live-imaging, chemical and genetic screening, and 
genome editing. HSCs are specified from a shared vascular precursor, the angio-
blast, and arise directly from the ventral floor of the dorsal aorta. HSCs then migrate 
to a transient hematopoietic organ, the caudal hematopoietic tissue, where microen-
vironmental niche cells promote the expansion of HSCs prior to the colonization of 
the kidney, the final adult hematopoietic organ in zebrafish. Over the past decade, a 
number of intrinsic and extrinsic signaling molecules involved in the specification, 
maintenance, migration, and proliferation of HSCs have been identified in the 
zebrafish embryo. Importantly, despite evolutional divergence, the genetic programs 
governing HSC development are highly conserved among vertebrates, indicating 
that studies in zebrafish may be translated to regenerative medicine using human 
iPSCs. This chapter highlights the current knowledge and recent advances regarding 
the cellular origin and molecular regulation of HSC development in zebrafish.
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3.1  �Introduction

3.1.1  �General

Hematopoietic stem cells (HSCs) are self-renewing multipotent cells that can gen-
erate all mature blood cells throughout the lifespan of an individual (Weissman 
2000). Due to the limited lifespan of mature blood cells, HSCs must be continually 
available to replace cells lost in circulation. Despite this demand, most adult HSCs 
present in the bone marrow are quiescent and divide rarely under homeostatic con-
ditions. This is probably to prevent the depletion of the stem cell pool or to protect 
HSCs from myelotoxic injury. Instead, hematopoietic progenitor cells (HPCs), 
which are the progeny of HSCs that have the limited or no self-renewal ability, rap-
idly proliferate and differentiate to satisfy the requirements for new mature blood 
cells (Cheshier et al. 1999; Walkley et al. 2005). HSCs in the bone marrow interact 
with other cell types known as niche cells such as osteoblasts, endothelial cells, and 
stromal cells. These niche cells tightly regulate the balance between the quiescence, 
self-renewal, and differentiation of HSCs through essential signaling molecules 
called “niche factors” (Ehninger and Trumpp 2011; Hoggatt et  al. 2016; Yu and 
Scadden 2016; Beerman et al. 2017). A timely response to blood cell requirements 
is thus largely dependent on the function of the niche under normal physiological 
conditions and during hematopoietic crises such as loss of blood, hemolysis, or 
infection.

HSCs present within adult bone marrow or newborn cord blood are by far the 
most widely utilized stem cells in the clinic. It is always difficult, however, to find 
immune-matched donors or to obtain sufficient numbers of HSCs for transplanta-
tion therapies to treat blood-related disorders (e.g., anemia, leukopenia, leukemia, 
etc.). Generation of HSCs from pluripotent precursors, including induced pluripo-
tent stem cells (iPSCs), is therefore a key therapeutic aim. It is of great interest to 
better understand the developmental mechanisms of HSCs in the embryo because 
elucidation of this developmental process might provide insight into the cellular and 
molecular cues needed to instruct and expand HSCs from pluripotent precursors 
(Murry and Keller 2008).

3.1.2  �Zebrafish as a Model for the Study of HSC Development

Almost two decades ago, the zebrafish emerged as a new genetic model to analyze 
hematopoietic development as well as human hematopoietic diseases (Zhu and Zon 
2002; Bradbury 2004). Its embryos are externally fertilized and transparent, enabling 
in vivo live-imaging analysis, which can capture the dynamics of HSC develop-
ment, including HSC birth, migration, and cell division. The high fecundity and 
rapid generation time of zebrafish make phenotype-based forward genetic screening 
feasible, permitting the discovery of novel signaling pathways that control 
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hematopoietic development (de Jong and Zon 2005). Moreover, the recent advent of 
genome-editing technologies by the CRISPR/Cas9 system will further promote the 
investigation of the spatial and temporal regulatory mechanisms within the specific 
cell types (Jao et al. 2013; Gagnon et al. 2014; Hisano et al. 2015; Shah et al. 2015; 
Kawahara et al. 2016). Importantly, despite the evolutional divergence, the genetic 
programs governing hematopoiesis are highly conserved between mammals and 
fish. Our understanding of the regulatory mechanisms of HSC development has 
been greatly improved by the zebrafish system within the last decade. This chapter 
discusses this conservation and highlights the current knowledge and recent 
advances regarding the cellular origin and molecular regulation of HSC develop-
ment in the zebrafish embryo.

3.2  �Comparison of Hematopoietic Development between the 
Mouse and Zebrafish

3.2.1  �Hematopoietic Development in the Mouse

Hematopoietic development in vertebrates can be characterized by two waves of 
hematopoiesis: the primitive and definitive waves. In the mouse, the primitive wave 
is initiated in the extra-embryonic yolk sac (YS), where primitive erythrocytes are 
generated from unipotent hematopoietic precursors at day 7.5 post-coitum (E7.5) 
(Dzierzak and Medvinsky 1995; Palis et al. 1999). These blood islands consist of 
nucleated erythrocytes expressing embryonic globin genes (Stamatoyannopoulos 
2005). Macrophages and megakaryocytes are also generated in the YS during the 
primitive wave (Shepard and Zon 2000; Tober et al. 2007). Primitive hematopoiesis 
is transient and replaced by the definitive wave during embryonic stages.

Multilineage definitive hematopoiesis is first initiated by erythro-myeloid pro-
genitors (EMPs), which emerge in the YS and placenta at E9.5 and have the poten-
tial to differentiate into both erythroid and myeloid lineages but not the lymphoid 
lineage (Palis et al. 1999; Bertrand et al. 2005). Erythrocytes derived from EMPs are 
enucleated and express adult globin genes, while the embryonic globin gene is 
weakly expressed (McGrath et  al. 2011). The intra-embryonic aorta-gonad-
mesonephros (AGM) region gives rise to HSCs with the potential to generate all 
blood lineages including the lymphoid lineage (Müller et al. 1994; Cumano et al. 
1996; Godin and Cumano 2002; Medvinsky and Dzierzak 1996). Lineage-tracing 
studies revealed that HSCs arise from a subset of specialized endothelial cells pres-
ent in the ventral floor of the dorsal aorta (DA), termed hemogenic endothelial cells 
(HECs), via the endothelial-to-hematopoietic transition (EHT) (Zovein et al. 2008; 
Boisset et al. 2010). HSC formation also occurs in the umbilical and vitelline arter-
ies, placenta, and YS (de Bruijn et  al. 2000; Gekas et  al. 2005; Ottersbach and 
Dzierzak 2005; Samokhvalov et  al. 2007). Hematopoietic stem/progenitor cells 
(HSPCs) arising from the DA at E10.5 initially form the intra-aortic hematopoietic 
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clusters (IAHCs), which contain cells expressing both hematopoietic (CD41 and 
CD45) and endothelial (CD31 and VE-cadherin) markers (Fraser et  al. 2002; de 
Bruijn et al. 2002; North et al. 2002). HSPCs isolated at E10.5 cannot reconstitute 
adult hematopoiesis without ex vivo organ culture, whereas HSPCs present at E11.5 
can engraft the adult niche (Taoudi et al. 2008; Rybtsov et al. 2011). Thus, develop-
ing HSCs within IAHCs (pre-HSCs) require further maturation that potentiates their 
engraftment and survival in future hematopoietic niches. After leaving the IAHCs, 
HSCs migrate to the fetal liver (FL), the main hematopoietic organ in mid-late ges-
tation. In contrast to adult HSCs in the bone marrow, HSCs in the FL are largely 
cycling and frequently undergo symmetric cell divisions, in which both daughter 
cells retain self-renewal capacity and multipotency, resulting in a marked expansion 
of the HSC pool (Ema and Nakauchi 2000; Lessard et al. 2004; Khan et al. 2016). 
Shortly before birth (E17), HSCs finally seed the bone marrow, which becomes the 
major site of hematopoiesis in the adult stage.

3.2.2  �Hematopoietic Development in the Zebrafish

Hematopoiesis in zebrafish also occurs in two waves, but these waves occur in dis-
tinct locations compared to mammals. The primitive wave in the zebrafish embryo 
is initiated in the intra-embryonic lateral plate mesoderm (LPM), which is the bilat-
eral stripes that flank the somite during early somitogenesis (Liao et  al. 1998; 
Thompson et al. 1998). The anterior LPM (ALPM) is the major site of primitive 
myelopoiesis, whereas the posterior LPM (PLPM) contains mostly erythroid pre-
cursors and a few myeloid precursors (Detrich et  al. 1995; Warga et  al. 2009; 
Galloway and Zon 2003). The PLPM also gives rise to angioblasts, a common pre-
cursor of endothelial cells and definitive HSPCs (Dooley et al. 2005; Patterson et al. 
2005). At around 15 h post-fertilization (hpf), cells in the PLPM begin to migrate 
axially along the ventral domain of the somite and reach the midline to form the 
intermediate cell mass (ICM). The ICM is the major site of primitive erythropoiesis 
and has a similar cellular architecture to the mammalian YS blood islands (Davidson 
and Zon 2004; Hsia and Zon 2005; de Jong and Zon 2005). Around the same time, 
angioblasts also reach the midline and form the vascular cord, which subsequently 
develops into the lumenal DA and posterior cardinal vein (PCV) (Jin et al. 2005).

As in mammals, definitive hematopoiesis in the zebrafish embryo is initiated by 
EMPs (Bertrand et al. 2007). EMPs can be detected as lmo2+ gata1+ cells at around 
24 hpf in the posterior blood island (PBI), which is located in the anterior-ventral 
tail. Shortly before the initiation of blood circulation (23 hpf), specified HECs can be 
observed in the ventral floor of the DA (Wilkinson et al. 2009), the AGM equivalent 
in zebrafish. In vivo live-imaging has directly shown a number of HSPCs to bud off 
from the ventral floor of the DA and enter the circulation at around 30–54 hpf 
(Bertrand et al. 2010; Kissa and Herbomel 2010). These nascent HSPCs express both 
hematopoietic (cmyb and cd41) and endothelial (kdrl) markers (Bertrand et al. 2010), 
similar to pre-HSCs in the mouse embryo (Fraser et al. 2002; de Bruijn et al. 2002; 
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North et al. 2002). After arising from the DA, HSCs migrate via the circulation to the 
caudal hematopoietic tissue (CHT), which is a transient hematopoietic organ that is 
equivalent to the FL in mammals (Murayama et al. 2006; Jin et al. 2007; Blaser et al. 
2017). HSPCs in the CHT actively proliferate and differentiate (Tamplin et al. 2015). 
Very recently, a clonal fate mapping study using drl:CreERT2; ubi:Zebrabow double-
transgenic animals, which allow the labeling of individual HSCs and their progeny 
with a unique color, demonstrated that approximately 21 HSCs arise from the DA in 
the zebrafish embryo. These initial cells expand to 30 HSCs during the embryonic 
stage (Henninger et al. 2017). Expanded HSCs then move to the kidney marrow to 
sustain lifelong hematopoiesis or to the thymus, where some HSCs differentiate into 
T lymphocytes (Davidson and Zon 2004; de Jong and Zon 2005).

3.3  �Molecular Regulation of HSC Specification 
in the Zebrafish Embryo

3.3.1  �Transcriptional Regulation of HSC Specification

HSCs originate from a shared vascular precursor, the angioblast. Although angio-
blasts emerge in both the ALPM and PLPM, HSCs are specified only from endothe-
lial cells of the trunk DA, suggesting that angioblasts in the PLPM are pre-patterned 
to respond to specification signals, or that HSC specification signals are spatially 
restricted to the trunk area of the embryo. A number of intrinsic and extrinsic signal-
ing molecules that are required to establish HSC fate have been identified in the 
zebrafish embryo (Clements and Traver 2013). The transcription factor Runx1 (also 
known as AML1) is required for definitive but not primitive, hematopoiesis in both 
mammals and zebrafish (Chen et al. 2009; Kalev-Zylinska et al. 2002; Gering and 
Patient 2005). The expression of runx1 is detected in the ventral floor of the DA as 
early as 23 hpf in the zebrafish embryo (Burns et al. 2002; Wilkinson et al. 2009). 
Loss of runx1 in the zebrafish embryo resulted in the burst of HECs in the ventral 
floor of the DA and loss of definitive HSPCs (Kissa and Herbomel 2010), indicating 
that Runx1 plays an essential role in the initiation of EHT. Since runx1 expression 
is very specific to HECs/HSPCs within the DA, runx1 is widely utilized as a marker 
to distinguish HECs/HSPCs from other endothelial cells or differentiated blood 
cells in the zebrafish embryo.

The basic helix-loop-helix transcription factor stem-cell leukemia (Scl, also 
known as Tal1) is essential for both primitive and definitive hematopoiesis as well 
as the vascular formation (Patterson et al. 2005; Dooley et al. 2005). In zebrafish, 
two distinct isoforms of Scl, Scl-α and Scl-β, are produced based on an alternative 
promoter site (Qian et  al. 2007). Although these two isoforms are functionally 
redundant in primitive erythropoiesis, their roles in definitive hematopoiesis are 
divergent. The full-length isoform, scl-α, is expressed by primitive erythroid 
precursors in the ICM and in HECs after 36 hpf, whereas the N-terminal-truncated 
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isoform, scl-β, is expressed in HECs at an earlier stage, probably before 22 hpf. 
Morpholino knockdown of scl-β resulted in the reduction of runx1 expression in the 
DA, while loss of runx1 did not affect the expression of scl-β in the DA, suggesting 
that Scl-β acts as upstream of Runx1  in HECs. In contrast, loss of Scl-α did not 
affect the expression of runx1 in the DA although the number of HSPCs in the CHT 
was largely reduced at 3 days post-fertilization (dpf). These data suggest that Scl-β 
is required for HSC specification via the regulation of runx1 expression in HECs, 
whereas Scl-α plays an essential role in the maintenance of HSCs after the specifi-
cation process (Qian et al. 2007; Zhen et al. 2013).

Ets variant 2 (Etv2, also known as Etsrp) is a critical regulator of vascular devel-
opment and primitive myelopoiesis in zebrafish (Sumanas and Lin 2006; Sumanas 
et al. 2008). The expression of etv2 is first detected in both the ALPM and PLPM as 
early as 11 hpf and later in the whole vasculature (Sumanas and Lin 2006). 
Morpholino knockdown of etv2 induced down-regulation of scl-α, scl-β, and fli1, an 
ETS domain transcription factor expressed in the LPM and vascular endothelium 
(Thompson et al. 1998; Lawson and Weinstein 2002), resulting in defective blood 
vessel formation and the complete loss of definitive HSPCs (Sumanas and Lin 2006; 
Ren et al. 2010). The vascular defect of etv2 morphants could be rescued by injec-
tion of fli1 mRNA.  In addition, injection of scl-β mRNA along with fli1 mRNA 
rescued runx1 expression in the DA in etv2 morphants, suggesting that Etv2 acti-
vates the expression of both fli1 and scl-β to establish HSC fate in the angioblast 
(Ren et al. 2010). Surprisingly, injection of scl-α mRNA alone partially restored 
both the vasculature and runx1 expression in etv2 morphants (Ren et  al. 2010), 
despite the dispensable role of Scl-α in HSC specification (Zhen et al. 2013). One 
possible explanation is that the specification of angioblasts, which occurs prior to 
HSC specification, requires a specific level of Scl-α expression, and this require-
ment can be partially compensated for by Scl-β. Scl-α overexpression may also be 
able to compensate for the loss of Scl-β, restoring the HSC fate in the angioblast. 
Taken together, these studies demonstrate that Etv2 plays an essential role in both 
the angioblast specification and HSC specification via the regulation of Scl-α, Scl-β, 
and Fli1.

Gata2 plays an important role in HSC development, proliferation, and survival 
as well as the vascular formation in mammals (Tsai et  al. 1994; Tsai and Orkin 
1997; Lim et al. 2012; Johnson et al. 2012; de Pater et al. 2013; Gao et al. 2013). 
Due to genome duplication, two paralogues of gata2 exist in the zebrafish: gata2a 
and gata2b. In embryonic stages, gata2a is expressed in the LPM and the trunk 
vasculature, whereas the expression of gata2b is more restricted to HECs/HSPCs 
(Detrich et al. 1995; Brown et al. 2000; Butko et al. 2015). While vascular forma-
tion was intact, loss of Gata2b led to the down-regulation of runx1 and cmyb, a 
downstream target gene of Runx1 that is essential for the maintenance of HSCs 
(Soza-Ried et al. 2010; Zhang et al. 2011). Enforced expression of runx1 in Gata2b-
deficient embryos rescued the expression of cmyb in the DA (Butko et al. 2015), 
indicating that Gata2b is required for HSC specification through the regulation of 
Runx1. In contrast, deficiency in gata2a led to severe defects in vascular formation 
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and circulation (Zhu et al. 2011; Butko et al. 2015). Although it remains unclear if 
zebrafish Gata2 proteins also play a role in HSC proliferation and survival as has 
been shown in the mouse (Tsai and Orkin 1997; de Pater et al. 2013), it is tempting 
to speculate that duplication of the gata2 locus  in zebrafish might have led to a 
functional separation between the roles of Gata2  in vasculogenesis and 
hematopoiesis.

3.3.2  �Regulation of HSC Specification by Notch Signaling

Notch signaling is involved in the patterning of the trunk vasculature and HECs. 
Canonical Notch signaling is initiated when a membrane-bound Notch ligand (Delta 
or Jagged) on the signal-sending cell interacts directly with a Notch receptor on the 
signal-receiving cell. After binding to a Notch ligand, the Notch receptor is cleaved 
first by ADAM TACE metalloproteases at the S2 site, then by γ-secretase at the S3 
site, which releases the Notch intracellular domain (NICD) that translocates to the 
nucleus and modulates transcription of Notch target genes (Brou et  al. 2000; 
Bozkulak and Weinmaster 2009; Mumm et  al. 2000; Kopan and Ilagan. 2009). 
Mutation or deletion of Mindbomb (Mib), which encodes a ubiquitin ligase required 
for Notch signal transduction (Itoh et  al. 2003; Chen and Casey Corliss 2004), 
resulted in the loss of HECs in both the mouse and zebrafish (Burns et al. 2005; 
Yoon et  al. 2008). Chimeric mice generated from both wild-type and Notch1-
deficient cells showed no contribution of Notch1-deficient cells to adult hematopoi-
esis, indicating that signaling through Notch1 is required for HSC specification in a 
cell autonomous manner (Hadland et al. 2004).

In zebrafish, four Notch receptor genes, notch1a, 1b, 2, and 3, have been identi-
fied. A recent study revealed that three of these receptors, Notch1a, 1b, and 3, are 
independently required for HSC specification (Kim et al. 2014). All of these three 
notch genes (notch1a, 1b, and 3) are expressed in the PLPM and somite during 
somitogenesis and the vascular endothelium after 24 hpf. Loss of notch1a resulted 
in loss of runx1 and efnb2a, a marker of the aortic endothelium, revealing the 
requirement for Notch1a in both HSC and aortic specification, similar to Notch1 in 
the mouse (Kreb et al. 2000). In contrast, loss of notch1b or notch3 resulted in loss 
of runx1 but did not affect efnb2a expression. These data suggest that Notch1b and 
Notch3 are required for HSC specification but are dispensable for aortic specifica-
tion. Aortic notch1b expression is regulated in part by a zinc finger transcription 
factor, ecotropic viral integration site-1 (Evi1), through the phosphorylation of 
AKT. The Evi1–pAKT–Notch1b signaling pathway has been shown to be required 
cell-autonomously for HSC specification (Konantz et al. 2016). Interestingly, how-
ever, Notch3 is required non-cell autonomously for HSC specification. In Notch3-
deficient embryos, enforced expression of NICD in the somite rescued the 
expression of runx1 in the DA, whereas enforced expression in the vascular endo-
thelium did not. Thus, while its target gene is still unclear, Notch3-dependent sig-
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naling within the somite regulates HSC specification indirectly in the zebrafish 
embryo (Kim et al. 2014).

The requirement for somitic Notch ligands, Delta-C (Dlc) and Dld, in HSC spec-
ification has been shown in zebrafish (Clements et al. 2011; Kobayashi et al. 2014; 
Lee et al. 2014). A β-catenin-independent (non-canonical) Wnt ligand, Wnt16, is 
expressed within the somite during somitogenesis. Morpholino knockdown of 
wnt16 reduced both dlc and dld in the somite and led to a loss of definitive HSPCs, 
but left aortic specification was intact. Injection of both dlc and dld mRNA along 
with wnt16 morpholino was sufficient to rescue the expression of runx1 in the DA 
(Clements et al. 2011). The expression of dlc, but not dld, in the somite is mediated 
by fibroblast growth factor (FGF) signaling. Loss of FGF signaling or fgfr4, which 
is regulated by Wnt16, inhibited the formation of HSPCs in the DA, while the defect 
in HSPCs in these embryos was rescuable by injection of dlc mRNA (Lee et al. 
2014). These data suggest that Wnt16 regulates the expression of dlc through FGF 
signaling (Clements et al. 2011; Lee et al. 2014). To establish an HSC fate, angio-
blasts directly receive Dlc and Dld signaling from the somite (Kobayashi et  al. 
2014). During somitogenesis, angioblasts migrate axially along the ventral domain 
of the somite to reach the midline. Migrating angioblasts tightly adhere to the somite 
based on the interaction of two different cell adhesion molecules, junctional adhe-
sion molecule 1a (Jam1a), and Jam2a. Loss of either Jam1a or Jam2a led to a delay 
in angioblast migration and reduction of runx1 in the DA. Jam1a-deficiency had no 
effect on the expression of Notch receptor or ligand genes, but runx1 expression 
could be restored in the absence of Jam1a through enforced expression of dlc or dld. 
These data suggest that the intimate contact between the angioblast and the somite 
by Jam1a–Jam2a binding promotes efficient Notch signal transduction from the 
somite to the angioblast (Kobayashi et al. 2014). Taken together, these studies sug-
gest that the somite regulates HSC specification through the presentation of requi-
site Notch ligands Dlc and Dld to the angioblasts during axial migration.

A Notch ligand Jagged1 (Jag1) expressed by the aortic endothelium also plays an 
important role in HSC specification in both the mouse and zebrafish (Robert-
Moreno et al. 2008; Espín-Palazón et al. 2014; Monteiro et al. 2016). In mice, Jag1 
is required for definitive hematopoiesis through the regulation of Gata2 expression 
in AGM cells, but it is not required for the establishment of arterial fate (Robert-
Moreno et al. 2008). Similar to murine Jag1, zebrafish Jag1a is involved in HSC 
specification but not arterial specification (Espín-Palazón et  al. 2014; Monteiro 
et al. 2016). The expression of jag1a in the DA is regulated in part by tumor necrosis 
factor α (TNF-α) and TNF receptor 2 (TNFR2) signaling (Espín-Palazón et  al. 
2014), a signaling pathway that is associated with the regulation of inflammation 
and immunity. Loss of TNFR2 led to a reduction in jag1a expression and loss of 
HSPCs in the DA (Espín-Palazón et al. 2014). In addition to TNF-α, transforming 
growth factor-β (TGF-β) is also involved in the regulation of aortic jag1a (Monteiro 
et al. 2016). TGF-β1a and TGF-β1b are produced in aortic endothelial cells, while 
TGF-β3 is expressed in the notochord. All these autocrine and paracrine inputs of 
TGF-β contribute to the expression of jag1a in the aortic endothelium through the 
activation of TGF-β receptor 2 (TGFβR2) (Monteiro et al. 2016). These data indi-

I. Kobayashi



45

cate that Notch signal transduction within the aortic endothelium via Jag1a is also 
necessary for HSC specification.

In summary, angioblasts require at least two distinct inputs of Notch signaling to 
establish HSC fate in the zebrafish embryo: (1) Dlc and Dld from the somite and (2) 
Jag1a from the aortic endothelium. It remains unclear, however, whether these dis-
tinct Notch signaling events activate different downstream targets in HSC precur-
sors and which receptor mediates each signaling event.

3.3.3  �Regulatory Signaling Pathways Required for HSC 
Specification

The hedgehog (Hh) signaling pathway is a major regulator of cell differentiation, 
proliferation, and tissue polarity. Murine embryonic stem (ES) cell studies have 
suggested a role for Hh signaling in hematopoiesis (Maye et al. 2000; Dyer et al. 
2001; Byrd et al. 2002). In zebrafish, Sonic-hedgehog (Shh) regulates the expres-
sion of vascular endothelial growth factor A (vegfa) in the somite (Lawson et al. 
2002), and the Shh–Vegfa signaling axis has been implicated in the regulation of 
definitive but not primitive, hematopoiesis (Gering and Patient 2005). Treatment 
with an Hh inhibitor (cyclopamine) or mutation of Hh-related genes, such as shh or 
smoothened (smo), resulted in defective angioblast migration, arterial specification, 
and HSC specification. Similarly, inhibition of Vegf signaling also led to a reduction 
in efnb2a, notch3, and runx1 expression in the DA (Gering and Patient 2005). These 
results suggest a model in which Shh expressed by the notochord and/or floorplate 
induces the expression of Vegfa in the somite, which then regulates arterial and HSC 
programs through the Notch signaling.

In vertebrates, multiple isoforms of Vegfa are expressed in the somite. In 
Xenopus, a short Vegfa isoform, Vegfa-122, is responsible for the expression of arte-
rial marker genes; an intermediate isoform, Vegfa-170, is required for HSC specifi-
cation (Leung et al. 2013). A recent study showed similar divergent roles for Vegfa 
isoforms in zebrafish (Genthe and Clements 2017). An extracellular protein 
R-spondin 1 (Rspo1), which is implicated in the enhancement of Wnt/β-catenin 
signaling, controls HSC specification through the regulation of vegfa and wnt16 
expression in the somite. Loss of rspo1 resulted in the reduction of both vegfa and 
wnt16 in the somite and loss of HSPCs. The effect of HSPCs in Rspo1-deficient 
embryos was rescued by injection of an intermediate isoform, vegfa-165, but not the 
short isoform, vegfa-121 (Genthe and Clements 2017). Since somitic Vegfa controls 
the expression of tgfb1a and tgfb1b in the DA (Monteiro et al. 2016), it is likely that 
Vefga-165 regulates HSC specification through the activation of the TGF-β1/Jag1a 
signaling pathway.

Bone morphogenetic protein (BMP) signaling is essential for patterning the ven-
troposterior mesoderm of the developing embryo cooperatively with the Wnt signal-
ing. It has been shown in zebrafish that BMP4 signaling regulates HSC specification 
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independently from the Vegfa and Notch signaling pathways (Wilkinson et al. 2009; 
Pouget et al. 2014). The expression of bmp4 is detected in the pronephros and the 
ventral mesenchyme underlying the DA at around 24 hpf (Chin et al. 1997). Loss of 
bmp4 led to a reduction of HECs in the DA without affecting aortic specification 
(Wilkinson et al. 2009). Recently, it was revealed that the expression of bmp4 in the 
ventral mesenchyme is negatively regulated by FGF signaling and is involved in 
HSC specification (Pouget et al. 2014). When FGF signaling was inhibited by heat-
induction of dominant-negative (DN) Fgfr1 at around 20 hpf, the expression of 
bmp4 in the ventral mesenchyme was increased, resulting in the enhanced expres-
sion of runx1 in the DA. Conversely, when FGF signaling was enforced by heat-
induction of constitutively active Fgfr1 at around 20 hpf, the expression of bmp4 
was reduced in the ventral mesenchyme, leading to a reduction in runx1 expression 
in the DA. These studies also showed that FGF signaling represses bmp4 expression 
directly and indirectly via the induction of BMP antagonists Noggin2 and Gremlin1a 
expressed by the neighboring somite (Pouget et al. 2014).

Recently, proinflammatory signaling has been implicated in the regulation of 
HSC specification in both the mouse and zebrafish (Espín-Palazón et  al. 2014; 
Sawamiphak et al. 2014; Li et al. 2014; He et al. 2015). As described in Sect. 3.3.2, 
TNF-α acts as upstream of the Notch ligand Jag1a to regulate HSC specification 
(Espín-Palazón et al. 2014). In contrast, the proinflammatory cytokine interferon-γ 
(IFN-γ) acts downstream of Notch and regulates HSC specification (Sawamiphak 
et al. 2014). Deficiency in IFN-γ or its receptor Crfb17 led to reduced runx1 expres-
sion in the DA, while enforced expression of IFN-γ increased the number of HSPCs. 
Furthermore, HSPC defects caused by the inhibition of Notch signaling could be 
rescued by enforced production of IFN-γ. It has also been shown that IFN-γ/Crfb17 
signaling activates Stat3, an atypical transducer of IFN-γ that is required for HSC 
development. These studies suggest that IFN-γ, controlled by Notch signaling, reg-
ulates HSC specification through the activation of Stat3 (Sawamiphak et al. 2014).

In addition to regulating many diverse functions such as cell proliferation and 
differentiation, adenosine signaling has recently been demonstrated to be required 
for HSC specification (Jing et al. 2015). The adenosine receptor A2b is expressed on 
endothelial cells prior to HSC emergence. Loss of adenosine signaling or A2b led to 
a reduction in scl-β and runx1 expression without affecting vascular formation, 
while elevated adenosine signaling enhanced the production of HSPCs. Adenosine 
signaling activates the cyclic AMP (cAMP)–protein kinase A (PKA) pathway to 
promote the production of Cxcl8, a chemokine expressed by endothelial cells. 
Injection of cxcl8 mRNA was sufficient to rescue defective HSPC formation in 
A2b–deficient embryos. These results suggest that adenosine signaling in endothelial 
cells regulates HSC specification via the production of Cxcl8 (Jing et al. 2015).

As shown in Fig. 3.1, although a number of extrinsic signaling molecules that 
regulate HSC specification have been identified in the zebrafish embryo, only Notch 
(through Dlc, Dld, and Jag1a) and BMP4 regulate HSC programs directly in angio-
blasts/HECs. While the possible presence of other direct signaling molecules still 
cannot be excluded, the precisely timed and tuned coordination of Notch and BMP4 
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signaling may be one of the most important factors necessary to establish the HSC 
fate in angioblasts.

3.4  �Maintenance and Expansion of HSCs in the Zebrafish 
Embryo

3.4.1  �Maintenance and Expansion of HSCs Within the Dorsal 
Aorta

After specification, nascent HSCs require extrinsic signals for their maturation, 
maintenance, and proliferation within the DA and CHT. The effects of blood flow 
and the shear stress on the endothelium have important roles in the maintenance of 
developing HSCs in the DA (North et al. 2009; Wang et al. 2011). Mutation of the 

Fig. 3.1  The process of hematopoietic stem cell specification
Hematopoietic stem cells (HSCs) are specified from the angioblast, which arises in the posterior 
lateral plate mesoderm. Angioblasts expressing Etv2 and Scl-α axially migrate along the ventral 
domain of the somite to reach the midline. Angioblasts experience an initial Notch signaling event 
via the interaction with somitic cells during axial migration, leading to the expression of Gata2b. 
Angioblasts also begin to express Scl-β through the adenosine signaling to become the hemogenic 
endothelial cells (HECs). Within the aortic floor, HECs receive a second Notch signal from the 
aortic endothelial cells to drive the expression of Runx1. At almost the same time, BMP4 signaling 
from the ventral mesenchyme also induces Runx1 expression. Nascent Runx1+ HSCs then enter 
maturation and proliferation steps within the dorsal aorta and begin to express c-Myb. All boxed 
transcription factors (Etv2, Scl-α, Scl-β, Gata2b, Runx1, and c-Myb) are essential for HSC devel-
opment. Among them, scl-β, gata2b, runx1, and cmyb are used as the marker for HSCs in zebrafish 
embryos
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cardiac troponin T2a (tnnt2a) gene, which results in a lack of heartbeat, led to a 
drastic reduction of HSPCs in the DA at 36 hpf although initial runx1 expression 
(24 hpf) in the DA was normal in these embryos (North et al. 2009; Wang et al. 
2011). This indicates that blood flow is necessary for HSC maintenance/prolifera-
tion but not specification. Shear stress on blood vessel walls associated with blood 
flow induces the production of nitric oxide (NO) through nitric oxide synthases 
(NOS) (Moncada and Higgs 2006). Inhibition of NOS led to decreased numbers of 
HSPCs, and chemical production of NO caused a significant increase in HSPCs. In 
tnnt2a mutant embryos, defective HSPCs with reduced expression of a NOS gene 
(nos1) could be rescued by enforced production of NO. Moreover, nos1-deficient 
transplanted cells failed to contribute to HSPCs. These results indicate that NO 
signaling mediated by shear stress regulates the maintenance/proliferation of HSPCs 
cell-autonomously (North et al. 2009; Wang et al. 2011).

As described in Sect. 3.3.2., Notch signaling pathways are required for HSC 
specification cell-autonomously and non-cell autonomously. It has been reported, 
however, that Notch signaling must be down-regulated in HECs during the matura-
tion of HSCs in both the mouse and zebrafish (Richard et al. 2013; Lizama et al. 
2015; Zhang et al. 2015). G protein-coupled receptor 183 (Gpr183, also known as 
Ebi2; Epstein-Barr virus-induced gene 2) is activated by its ligand 7α-25-OHC and 
promotes the degradation of Notch1 through the proteasome pathway. Mutation of 
gpr183 in zebrafish embryos resulted in the increased expression of Notch target 
genes (efnb2a, her6, and her9) in the DA and loss of HSPCs, without affecting HSC 
specification (Zhang et al. 2015). The requirement for Notch down-regulation was 
further confirmed by enforced expression of heat-inducible NICD and 
DN-mastermind-like (MAML), which can promote and inhibit the activation of 
Notch target genes, respectively. Enforced expression of NICD at an early stage (20 
hpf) led to an increased number of HSPCs in the DA; DN-MAML expression at the 
same stage resulted in the loss of HSPCs. By contrast, enforced expression of NICD 
at a later stage (26 hpf) led to a reduction of HSPCs, whereas DN-MAML expres-
sion increased HSPC numbers (Zhang et al. 2015). Thus, Notch signaling is not 
continuously required during HSC development, and down-regulation of Notch is 
necessary for the final maturation of HSCs.

A chemical genetic screen in zebrafish embryos has identified the role of prosta-
glandin in the HSC proliferation. Prostaglandin E2 (PGE2) is the main effector of 
prostanoid and is regulated by both cyclooxygenase 1 (Cox1, also known as Ptgs1) 
and Cox2 (also known as Ptgs2a). While treatment of zebrafish embryos with PGE2 
increased the number of HSPCs, Cox inhibition decreased HSPC numbers (North 
et al. 2007). PGE2 regulates the Wnt signaling pathway through the stabilization of 
β-catenin (Goessling et al. 2009). β-catenin-dependent (canonical) Wnt signaling is 
crucial for the development, maintenance, and proliferation of HSCs (Ruiz-
Herguido et al. 2012; Luis et al. 2009). Wnt signaling is induced when a Wnt ligand 
binds to a Frizzled family receptor. Upon activation of the receptor, β-catenin 
becomes stabilized and enters the nucleus, where it interacts with a transcription 
factor T-cell factor (TCF, also known as LEF; lymphoid enhancer binding factor) to 
drive the expression of Wnt target genes. In zebrafish embryos, induction of a 
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membrane-level Wnt antagonist, dickkopf1 (dkk1), led to the reduction of HSPCs in 
the DA, an effect that could be rescued by treatment with PGE2. In contrast, induc-
tion of axin1, which encodes a protein that promotes the destruction of β-catenin, 
also led to a reduction of HSPCs, but this effect could not be rescued by PGE2 
treatment. These data suggest that PGE2 interacts with Wnt signaling pathway to 
block the degradation of β-catenin (Goessling et al. 2009). Recently, the require-
ment for a canonical Wnt ligand, Wnt9a, in HSC proliferation has been shown in 
zebrafish (Grainger et al. 2016). Wnt9a is expressed by the somite and acts as a 
paracrine signal to induce the expression of the cell cycle regulator c-Myc in angio-
blasts during angioblast migration. When Wnt signaling was inhibited by enforced 
expression of DN-tcf or injection of wnt9a morpholino, the expression of cmyb in 
the DA was normal until 30 hpf but reduced after 31 hpf. This effect was rescued by 
enforced expression of cmyc, suggesting that the Wnt9a/c-Myc signaling pathway 
is not necessary for initial HSC specification but is required for the proliferation of 
HSPCs in the DA (Grainger et al. 2016). Together, canonical Wnt signaling pro-
motes the proliferation of HSCs in the DA through the regulation of c-Myc, and this 
signaling pathway is stabilized by PGE2 during somitogenesis.

Hypoxic stress during the developmental stage is also important factor for prolif-
eration of HSPCs (Kwan et al. 2016). Hypoxic stress activates the hypothalamic-
pituitary-adrenal/interrenal (HPA/I) stress response axis, which is regulated by the 
neurotransmitter serotonin within the central nerve system (CNS). Exposure to 
serotonin or a hypoxia mimetic cobalt chloride (CoCl2) induced the production of 
cortisol and increased HSPC numbers in the DA. Inhibition of neuronal tryptophan 
hydroxlyase (Tph), a synthesizer of serotonin, led to reduced HSPC numbers. 
Mutation of the nr3c1 gene, which encodes a receptor that can bind to cortisol (glu-
cocorticoid receptor, GR), also resulted in the reduction of HSPCs. Selective induc-
tion of nr3c1 under the runx1 promoter rescued the number of HSPCs in nr3cl 
mutant embryos, indicating that hypoxia-induced stress signaling directly stimu-
lates the proliferation of HSPCs within the DA (Kwan et al. 2016).

Vitamin D is also a positive regulator of HSC proliferation during the develop-
mental stage (Cortes et al. 2016). Vitamin D synthesis begins with the transforma-
tion of 7-dehydrocholesterol to the non-active vitamin D precursor cholecalciferol 
(D3) by UV radiation in the skin. D3 is then modified by the cytochrome P450 
enzymes 2R1 (Cyp2r1) and 27B1 (Cyp27b1) to generate 1, 25-hydroxy vitamin D 
(1,25(OH)D3), the active form of vitamin D. Treatment of zebrafish embryos with 
1,25(OH)D3 resulted in an increase in HSPCs in the DA. In contrast, loss of vitamin 
D receptor a (vdra) or cyp27b1 caused a reduction in HSPCs. Increased numbers of 
HSPCs were also observed when embryos were treated with calcipotriol, a vitamin 
D3 analog that has been shown to be 100-fold less calcemic than 1,25(OH)D3, indi-
cating that vitamin D regulates HSC proliferation independently of Ca2+ regulation. 
Taken together, vitamin D3 acts directly on HSPCs, independent of calcium regula-
tion, to increase proliferation in the DA (Cortes et al. 2016).

The extracellular matrix (ECM) is an important component of the hematopoietic 
microenvironment that can sequester cytokines and regulate signal transduction 
(Davis and Senger 2005). The ECM structure is dynamic and actively remodeled by 
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degrading proteases known as matrix metalloproteinases (MMPs) (Heissig et  al. 
2003). In zebrafish embryos, Mmp2 is expressed in the trunk vasculature and mes-
enchyme and is involved in the egress of HSPCs from the DA. Inhibition of Mmp2 
led to the accumulation of an ECM component fibronectin, resulting in the retention 
of HSPCs and formation of an abnormal pattern of hematopoietic clusters in the 
DA.  Inhibition of Mmp2 also led to the delay of HSPC colonization in the 
CHT. These data suggest that Mmp2 facilitates the process of EHT by remodeling 
ECM in the DA (Theodore et al. 2017).

3.4.2  �Proliferation of HSCs Within the Caudal Hematopoietic 
Tissue

The CHT contains a sinusoidal structure of the vascular endothelium and is equiva-
lent to the FL in mammals (Murayama et al. 2006; Jin et al. 2007). Live-imaging 
analysis of HSPCs in the CHT revealed the specific interaction of HSPCs with vas-
cular endothelial cells and mesenchymal stromal cells. When HSPCs reach the 
CHT, they are enwrapped in endothelial cells (described as“endothelial cuddling”). 
This interaction induces and maintains contact between an HSC and a single mes-
enchymal stromal cell, which can induce and orient the cell division of the HSC 
(Tamplin et  al. 2015). Chemical inhibition of Cxcl12/Cxcr4 signaling, which is 
known to play a role in the homing and mobilization of HSCs (Lapidot et al. 2005; 
Sugiyama et al. 2006), led to a reduction of HSPCs in the CHT. In contrast, inhibi-
tion of TGF-β expanded the HSPC population, which is consistent with mouse stud-
ies that showed that TGF-β signaling negatively regulates HSPC proliferation 
(Soma et al. 1996; Yamazaki et al. 2011). These data suggest that the expansion of 
HSCs is largely dependent on vascular and/or perivascular niches in the CHT 
(Tamplin et al. 2015).

The Cxcl8/Cxcr1 signaling regulates HSPC colonization and proliferation in the 
CHT (Blaser et  al. 2017). Heat-shock induction of Cxcl8 or Cxcr1 after 36 hpf 
increased HSPC numbers in the CHT (Blaser et al. 2017). In contrast, loss of Cxcl8 
led to the reduction of HSPCs in both the DA and CHT, due to defects in HSPC 
specification and probably also due to impaired HSPC colonization of the CHT 
(Jing et  al. 2015; Blaser et  al. 2017). Interestingly, neither cxcl8 nor cxcr1 was 
expressed in HSPCs at 72 hpf when HSPCs are proliferating in the CHT, indicating 
that Cxcl8/Cxcr1 signaling regulates HSPC proliferation non-cell autonomously. 
Enhanced Cxcl8/Cxcr1 signaling increased CHT volume and the expression level of 
cxcl12a within the endothelium, suggesting that Cxcl8/Cxcr1 signaling promotes 
the proliferation of HSPCs by remodeling of environmental niche cells in the CHT 
(Blaser et al. 2017).
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Endothelial cells within the CHT produce an essential cytokine to promote 
HSPC proliferation. A basic helix–loop–helix transcription factor Tfec (transcrip-
tion factor EC) is expressed by endothelial cells present within the CHT. Enforced 
expression of tfec led to increased numbers of HSPCs, while tfec mutants exhibited 
reduced definitive hematopoiesis (Mahony et al. 2016). Tfec mediates the expres-
sion of kit ligand b (kitlgb, also known as scf; stem cell factor), which encodes a 
cytokine that can bind to c-Kit and plays an important role in HSC proliferation and 
maintenance (Ding et al. 2012). Injection of kitlgb mRNA in tfec mutant embryos 
rescued HSPC numbers, suggesting that Tfec expressed by endothelial cells regu-
lates HSPC proliferation via the production of Kitlgb in the CHT (Mahony et al. 
2016). Thus, endothelial cells within the CHT play an essential role in the expan-
sion of HSPCs.

Mmp9 is an ECM remodeling protein that is expressed by primitive neutrophils 
present within the CHT. Inhibition of Mmp9 increased the number of HSPCs in the 
CHT but decreased them in the thymus. Interestingly, the total number of HSPCs in 
the whole embryo was unchanged in these embryos, suggesting that Mmp9 is 

Fig. 3.2  Maintenance and proliferation of hematopoietic stem cells
The maintenance of hematopoietic stem cells (HSCs) within the ventral floor of the dorsal aorta 
(DA) requires shear stress associated with the blood flow, leading to the production of nitric oxide 
through nitric oxide synthases (NOS). While Notch signaling is up-regulated in the specification 
process, it is, in turn, down-regulated via the Gpr183 signaling pathway in the maturation process 
of HSCs. Wnt9a signaling from the somite induces the expression of c-Myc, which promotes the 
proliferation of HSCs in the DA. In addition, cortisol and vitamin D3 also directly influence the 
HSC proliferation in the DA. After budding from the DA, HSCs migrate via the circulation to the 
caudal hematopoietic tissue (CHT), where environmental niche cells (endothelial cells, mesenchy-
mal stromal cells, etc.) produce cytokine signals that accelerate HSC proliferation. Cxcl8-Cxcr1 
signaling and Kitlgb positively regulate and TGF-β signaling negatively regulates the expansion of 
the HSC pool. Cxcl12-Cxcr4 signaling is involved in the homing and mobilization of HSCs

3  Development of Hematopoietic Stem Cells in Zebrafish



52

involved in the mobilization of HSPCs from the CHT. Similar phenotypes were also 
observed when cxcl12b was overexpressed in the endothelium. In addition, the 
accumulation of HSPCs by Mmp9 inhibition was ameliorated by knockdown of 
cxcl12a, raising the possibility that Mmp9 expressed by primitive neutrophils con-
trols HSPC mobilization through the repression of Cxcl12/Cxcr4 signaling 
(Theodore et al. 2017).

Taken together, the maintenance and proliferation of HSCs are very dependent 
on environmental factors, such as blood flow, hypoxia, and niche cell functions. 
This suggests that although early hematopoiesis occurs in a transient hematopoietic 
organ, the signaling cascades that can respond to blood cell requirements are mostly 
established during embryonic stages. Signaling molecules involved in the matura-
tion, maintenance, and proliferation of HSCs are summarized in Fig. 3.2.

3.5  �Conclusion

Our understanding of the molecular mechanisms of vertebrate HSC development 
has been largely improved by the zebrafish system over the past decade. This con-
tribution could not be possible without the unique and wide variety of experimental 
approaches available to the zebrafish model. These include innovative approaches 
as well as well-established tools and methodologies, including transgenic/mutant 
animals, live-imaging, microinjection, transplantation, cell culture systems, chemi-
cal and forward genetic screens, and genome editing systems. In summary, the 
zebrafish represents an ideal system to dissect the fundamental mechanisms of HSC 
development and will continue to be leveraged for its unique attributes in order to 
make new discoveries regarding the molecular cues needed to instruct and expand 
HSCs from pluripotent precursors.
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Chapter 4
Rohon-Beard Neuron in Zebrafish

Kazutoyo Ogino and Hiromi Hirata

Abstract  We experience various sensations through our skin. The sensations are 
received by distinct sensory channels that are expressed in the trigeminal ganglion 
(TG) or the dorsal root ganglion (DRG). TG neurons innervate the head skin, 
whereas DRG neurons innervate the skin of the trunk and limbs. In addition to these 
neuronal populations, larvae of anamniote vertebrates (lampreys, teleosts, and 
amphibians) have an additional sensory neuronal population that develops prior to 
functional maturation of DRG neurons, termed Rohon-Beard (RB) neurons. RB 
neurons innervate the trunk skin; thus, the TG and RB neurons are responsible for 
larval somatosensation. After the maturation of DRG neurons, the physiological 
roles of the RB neurons are replaced progressively by the DRG neurons. Studies of 
somatosensation in zebrafish have suggested that the transition from RB neurons to 
DRG neurons is completed within 5 days post fertilization. During this transition, 
the RB neurons undergo programmed cell death; thus, RB neurons have been con-
sidered to be a transient neuronal population. However, recent studies using zebraf-
ish have indicated that some RB neurons survive for at least 2 weeks post-fertilization. 
These long-lived RBs are distinguished by Protein Kinase C-α (PKCα) expression 
and comprise <40% of the RB population although their physiological significance 
remains to be elucidated. Furthermore, RB neurons show diversity in gene expres-
sion other than the PKCα gene, implying that there are several different cell types in 
RB neurons. However, the physiological significance of this diversity also remains 
unclear. Visualization of the neural activity and functional manipulation could con-
tribute to greater insight into RB neuron physiology. Many genetic tools that enable 
the visualization and manipulation of cell activity have been introduced to zebrafish 
biology. In addition, some enhancer or promoter sequences that induce gene expres-
sion in specific subtypes of RB neurons have been isolated. Using these molecular 
tools, researchers can investigate the physiology of distinct RB neurons. Here, We 
focus on RB neurons, presenting a current understanding of their development, 
diversity, and function and methods for their manipulation and visualization.
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4.1  �What Is the RB Neuron?

Our skin allows for the perception of various sensations, including thermal, chemi-
cal, and mechanical sensations, via the activity of sensory neurons that project 
peripheral terminals into the skin. In vertebrates, cell bodies of somatosensory neu-
rons are found in either the trigeminal ganglion (TG) or the dorsal root ganglion 
(DRG). The TG sensory neurons innervate the head skin, whereas the DRG sensory 
neurons are involved in the reception of stimulation to the rest of the body, such as 
the trunk and limbs. Both the TG and DRG neurons express many types of sensory 
receptor channels that receive stimulus information, such as thermosensitive, che-
mosensitive, and mechanosensitive channels (McKemy et al. 2002; Lumpkin and 
Caterina 2007; Coste et al. 2010; Geffeney and Goodman 2012; Li et al. 2016).

In addition to these sensory neuronal populations, the larvae of anamniote verte-
brates (lampreys, teleosts, and amphibians) have an additional population of sensory 
neurons, termed Rohon-Beard (RB) neurons after the scientists who first described 
them in the nineteenth century. RB neurons are pseudo-unipolar neurons which have 
two types of axons, namely, central and peripheral axons (Bernhardt et al. 1990; 
Metcalfe et al. 1990) (Fig. 4.1a). The RB neurons share following morphological 
features between the anamniote vertebrates (Roberts 2000). Large spherical cell 

Fig. 4.1  Schematic diagram of RB neuron
(a) Morphology of RB neuron. Central axon bifurcate and extend in both the rostral and caudal 
directions, whereas the peripheral axon is highly branched to innervate skin broadly. (b) The cell 
bodies of RB neurons are arranged as two lines of longitudinal columns in the dorsal spinal cord. 
Both the central and peripheral axons grow only in the ipsilateral side. The central axons elongate 
in the rostral or caudal direction in the spinal cord, whereas the peripheral axons elongate to the 
outside of the spinal cord and innervate the skin
SC spinal cord, NC notochord, AC abdominal cavity
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bodies of RB neurons (diameter 10–20 μm) reside in the dorsal spinal cord as longi-
tudinal columns. From the cell body, the central axon extends in the rostral-caudal 
direction, and the ascending branch extends to the hindbrain, whereas the peripheral 
axon projects toward the skin to innervate dermal sensory structures or terminate as 
free endings in the dermis or epidermis (Fig. 4.1b). These axons never cross the 
midline, thus the elongation is restricted to the ipsilateral side (Bernhardt et al. 1990; 
Metcalfe et al. 1990; Halloran et al. 1999). The sensory input from RB neurons to 
the CNS activates a neural network that triggers an escape response to move away 
from the stimulus (Metcalfe et al. 1990). The stereotyped dorsal position and mor-
phological features including large spherical cell body help us to identify RB neu-
rons in the spinal cord. In addition, the large cell body makes electrophysiological 
recording of neural activity easier.

4.2  �Why Zebrafish Is Widely Used for Investigation of RB 
Neuron

Using zebrafish embryo as experimental model, many papers according RB neuron 
have been published. Zebrafish (Danio rerio) has been widely used as an excellent 
vertebrate model to study biological science, including developmental biology and 
neuroscience. Zebrafish is a small tropical fish; therefore, we can easily breed them 
in laboratory. Adult female lay 100–200 eggs during mating with adult male twice 
a week throughout the year. The fertilized egg rapidly develops to larva whose body 
is optically transparent. In optimum temperature, 28.5 °C, the larvae hatch out in 
3  days after fertilization (dpf), and they start to swim and take food in 4–5 dpf 
(Kimmel et al. 1995). The rapid development and the optical transparency allow us 
to observe developmental morphological changes that occur in the larval body. 
Zebrafish typically attain sexual maturity approximately 3 months post fertilization. 
This short generation time is advantageous for genetic analysis and manipulation, 
and many transgenic lines and mutants including gene knockout lines have been 
established. Transgenic lines that express fluorescent protein in specific cell type 
help the developmental observation. To label RB neurons, many transgenic zebraf-
ish that express fluorescent proteins in RB neurons have been established (Asakawa 
et al. 2008; Palanca et al. 2013). These advantages also facilitate neuroscience study 
using electrophysiological recording of neuronal activity in fluorescence protein 
labeled neuron and manipulation of neuronal activity by optogenetic methods in 
developing zebrafish embryos in either wild-type background or mutant back-
ground. In addition to the genetic labeling, RB neuron cell body can also be labeled 
by immunostaining (Table 4.1). The immunostaining method allows us to investi-
gate subcellular distribution of proteins in RB neuron. Consequently, zebrafish have 
come to be broadly used as an animal model to investigate RB neurons. In addition 
to zebrafish, Medaka (Oryzias latipes), Japanese small fresh water fish, has also 
been used as a model vertebrate for biological investigations. Medaka has similar 
advantages to zebrafish, short generation time (2–3 months), rapid development, 
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and optical transparency of larval body (Wittbrodt et  al. 2002). However, the 
Medaka model has not been used to RB neuron study, unlike zebrafish.

Larvae of lamprey and amphibian have also RB neuron. However, lamprey and 
Xenopus are less advantageous compared to zebrafish. In lamprey, it is very difficult 
to correct the embryos, because breeding procedure for lamprey has not been estab-
lished. In addition, generation time of lamprey is 5–7 years (McCauley et al. 2015). 
On the other hand, Xenopus laevis are easily maintained in laboratory. However, 
this frog has some undesirable features for genetic manipulation. The generation 
time is longer than 1  year and furthermore the genome is allotetraploid (Hirsch 
et  al. 2002). These features hamper generation of genetically engineered frogs, 
because all four alleles have to be mutated to generate homozygous mutants through 
time-consuming crossbreeding programs. In addition, body of their larvae is opac-
ity, because each cell contains yolk. In spite of these disadvantages, some studies 
have examined the development of RB neurons in Xenopus laevis (Patterson and 
Krieg 1999; Fujita et al. 2000; Coen et al. 2001; Rossi et al. 2008; Park et al. 2012). 
To overcome the disadvantages in Xenopus laevis, Xenopus tropicalis has been 
introduced as a new model amphibian (Hirsch et al. 2002). This frog has a smaller 
diploid genome than Xenopus laevis, and the generation time of 4–6 month, which 

Table 4.1  Antibodies that can label the cell body of RB neuron

Name Antigen Subclass (Manufacture) Dilution Refs.

SC-
208

PKC alpha Rabbit polyclonal antibody (Santa 
Cruz biotechnologies)

1:500 Slatter et al. 
(2005)
Palanca et al. 
(2013)

SP19 Alpha subunit 
of all Navs

Rabbit polyclonal IgG (LifeSpan 
BioScience)

1:500 Nakano et al. 
(2010)
Ogino et al. 
(2015)

zn12 L2/HNK-1 Mouse monoclonal, IgG1 (Zebrafish 
International Resource Center)

1:4000 Metcalfe et al. 
(1990)
Reyes et al. 
(2004)

16A11 HuC/HuD Mouse monoclonal, IgG2b 
(Molecular Probes)

1:500 to 
1:1000

Marusich 
et al. (1994)
Pineda et al. 
(2006)
Nakano et al. 
(2010)
Ogino et al. 
(2015)

39.4D5 Islet1 and 
Islet2

Mouse monoclonal, IgG2b 
(Developmental Studies Hybridoma 
Bank)

1:500 Pineda et al. 
(2006)

40.2D6 Islet1 Mouse monoclonal, IgG1 
(Developmental studies Hybridoma 
bank)

1:100 Low et al. 
(2012)
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is shorter than that of Xenopus laevis. These features help to generate transgenic or 
gene knockout animal. In fact, a high efficient transgenesis method and a CRISPR/
Cas9 mediated targeted mutagenesis method have been applicated to Xenopus trop-
icalis (Ogino et al. 2006; Nakayama et al. 2013). The new model frog might con-
tribute to RB neuron study as a useful model animal.

4.3  �Development of the RB Cell

Zebrafish develop rapidly at 28.5  °C.  During the developmental process, a fish-
shaped embryo with a distinguishable head, trunk, and tail is formed within the first 
24 hours post-fertilization (hpf). During early development, zebrafish larvae begin 
to display two touch-evoked escape responses, contraction and swimming (Saint-
Amant and Drapeau 1998). The touch-evoked contractions are rapid, alternating 
contractions of the trunk, which begin by 21 hpf. On the other hand, the touch-
evoked swimming begins by 28 hpf. This tactile sensitivity of larval zebrafish is 
conferred by two sensory neuron populations, TG and RB neurons, as mentioned 
above. Thus, these sensory neurons are becoming functional and are incorporated 
into the neural pathway that induces the escape response by 21 hpf.

CNS development begins with the formation of the neural plate, an ectoderm 
derivative on the dorsal side of the embryo. In zebrafish, the formation of the neural 
plate begins as dorsal epiblast thickening at 9 hpf (Kimmel et al. 1995). By 19 hpf, 
the neural plate is progressively transformed into the neural tube, i.e., the precursor 
of the vertebrate CNS, through dynamic cellular movement. During this process, 
the medial region of the neural plate forms the ventral side of the neural tube, 
whereas the lateral region forms the dorsal side of the neural tube. The process of 
neural tube formation involves two intermediate stages termed the neural keel and 
neural rod that are present at 13 hpf and 16 hpf, respectively. During neural tube 
formation, primary spinal neurons begin to extend axons toward neuronal and mus-
cle targets and the larval zebrafish develop locomotion.

RB neurons and trunk neural crest cells (NCCs) are derived from the same region 
of the lateral neural plate (Blader et  al. 1997; Lewis and Eisen 2003). Defective 
mutations in BMP signaling lead to a loss or dramatic reduction in both RB neurons 
and NCCs (Nguyen et al. 1998; Nguyen et al. 2000). In addition, the development 
of RB neuron and NCCs were impaired also in zebrafish lacking functional prdm1, 
transcription factor expressing at the lateral neural plate where RB neuron and 
NCCs are being specified (Hernandez-Lagunas et al. 2005). These data suggest that 
RB neuron and NCCs share some developmental molecular mechanisms. The seg-
regation of RB neurons and NCCs is dependent on Delta-Notch signaling. At around 
12 hpf, some of the progenitor cells express several delta homologs that activate 
Notch receptors on adjacent cells, which then differentiate into NCCs (Haddon 
et al. 1998; Cornell and Eisen 2000). Stimulation of Notch signaling reduces neural 
plate expression of ngn1 (Blader et al. 1997). Expression of ngn1 is detected in the 
neural plate from the 3-somite stage  (10-11 hpf), and  then the  hign-level ngn1 
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expressing cells form solid clusters that are srrounded by low-level ngn1 expressing 
cells. Functional analysis by over-expression or knockdown of the ngn1 gene 
demonstrated that ngn1 is necessary for RB neuron development (Blader et  al. 
1997; Andermann et al. 2002). Ngn1 induces expression of downstream basic helix-
loop-helix (bHLH) genes, such as neuroD, to promote neural differentiation from 
proliferative neural precursor cells to post-mitotic neurons (Kanungo et al. 2009).

RB neurons begin to extend their central axons in both the rostral and the caudal 
direction at 16 hpf (Kuwada et al. 1990; Liu and Halloran 2005). The two central 
axons initiate outgrowth simultaneously from opposite ends at the basal (ventral) 
side of the cell body and then elongate to the opposite direction (Andersen et al. 
2011). These central axons from RB neurons of the ipsilateral side grow longitudi-
nally together in the spinal cord, forming the dorsal longitudinal fasciculus (DLF), 
which is a relatively loose fascicle (Liu and Halloran 2005). Similarly, the periph-
eral axons begin to extend from the cell body and either emerge as a branch from 
one of the central axons or directly emerge from the cell body at 17–18 hpf. After 
the emergence, the peripheral axon extends toward the outside of the spinal cord to 
innervate the skin (Kuwada et  al. 1990; Liu and Halloran 2005; Andersen et  al. 
2011). After leaving the spinal cord, the peripheral axons bifurcate several times to 
form a highly branched structure that densely covers the surface of the skin. Thus, 
the central axon elongation is fascicular, whereas the peripheral axon elongation is 
repulsive. The differences in the projection patterns suggest that different mecha-
nisms guide RB neuron processes.

LIM homeodomain transcription factors (LIM-HD) and their cofactors (CLIMs) 
are required for the elongation and branching of the peripheral axon (Segawa et al. 
2001; Becker et al. 2002; Andersen et al. 2011; Tanaka et al. 2011). In contrast to 
the peripheral axon,  the growth rate of the central axon is increased in LIM-HD 
activity disrupted RB neuron. The opposite effect of the LIM-HD activity indicates 
that the growth of the central and the peripheral axon is differentially regulated. 
Recently, it was reported that Calsyntenin-1 (Clstn-1) is a critical regulator for 
growth and branching of the peripheral axons (Ponomareva et al. 2014). Clstn-1 is 
a kinesin adaptor and is required for rapid movement of Rab5 containing endo-
somes along axons. Ponomareva et  al. suggested that the Rab5-containing endo-
somes may deliver important molecules for the peripheral axon branching process 
to the branching point in the axon. Dpysl3 and PlexinA4 are downstream genes of 
Isl1 and Isl2a, respectively (Miyashita et al. 2004; Tanaka et al. 2011). Dpysl3 is a 
member of cytosolic phosphoproteins that mediate semaphorin signaling. 
Knockdown experiments using antisense morpholino for Dpysl3 or Sema3D indi-
cate that Dpysl3 cooperates with Sema3D for RB neuron peripheral axon outgrowth 
(Tanaka et al. 2011). After leaving the spinal cord, peripheral axons are attracted to 
molecular cues from the skin. This axon guidance requires the leukocyte antigen-
related (LAR) family of receptor tyrosine phosphatases ptprfa and ptprfb (Wang 
et al. 2012). LAR receptors are expressed in RB neurons, and LAR-deficient neu-
rons show a defect in peripheral axon guidance. In addition, heparin sulfate proteo-
glycans (HSPGs), a direct ligand for LAR receptors, are enriched in the skin; thus, 
HSPGs may be involved in the attraction of peripheral axons to the skin. The 
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branching of peripheral axons requires Slit2 and PlexinA4, which are commonly 
known as the receptors for semaphorins.

RB neurons normally innervate ipsilateral skin, as the peripheral axons do not 
cross the dorsal midline, in which Sema3D is expressed (Halloran et  al. 1999). 
Sema3D deficiency or knockdown studies show that Sema3D propels elongating 
peripheral axons. More specifically, Sema3D propels the peripheral axons away 
from the spinal cord through repulsion process. However, the Sema3D does not 
influence central axon extension. In contrast to Sema3D, transient axonal glycopro-
tein-1 (TAG-1) affects central axon projection but not peripheral axon projection. 
TAG-1 is a glycosyl-phosphatidylinositol-linked (GPI-linked) membrane protein 
that is expressed in RB neurons during axon elongation and promotes the extension 
of the central axons of RB neurons (Warren et al. 1999; Liu and Halloran 2005). In 
this manner, central and peripheral axons elongate to different directions and follow 
different guidance cues.

4.4  �Escape Response Evoked by RB Neuron Activation

After the 21 hpf stage, tactile stimulations on the trunk and tail are received by RB 
neurons and transmitted to the CNS to induce the touch-evoked response (Saint-
Amant and Drapeau 1998; Low et al. 2012). Although tactile sensitivity has been 
well-established in vertebrates, the mechanosensory molecules for the sensation 
were not identified until recently. To identify the mechanically activated channel, 
Coste et al. screened several mouse and rat cell lines by applying force to the cell 
surface while patch-clamp recording, they identified two mechanically activated 
cation channels, Piezo1 and Piezo2, in mouse neuroblastoma cell line Neuro2A 
(Coste et al. 2010). Both Piezo1 and 2 are expressed in some mechano-sensitive 
tissues related to visceral pain, such as the bladder, colon, and lung. In the aspect of 
cutaneous sensation, Piezo2 was required for mechanically activated currents in 
subset of DRG neurons, whereas the expression levels of Piezo1 in DRG neurons 
were very low. A part of the Piezo2 expressing DRG neurons also expresses tran-
sient receptor potential cation channel subfamily V member (TRPV1) channels, 
which are activated by heating and exposure to capsaicin, suggesting a potential role 
of Piezo2 in noxious mechanosensation (Coste et al. 2010). Coste et al. also showed 
that piezo proteins are conserved in many animals, plants, and single cell organisms, 
such as mycetozoa and ciliophoran (Coste et al. 2010). The zebrafish genome has 
three piezo homologs, piezo1, piezo2a, and piezo2b. The expression of piezo2b is 
specific to TG and RB neurons in larvae at 24 hpf, whereas piezo1 and piezo2a are 
not expressed in these neurons (Faucherre et al. 2013). Morpholino oligonucleotide-
mediated piezo2b knockdown shows that piezo2b is essential for tactile sensation in 
zebrafish larvae (Faucherre et  al. 2013). A subset of the Piezo2b expressing RB 
neurons also express TRPA1b, which is activated by exposure to mustard oil, a nox-
ious stimulating compound. The gene expression profile is comparable with mouse 
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DRG neurons. It is generally considered that the touch-evoked response is mediated 
by reticulospinal (RS) neurons in the hindbrain.

Reticulospinal (RS) neurons in the hindbrain are involved in the initiation and 
regulation of C-start escape from various stimuli, including sound, visual, and tac-
tile stimulation (O’Malley et  al. 1996; Liu and Fetcho 1999; Weiss et  al. 2006). 
Among RS neurons, Mauthner cells and two of its serial homologs, MiD2cm and 
MiD3cm, have been well-studied for their involvement in the initiation and regula-
tion of the escape response (Lee et al. 1991; O’Malley et al. 1996; Nakayama and 
Oda 2004; Korn and Faber 2005). These neurons are thought to constitute a parallel 
pathway that is collectively termed the “Mauthner series (M-series)” (Lee et  al. 
1991). Mauthner cells are a pair of giant RS neurons located in rhombomere 4 of the 
hindbrain in teleosts and amphibians. This neuron projects large diameter axons 
toward the contralateral spinal motor neurons. Following stimulation, the excited 
Mauthner cell emits a single action potential which is sufficient to evoke a C-start 
escape response via contraction of the contralateral skeletal muscle. On the other 
hand, MiD2cm and MiD3cm reside in rhombomeres 5 and 6, respectively. Similar 
to Mauthner cells, these Mauthner homologs extend axons to the contralateral side 
of spinal cord and make synaptic contact with contralateral motor neurons. These 
Mauthner homologs can initiate the escape response with similar kinetics to that 
initiated by Mauthner cell. However, the latency of the Mauthner homolog-initiated 
escape is longer than Mauthner cell-initiated escape (Kohashi and Oda 2008). 
Tactile stimulation of the head induces the largest amount of bending, and the turn-
ing angle reduces as the stimulated position moves toward a posterior region (Saint-
Amant and Drapeau 1998; Umeda et al. 2016). A correlation between the stimulated 
position and the bending angle is required for survival in response to a threat in the 
environment. For forward-facing threats, fish should substantially change the direc-
tion of their swimming in the opposite direction. In contrast, for rear-facing threats, 
fish should rapidly move forward but not in the opposite direction. The combination 
of activated M-series neurons probably affects C-bend turning angles for the escape. 
When only Mauthner cells are activated by electrical stimulation, C-start escape 
with small turn angle is initiated (Nissanov et al. 1990). Similarly, caudal tactile 
stimuli activate only the Mauthner cell, leading to the induction of a small turning 
angle, whereas stimulation to the rostral trunk region activates Mauthner cells and 
the homologous M-series neurons and then an escape response with larger turn 
angle is initiated (O’Malley et  al. 1996). How is A-P information transmitted to 
higher brain regions and processed to regulate escape behavior? The cell bodies of 
RB neurons are arranged in a pair of longitudinal columns on the dorsal side of the 
spinal cord. The longitudinal arrangement of RB neurons is suitable for detecting 
the anterior-posterior (A-P) positional information of stimuli. The A-P positional 
information of stimuli affects the bending angle. Although all RB neurons have an 
ascending central axon, most of the ascending axons terminate in the spinal cord, 
while a few RB axons enter the hindbrain. Interestingly, Mauthner dendrite-
contacting RB neurons are more abundant in the rostral spinal cord, whereas many 
of the central axon of caudal RB neurons does not reach the hindbrain (Umeda et al. 
2016). The sensory information from the caudal RB neuron may be relayed by 
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Commissural Primary Ascending (CoPA) neurons. CoPA neurons reside in the dor-
sal spinal cord, and their dendrites receive glutamatergic synaptic input from RB 
neurons (Gleason et  al. 2003; Pietri et  al. 2009). In addition, the axon of CoPA 
neurons ascends in the contralateral dorsal spinal cord to the diencephalon, thus the 
M-series neurons could be activated by this RB-CoPA pathway (Hale et al. 2001; 
Pietri et al. 2009; Umeda and Shoji 2017). Meanwhile, the escape response could 
also be initiated via an intra-spinal circuit but not M-series neurons. Previous stud-
ies show that disconnecting the spinal cord and hindbrain at somite 2 did not inter-
fere with the touch response. In contrast, disconnection at somite-10 completely 
abolishes the touch response; thus, the neural circuitry that is sufficient to generate 
the touch response resides in the spinal cord between somites 2 and 10 (Downes and 
Granato 2006; Pietri et al. 2009). Anatomical data suggest that the CoPA neurons 
also contact descending interneurons, such as the circumferential ipsilateral 
descending (CiD) neurons and ipsilateral projecting (IC) neurons in the rostral spi-
nal cord (Pietri et al. 2009). These interneurons provide excitatory input to motor 
neurons through both glutamatergic synapses and gap junction mediated electrical 
synapses (Saint-Amant and Drapeau 2001; Knogler and Drapeau 2014). However, 
additional functional studies using electrophysiology or ablation experiments are 
necessary to verify that CoPA neurons make functional synaptic contact with CiD 
and IC neurons. The larval zebrafish reflex arc for the touch response has been 
thought to consist of RB neurons, RS neurons, and motor neurons. However, this 
circuit could be more complex, and the details have not been elucidated.

4.5  �Other Sensations Received by RB Neurons

In addition to mechanical stimulus, it has been suggested that RB neurons are also 
activated by thermal or chemical stimulus (Prober et al. 2008; Low et al. 2010a; Gau 
et al. 2013; Ogino et al. 2015).

Previous studies have identified five heat-activated channels (TRPV1-4, TRPM3) 
and two cold-activated channels (TRPM8 and TRPA1) in the rodent genome. These 
seven thermosensitive TRPs are expressed in sensory neurons in the TG and DRG 
and are activated at different temperatures (Dhaka et al. 2006; Vriens et al. 2011). 
TRPV1 and 2 respond to painful heating, activating at temperatures >42 °C and 
>52 °C, respectively. In contrast, TRPV3 and 4 are activated by non-painful warm-
ing (TRPV3: >33 °C; TRPV4: <27 °C to 42 °C). TRPM3 responds to noxious heat-
ing (>42 °C), similar to TRPV1. TRPV1 is also activated by capsaicin, a pungent 
compound from chili peppers, therefore capsaicin gives us burning sensation when 
the compound contacts to mucous membrane, such as in the oral cavity, that are 
innervated by TRPV1-expressing sensory neurons. Similarly, menthol provides a 
cooling sensation due to activation of the cool-activated channel TRPM8 (Bautista 
et  al. 2007). In human sensory system, TRPM8 is activated at <25  °C, whereas 
another cool-activated channel, TRPA1, is activated at <17 °C. In addition to cool-
ing stimuli, TRPA1 is also activated in response to chemical stimulants such as allyl 
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isothiocyanate (mustard oil), cinnamaldehyde (a pungent component in cinnamon), 
diallyl disulfide (a pungent component in garlic), acrolein (a toxic component in 
tear gas and vehicle exhaust), and 4-hydroxynonenal (an endogenous compound 
that is produced in response to tissue injury, inflammation, and oxidative stress) 
(Prober et al. 2008).

Zebrafish is a freshwater tropical fish that is broadly distributed across parts of 
India, Bangladesh, Nepal, Burma, and Pakistan (Lawrence 2007). Based on the 
habitat condition, 28.5 °C is recommended as optimum temperature for rearing in 
laboratory (Kimmel et al. 1995). As expected from their preference temperature, 
larval zebrafish robustly avoid noxious hot (36 °C) or cold (10 °C) temperatures 
(Prober et al. 2008; Gau et al. 2013). Gau et al. conducted a gene knockdown exper-
iment using antisense morpholino for the trpv1 gene and revealed that TRPV1 is 
required for the heat avoiding response but not required for the response to cold 
stimulus. The heat avoiding behavior is probably evoked by TG and RB neurons 
activation, which express transient receptor potential (TRP) channels, trpv1 and 
trpa1b (Prober et al. 2008; Gau et al. 2013). In contrast to TRPV1, TRPA1b is not a 
thermal sensing channel but a chemical sensing channel that is activated by mustard 
oil (Prober et  al. 2008). The activation of RB neurons by mustard oil evokes an 
escape response (Low et al. 2010a; Ogino et al. 2015). The TRP1b expressing RB 
neurons also express Piezo2b which is required for a tactile stimulus-evoked escape 
response (Faucherre et  al. 2013). On the other hand, piezo2b-positive/trpa1b-
negative RB neurons have also been observed, thus trpa1b is expressed in a subset 
of piezo2b expressing RB neurons (Faucherre et al. 2013). Gene expression analysis 
revealed that some subunits of P2X, ATP-gated ion channel, are expressed in RB 
neurons (Kucenas et al. 2003; Palanca et al. 2013). The zebrafish genome contains 
nine genes encoding a subunit of P2X. Among them, four genes, p2rx3a, p2rx3b, 
p2rx4.1, and p2rx514, were expressed in RB neurons. The expression of the p2rx3a 
and p2rx3b genes were detected in the majority of RB neurons, whereas the expres-
sion of p2rx4.1 and p2rx514 were detected only in a small proportion of RB neurons 
in 24 hpf larvae (Kucenas et al. 2003). The p2rx3a and p2rx3b genes are homolo-
gous to the mammalian p2rx3 gene, which is expressed in sensory neurons for pain 
sensation. The P2X channel function has both homomeric and heteromeric channels 
of the subunits with different kinetics (Kucenas et al. 2003; Roberts et al. 2006). The 
diversities of the P2X subunits may provide a physiological diversity to RB neu-
rons. Above data of gene expression pattern suggests that RB neurons are a much-
diverged population. In addition, an RB neuron subtype that simultaneously 
expresses trpa1b, p2rx3a, protein kinase C alpha (PKCα) was identified by gene 
expression analysis (Slatter et  al. 2005; Palanca et  al. 2013). The simultaneous 
expression of different modal receptors in the RB neuron indicates that RB neurons 
are multimodal sensory neurons. Physiological analysis of the touché mutant, a 
light-touch unresponsiveness mutant, revealed that RB neurons can be classified 
into two groups based on their electrical responses to subthreshold tactile stimuli 
(Low et  al. 2010a, 2011). That is, subthreshold tactile stimuli induce generator 
potentials in type I but not in type II RB neurons. The voltage of the generator 
potentials increases with the intensity of the subthreshold tactile stimuli. When the 
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voltage reaches a sufficient amplitude, the generator potentials trigger action poten-
tials. In the touché mutant, type II RB neurons have completely disappeared. 
Investigation of the touché mutant suggests that type II RB neurons transmit light-
touch sensations (Low et al. 2010a).

Unlike the heat-sensing TRP channels, the equivalent cold-sensing TRPs have 
not been identified in zebrafish RB neurons. As mentioned above, two cold-activated 
TRP channels, TRPA1 and TRPM8, were identified in mammalian genomes. In 
zebrafish, TRPA1 is required for chemical sensations although trpa1 knockout lar-
vae responded to cooling stimuli in a manner similar to that of wildtype larvae 
(Prober et al. 2008). No homolog of trpm8 has been identified in comprehensive 
genome-wide studies in zebrafish (Saito and Shingai 2006). Genome analysis has 
also revealed the absence of TRPM8  in other teleost from 10 different orders 
(Gracheva and Bagriantsev 2015); thus, the loss of the trpm8 gene may have 
occurred in the common ancestor of the teleost. In the zebrafish genome, 28 homo-
logs of TRP channels have been identified, 3 trpv homologs, 2 trpa1 homologs, 12 
trpc homologs, and 11 trpm homologs (Saito and Shingai 2006; Kastenhuber et al. 
2013; Von Niederhausern et al. 2013). The physiological function of the TRP chan-
nels can be diverse among teleosts and mammals. For example, mammalian TRPV1 
is not only activated in response to heat at >42 °C but also in response to a low pH 
and capsaicin. In contrast, the zebrafish TRPV1 is activated at 32 °C or in response 
to low pH but not in response to capsaicin (Gau et al. 2013). Further research with 
new genetic techniques such as genome editing or new in vivo imaging techniques 
could contribute to the discovery of the genes for cold sensation. In addition to 
above TRP channels, the transcripts of trpm7 and trpc4 have been detected in RB 
neurons (Prober et al. 2008; Gau et al. 2013; Low et al. 2011; Von Niederhausern 
et al. 2013). However, the functional investigation thereto has not been conducted. 
Future investigations may also possibly shed light on the physiological significance 
of the RB neurons.

4.6  �Apoptosis of RB Cells

RB neurons have been considered to be almost completely removed via caspase 
activity-dependent programmed cell death (apoptosis), and then the primary sen-
sory function of RB neurons is replaced by DRG neurons (Williams et al. 2000; 
Svoboda et al. 2001; Reyes et al. 2004). The apoptotic RB neurons in larval zebraf-
ish can be detected using transferase-mediated dUTP nick end-labeling (TUNEL) 
(Cole and Ross 2001). The apoptosis is first observed at 24 hpf in the rostral region 
of the spinal cord. During development, the region of apoptotic RB neurons moves 
caudally toward the end of the spinal cord. By 48 hpf, most apoptotic RB neurons 
are concentrated in the caudal region. Simultaneously with the active apoptosis of 
RB neurons, the peripheral processes of DRG neurons form. Apoptotic activity 
peaks between 36 and 48 hpf and rapidly decrease by 72 hpf. This correlation sug-
gests a link between the death of RB neurons and the birth of DRG neurons. 

4  Rohon-Beard Neuron in Zebrafish



70

However, RB cell degeneration occurs normally in mutants lacking DRG (colorless 
mutant). Thus, RB apoptosis and DRG development may be separate processes.

TrkC1, a receptor for the neurotrophin NT-3, is expressed in subpopulations of 
RB neurons. RB neuronal apoptosis is initiated only in TrkC1-negative neurons, 
suggesting that TrkC1 and NT-3 protect RB neurons from apoptosis (Williams et al. 
2000). In support of this hypothesis, antibodies that deplete NT-3 induce RB neuro-
nal apoptosis, while exogenous application of NT-3 reduces RB neuronal apoptosis. 
In addition to TrKC1-signaling, cyclin-dependent kinase 5 (Cdk5) may be involved 
in the regulation of RB neuronal apoptosis. SiRNA-mediated knockdown of Cdk5 
promotes RB neuronal cell death, whereas overexpression of Cdk5 decreases RB 
neuronal cell death (Kanungo et al. 2006). One of the major apoptosis regulating 
mechanism is the mitochondrial pathway in which cytochrome c that released from 
mitochondria promote caspase activation (Czabotar et  al. 2014). This process is 
regulated by bcl-2 proteins. In Xenopus laevis, RB neuron survival rate was signifi-
cantly increased by overexpression of Bcl-XL, one of the anti-apoptotic bcl-2 pro-
tein, in the nervous system (Coen et  al. 2001). In cultured mammalian cell, the 
expression level of Bcl-XL was reduced by depression of cdk5 activity (Brinkkoetter 
et al. 2009). Thus, the apoptosis of RB neuron might be regulated by the cdk5-Bcl-
XL regulated mitochondria pathway.

Voltage-gated sodium channel (Nav) mediated electrical activity is also likely 
required for the initiation of RB neuronal apoptosis, because pharmacological 
blockade of the Nav current reduced RB neuron death (Svoboda et al. 2001). This 
hypothesis is supported by the observation that RB neuron death was also reduced 
in a mutant whose RB neurons cannot generate action potential due to loss of Nav 
on the surface (Nakano et al. 2010). Nav is a large protein (~260 kDa) with 24 trans-
membrane domains and is responsible for the rising phase of the action potential in 
all neurons and muscles (Cantrell and Catterall 2001). Among nine Nav subtypes 
(Nav1.1–1.9), RB neuron express Nav1.1 and Nav1.6 (Novak et  al. 2006). The 
Nav1.6 encoded by the scn8aa gene is the dominant subtype in RB neurons, as the 
morphants and mutants of scn8aa show a significant reduction in the peak ampli-
tude of Nav in RB neurons and are unresponsive to tactile stimuli (Pineda et al. 
2006; Low et al. 2010b). Antisense morpholino-mediated knockdown of the Nav1.6 
also reduced the RB neuron death (Pineda et al. 2006). However, the relationship 
between the mitochondria pathway and Nav1.6 mediated electrical activity has not 
been elucidated yet.

Many studies including the above-mentioned have argued that most, if not all, 
RB neurons are lost by 4 dpf. However, recent studies revealed that 30–40% of RB 
neurons that express PKCα persist until at least 16 dpf (Slatter et al. 2005; Patten 
et al. 2007; Palanca et al. 2013). The existence of the long-lived RB neurons sug-
gests that the removing of RB neurons in zebrafish may be much more of a restricted 
phenomenon than previously thought.

K. Ogino and H. Hirata



71

4.7  �Mutants That Contributed to Investigate Nav Synthesis 
and Transport Mechanisms

As mentioned above, RB neurons require Nav to generate action potential. In excit-
able cells, such as neuron and muscle, Navs are transported to the specific regions 
of the cell membrane to form clusters, after the synthesis in the endoplasmic reticu-
lum (ER). The Nav clusters have been identified in the axon initial segment and 
nodes of Ranvier of neurons. These clusters are molecular machinery for the gen-
eration and propagation of action potentials. Although the molecular basis of the 
Nav clustering at these sites has been extensively investigated (Rasband 2010), the 
molecular mechanisms that govern synthesis and transport of Nav has been less 
explored.

Six mutant zebrafish with reduced touch response have been identified in a large 
mutagenesis screening (Granato et al. 1996). RB neurons of four mutants of them 
(alligator, macho, steiffer, crocodile) showed reduction in Nav current amplitude, 
leading to a defect in the generation of action potentials and becoming touch-
insensitive (Ribera and Nüsslein-Volhard 1998; Carmean and Ribera 2010). At 
present, responsible genes of alligator and macho have been identified (Carmean 
et al. 2015) (Ogino et al. 2015). Detailed analysis of these mutant provided insights 
into the molecular mechanisms of Nav synthesis and transport.

The mutation responsible for the alligator mutant is a nonsense mutation at leu-
cine 39 (L39X) in a gene encoding the really interesting new gene (RING), finger 
protein 121 (RNF121) (Ogino et al. 2015). The nonsense mutation resulted in pre-
mature stop codon before the first transmembrane domain, thus the mutated gene 
appeared to be a null allele. RNF 121 is an E3-ubiquitin ligase with 6-transmembrane 
domain present in the endoplasmic reticulum (ER) and cis-Golgi compartments, 
and the catalytic activity is involved in ER-associated degradation (ERAD) (Darom 
et al. 2010; Araki and Nagata 2011). Some of the nascent protein that is synthesized 
in the ER would be misfolded or unfolded. In healthy cells, the inadequately folded 
proteins are removed by ERAD to prevent accumulation of the aberrant protein. In 
RB neurons of the mutant alligator, Navs accumulated in ER and cis-Golgi, instead 
of being transported to the cell surface, thus, RNF121 activity is essential for the 
proper intracellular trafficking of Nav in RB neurons, probably through removing of 
the misfolded Nav. Therefore, the study in alligator mutant indicated that RNF121 
participates in the quality control of Nav during their synthesis (Ogino et al. 2015).

A missense mutation in the start codon of the pigk gene has been identified as the 
mutation responsible for macho mutant (Carmean et al. 2015). The missense muta-
tion would result in a loss of function of the PigK protein, which is involved in 
addition of glycophospatidylinositol (GPI) to immature protein in ER.  The GPI 
residue serves as an anchor for protein to bind to the cell membrane; thus, hypo-
function of the complex that catalyzes GPI attachment leads to the mislocalization 
of GPI-anchored proteins. In addition to the macho mutant, the reduction of Nav 
current in RB neurons was recorded in a novel touch-insensitive mutant, mi310 
(Nakano et al. 2010). In RB neurons of a mi310 mutant, the responsible mutation 
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was identified in a gene encoding the PigU subunit of the GPI transamidase com-
plex. This mutation was a missense mutation that abolishes the enzyme activity of 
PigU. These studies revealed that RB neurons require GPI transamidase activity for 
the proper Nav current and also for touch sensitivity. However, it remains to be 
elucidated how GPI transamidase affects to the Nav current, because Nav is not 
GPI-anchored protein. Unidentified GPI-anchored protein possibly participates to 
establish the proper Nav current.

4.8  �Tools for Manipulating RB Neurons

Many genetic encoding tools have been introduced to zebrafish biology. As afore-
mentioned, zebrafish embryos are suitable for in vivo imaging and manipulation of 
neural activity due to the transparency of their body.

Intracellular Ca2+ concentration transiently increases during the generation of 
action potential via Ca2+ influx through voltage-gated Ca2+ channels. The Ca2+ tran-
sients in electrically stimulated RB neurons were visualized in cameleon-expressing 
zebrafish as the first successfully genetically encoded calcium indicator (GECI) 
(Higashijima et  al. 2003). Cameleon is a FRET (fluorescence resonance energy 
transfer)-based GECI in which two different fluorescent proteins are linked by 
calmodulin (CaM) and CaM binding M13 peptide (Miyawaki et al. 1997). Binding 
of Ca2+ to CaM induces conformational change that increases the FRET efficiency 
between the fluorescent proteins. Thus, increases in intracellular Ca2+ concentration 
are visualized as a change in the ratio of fluorescence intensities between these fluo-
rescent proteins. Therefore, cameleon serves as a ratiometric calcium indicator. 
After the development of cameleon, Nakai et al. produced a high Ca2+ affinity GECI 
composed of a single GFP, named GCaMP (Nakai et al. 2001). GCaMPs are circu-
larly permuted (cp) EGFP that are fused to CaM at its C terminus and the M13 
peptide at its N terminus (Nakai et al. 2001). Their fluorescence intensity is enhanced 
through the conformational change that is induced by Ca2+ binding to the calmodu-
lin domain; therefore, GCaMPs visualize the Ca2+ transient as an alteration of the 
fluorescent intensity. In many model animals including zebrafish, GCaMPs were 
widely used for measuring neuronal activity in large populations of neurons because 
of their high Ca2+ affinity, which results in a high signal to noise ratio (Akerboom 
et al. 2012; Muto et al. 2011; Muto et al. 2013; Marsden and Granato 2015; Warp 
et al. 2012). After their development, to improve sensitivity, GCaMP was mutated 
to produce variants (Ohkura et  al. 2005; Tallini et  al. 2006; Tian et  al. 2009; 
Akerboom et al. 2012; Chen et al. 2013; Muto et al. 2011). Fluorescence changes in 
GCaMP7a, the latest version of GCaMP, are approximately 3.2-fold greater than 
those of GCaMP-HS (Muto et al. 2013). Using the improved GCaMP expressing 
zebrafish larvae, spontaneous neuronal activities were visualized in the tectum, 
habenula, and hindbrain at single-cell resolution (Muto et al. 2013). To expand the 
GFP-based single color palette, blue fluorescent GECI (B-GECO) and red fluores-
cent GECI (R-GECO) were developed through mutating the cpGFP and replacing 
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the cpGFP with cpRFP, respectively (Zhao et al. 2011). These GECIs enabled mul-
ticolor Ca2+ imaging in zebrafish (Walker et al. 2013). Subcellular localization of 
GECIs can be modulated with the addition of a signal peptide or a protein that is 
localized to a relevant subcellular domain. Presynaptic terminal localized GCaMPs 
(SyGCaMPs) and SyRGECO were developed via fusion with synaptophysin, a 
transmembrane protein in synaptic vesicles (Dreosti et  al. 2009; Nikolaou et  al. 
2012; Akerboom et al. 2012; Walker et al. 2013). Similarly, following the develop-
ment of targeted GCaMPs, postsynaptic targeted GCaMP was developed via fusion 
of the postsynaptic matrix protein homer to the N terminus of GCaMP (Pech et al. 
2015), and cell membrane targeted GCaMP was developed via fusion of the CAAX 
peptide to the C terminus of GCaMP (Tsai et al. 2014) or fusion of the LCK peptide 
to the N terminus of GCaMP (Shigetomi et al. 2010). In addition, mitochondrion-
targeted GCaMP was developed via fusion of cytochrome C oxidase 4 to the N 
terminus of GCaMP (Park et al. 2010), and nuclear localized GCaMP was devel-
oped via fusion of histone H2B to the N terminus of GCaMP (Freeman et al. 2014) 
or fusion of a nuclear localization signal to the N terminus or C terminus of GCaMP 
(Kim et  al. 2014). The combination of these targeting techniques and the multi-
color palette enable multi-color Ca2+ imaging in a single cell.

Channelrhodopsin-2 (ChR2) and halorhodopsin (NpHR) enabled light-
stimulated non-invasive manipulation of neural activity in zebrafish larvae. ChR2 
is a light-gated channel that permeates a wide range of mono- and divalent cations, 
upon blue-light absorption. This cation flow depolarizes the membrane potential 
with high temporal precision, as the ChR2-mediated depolarizing currents reach a 
maximal rise rate within 2.3 ± 1.1 m sec after a blue-light pulse onset (Boyden 
et al. 2005). Single action potentials are reliably elicited in ChR2 expressing neu-
rons after the light emission (Boyden et al. 2005). The first application of ChR2 in 
zebrafish was an experiment in which ChR2 was expressed in trigeminal and RB 
neurons under the control of the isl1 promoter (Douglass et al. 2008). After stimu-
lating the somatosensory neurons using a standard dissecting microscope and light 
pulses, single spikes from a single somatosensory neuron could drive escape 
behavior. Recently, Umeda et al. (2016) identified a novel escape response that is 
induced after single RB neuron excitation using an improved ChR2, ChRWR 
(channelrhodopsin-wide receiver), and laser microscopy to perform more precise 
single cell stimulation (Umeda et al. 2016). ChRWR is a chimeric protein of ChR1 
and ChR2, and this improved ChR2 has a higher efficiency in plasma-membrane 
expression and photocurrents with little desensitization (Wang et al. 2009). NpHR 
is a fast light-activated chloride pump, thus NpHR can reversibly silence neural 
firing, contrast to ChR2. For reliable silencing, substantial membrane expression 
of NpHR is required. However, NpHR forms aggregates that are toxic to cells at 
high expression levels. This toxicity may result from the retention of NpHR in the 
ER (Gradinaru et al. 2007; Zhao et al. 2008). In addition, analysis of the amino 
acid sequence of NpHR revealed that it does not contain a typical signal peptide 
sequence (Zhao et al. 2008). To overcome this problem, the membrane expression 
efficiency of NpHR was improved through replacing the first 27 amino acids of 
NpHR with the signal peptide of the β subunit of nAchR and adding an ER export 
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signal from Kir2.1 to the C terminus of NpHR (Gradinaru et al. 2007; Zhao et al. 
2008). The new enhanced NpHR (eNpHR) does not form aggregates and its mem-
brane expression level is dramatically increased (Gradinaru et al. 2007; Zhao et al. 
2008). An eNpHR expressing transgenic zebrafish line has been established, and 
neural firing in this model is effectively suppressed by light stimulation (Arrenberg 
et al. 2009). In addition, using this transgenic line in combination with ChR2 iden-
tified swim command neurons in the zebrafish hindbrain. The swimming behav-
iors that were induced in response to stimulating ChR2 expressing hindbrain 
neurons were blocked via the activation of NpHR in the same hindbrain neurons 
(Arrenberg et al. 2009).

Kaede is a photo-convertible fluorescent protein that changes from green to red 
after irradiation with ultra violet (UV) or violet light (Ando et al. 2002). Therefore, 
specific Kaede-expressing cells can be labeled after photo-conversion. Additionally, 
cells can be labeled with different colors after differentiation. UV irradiation to 
Kaede expressing cells at early stages of development labels early differentiated 
cells with red fluorescence, while only more recently differentiated cells are green.

4.9  �Conclusion

Genetic manipulation using forward-genetics approaches have generated many 
mutant zebrafish lines, some of which are useful as human disease models. In 
zebrafish larvae, RB neurons are easily identifiable, and their relatively large cell 
body is suitable for electrophysiological recording of neural activity. Moreover, RB 
neurons are an attractive model for investigating the molecular mechanisms of axo-
nal elongation. Many enhancer/promoter sequences that drive gene expression in all 
or a subset of RB neurons have been isolated (Table 4.1). With these enhancer/pro-
moter sequences, any gene of interest can be expressed in RB neurons to investigate 
its function. Moreover, the function of the genes of interest can be investigated in 
human disease models. Zebrafish are a highly fertile animal and their larvae are eas-
ily drug-treatable via the addition of a compound into the breeding media. In this 
manner, experiments can be performed to investigate interactions among a diseased 
state and gene activity, the pharmacological effects of drugs, or new therapeutic 
agents using high throughput screening. The activation of RB neurons evokes a 
stereotyped escape response; thus, RB neuronal activity can be explored as a behav-
ioral response. As a result, the RB neurons of zebrafish are an attractive experimen-
tal model. However, by 4 dpf, most RB neurons undergo apoptosis; therefore, their 
short lifespan may be disadvantageous for some experiments. However, long-lived 
RB neurons that express PKCα may be investigated to overcome this disadvantage. 
Experiments using the RB neurons of mutant zebrafish have revealed the molecular 
mechanisms that are essential for the proper intracellular trafficking of nascent pro-
tein. The RB neuron experimental model will continue to contribute insight for both 
basic and applied science.
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Chapter 5
Fish in Space Shedding Light 
on Gravitational Biology

Masahiro Chatani and Akira Kudo

Abstract  Space flight in an environment with reduced gravity has severe effects on 
the body. Astronauts suffer from a significant decrease in bone mineral density dur-
ing space missions, but the molecular mechanisms responsible for such changes in 
bone density are unclear. To identify these mechanisms, unique experiments on 
medaka fish were performed twice at the International Space Station (ISS). One was 
a two-month long experiment for the analysis of bone growth, which revealed a 
decrease in the mineral density of pharyngeal bones. Another was a short-term 
experiment for live imaging of transgenic medaka lines and transcriptome analysis 
during 8 days, which revealed an increase in the expression levels of five genes. 
Overall, these studies on medaka fish provided an initial explanation of the 
process.
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5.1  �Effect of Gravity on Life

5.1.1  �Consideration of the Effect of Gravity on Life Before the 
Space Exploration Era

How has the effect of gravity on life been considered? In 1897, Crookes remarked 
that forms as well as behaviors of our bodies are totally regulated by the strength of 
gravity on Earth (Crookes 1987). In 1917, Thompson published On Growth and 
Form and discussed whether doubling the force of gravity would lead to the failure 
of our bipedal form, and suggested that the majority of terrestrial animals would 
resemble short-legged saurians or serpents under such conditions. However, halving 
the force of gravity would result in a lighter, slenderer, and more active body, requir-
ing less energy and heat and smaller sizes of heart and lungs (Thompson 1917). Given 
these hypotheses, gravity has been considered as a factor affecting the living body.

5.2  �History of Bone Loss Under Microgravity

5.2.1  �Astronauts Under Microgravity

Microgravity has been thought to induce osteoporosis. Physiological studies in 
spaceflight have been performed using various animals (Table 5.1). The first evi-
dence of the undesirable changes produced in bones during spaceflight was an 
increase in urinary calcium excretion by the cosmonauts on board Vostok 2 and 3 
(David 1963). However, until now, little data is available on its precise nature in the 
course of flight time (Rambaut and Goode 1985). In 2000, the study of bone mineral 
density at the distal radius and tibia of 15 cosmonauts, who sojourned in space for 
one, two, or 6 months in the Russian MIR space station, was reported. This study 
suggested that the level of decrease in bone mineral density differs between weight-
bearing and non-weight-bearing bones (Vico et  al. 2000). In the weight-bearing 
tibial site, cancellous BMD loss was already evident after the first month and dete-
riorated with mission duration. In tibial cortices, bone mineral loss was noted after 
a two-month flight. In contrast, the BMD in radial cortices were not significantly 
changed at any of the time points, whereas cancellous BMD loss was relatively 
weak and insignificant.

5.2.2  �Animal Experiments in Space for Bone Study

Many animals have been utilized in space environments for studying the effect of 
microgravity. The first animal that revealed a decreased bone volume in space was a 
dog. The dogs on the 22-day flight in Cosmos 110 suffered from 11.5–12.3% reduc-
tion in heel bone density, resulting in a rise of serum calcium and double urinary and 
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fecal calcium excretion (Parin et al. 1968). The mammalian animal models rats and 
mice have often been applied for space experiments. The results showed the reduction 
of BMD in tibia, femur, or lumbar vertebrae (Morey and Baylink 1978; Vico et al. 
1987; Keune et al. 2016; Tavella et al. 2012). Interestingly, the effect of microgravity 
appeared on non-weight-bearing bones (Simmons et al. 1983; Ghosh et al. 2016). In 
addition, unique studies were performed in space using chickens for embryogenesis 
(Kawashima et al. 1995) and newts for regeneration (Berezovska et al. 1998).

Table 5.1  History of bone study in space (selected experiments)

Year Ship Species Duration Principal findings References

1961–
1962

Vostok Human 1–4 days Increase of urinary 
calcium excretion

David (1963)

1966 Cosmos Dog 22 days Reduction of heel bone 
density

Parin et al. 
(1968)

1973–
1974

Skylab Human 84 days Increase of urinary 
calcium excretion

Rambaut and 
Goode (1985)

Reduction of heel bone 
density
Lower level of serum PTH

1975 Vostok Juvenile rat 19.5 days Decrease of bone 
formation in tibia

Morey and 
Baylink 
(1978)

1979 Cosmos Juvenile rat 18.5 days Decrease of remodeling 
activity in alveolar bone

Simmons et al. 
(1983)

1983 Cosmos Pregnant rat 5 days Increased osteoclast 
number and decreased 
bone mass via excess 
resorption

Vico et al. 
(1987)

1992 Space Shuttle 
(Endeavor)

Chicken 
embryo

7–10 days Little effect on bone 
metabolism in lambs

Kawashima 
et al. (1995)

1992 Cosmos Newts 12 days Reduction of osteoclast 
number in tail regeneration

Berezovska 
et al. (1998)

1994 Space Shuttle 
(Columbia)

Juvenile 
OVX rat

14 days Reduction of bone mineral 
density in femur and 
lumbar vertebra

Keune et al. 
(2016)

1994 Mir Human 1, 2, 
6 months

Reduction of bone mineral 
density in tibia

Vico et al. 
(2000)

2009 International 
Space Station

Mouse 3 months Decrease of trabecular 
number in femur

Tavella et al. 
(2012)

2010, 
2011

Space Shuttle 
(Discovery)

Juvenile 
mouse

13, 
15 days

Reduction of bone volume 
in mandible. Reduction of 
distance between CEJ and 
AC

Ghosh et al. 
(2016)

2012 International 
Space Station

Juvenile 
medaka

58 days Decrease of mineral 
density in pharyngeal 
bones

Chatani et al. 
(2015)

2014 International 
Space Station

Medaka 
embryo

8 days Upregulation of bone-
related gene expression

Chatani et al. 
(2016)

PTH parathyroid hormone, OVX ovariectomized, CEJ cemento-enamel junction, AC alveolar crest
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5.2.3  �Discussion on Changes in Bone Formation 
and Resorption in Space

Abnormal skeletons have been found in numerous species under microgravity. Two 
hypotheses can be generalized from data obtained in spaceflight. First, the inhibi-
tion of bone formation during spaceflight, including complete cessation of perios-
teal bone formation, as observed in rats (Morey and Baylink 1978). Second, the 
increase in bone resorption during spaceflight was indicated by an increased num-
ber of osteoclasts in pregnant rats and a decreased bone mass due to excess resorp-
tion when subjected to weightlessness for 5 days (Vico et al. 1987). These reports 
indicate that it is necessary to examine the bone metabolism in various parts of 
several animal models to estimate the effect of gravity on life accurately.

5.3  �Advantages of Studying Bone Development in Medaka

5.3.1  �Bone Growth and Modeling

During skeletal development, bone is altered in size dramatically without any sig-
nificant change in its complex architecture. This alteration is achieved by the forma-
tion of new bones at one site by osteoblasts and resorption of old bones by osteoclasts 
at another site within the same bone (Bard 1990; Frost 1990; Seeman 2003). It has 
been postulated that osteoblasts and osteoclasts act in separate sites in an uncoupled 
manner (Teti 2011). However, an interaction between osteoblasts and osteoclasts is 
possible, because bone formation and resorption occurs in a coordinated manner in 
mammals, as revealed by bone modeling during skull growth for enveloping brain 
tissues (Fong et al. 2003). Furthermore, the growth of long bones is controlled by 
bone modeling that involves a complex pattern of bone formation and resorption, 
which is achieved by a balanced activity of osteoblasts and osteoclasts along the 
periosteal or endosteal surface of the cortical bones (Schenk et al. 1973).

5.3.2  �Pharyngeal Bone in Medaka

The pharyngeal bone, where osteoclasts emerge in the earliest stage of development 
in medaka, is a good candidate for an in vivo analysis of bone modeling. Pharyngeal 
bones consist of several hundreds of teeth called pharyngeal teeth and supporting 
bones. There are many TRAP (tartrate resistant acid phosphatase)-positive multi-
nuclear osteoclasts having ruffled border in supporting bones of the adult medaka 
(Nemoto et  al. 2007). It was reported that sequential tooth regeneration occurs 
throughout the life of medaka (Abduweli et al. 2014), suggesting the possibility that 
pharyngeal bones would show frequent bone modeling.
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To visualize osteoblasts and osteoclasts in vivo, medaka osterix promoter-DsRed 
transgenic line for osteoblasts (Inohaya et al. 2007) and the medaka TRAP promoter-
GFP transgenic line for osteoclasts were previously developed (Chatani et al. 2011). 
Finally, a double transgenic line of osterix-DsRed and TRAP-GFP (Chatani et al. 
2015) was generated to examine the cooperation between osteoblasts and osteo-
clasts in the same animal in vivo (Fig. 5.1). Osteoclasts, which are differentiated 
from c-fms+ osteoclast progenitors, are exclusively localized in the developed sup-
porting bones, and osteoblasts are mainly localized in immature supporting bones 
(Mantoku et al. 2016). Osteoblast ablation-induced osteoclast apoptosis is a new 
finding that shows the communication between osteoblasts and osteoclasts in bone 
modeling (Fig. 5.2).

5.4  �Fish as the Favored Animal Model in Space

5.4.1  �The First Medaka Fish in Space

In the 1990s, Dr. Ijiri’s group tried to see whether fish can mate successfully in the 
absence of gravity on the space shuttle Columbia and provided the first example 
of a successful vertebrate mating in space (Ijiri 1995). Before performing this 
experiment, they observed the behavior of medaka as a preliminary step in the 
parabolic flight.

Fig. 5.1  Fluorescence 
imaging of medaka 
osteoclasts and osteoblasts
(a) Whole image of osterix 
promoter-DsRed/TRAP 
promoter-GFP double 
transgenic medaka larva, 
which visualizes 
osteoblasts (red) and 
osteoclasts (green). (b) The 
vertebral region. Enlarged 
image of dotted box in “a”
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5.4.2  �Facilities for Rearing Fish in the ISS

The aquatic habitat was developed by JAXA (Japan Aerospace Exploration Agency), 
which was based on the aquatic animal facilities used in Space Shuttle (Masukawa 
et al. 2003; Uchida et al. 2002; Sakimura and Suzuki 1999). This aquatic habitat is 
used for rearing small freshwater fish, such as medaka or zebrafish, for up to 90 days 
in space. The habitat is composed of the closed water circulation system that 
includes a water circulation unit, the gas exchanger for exchange of dissolved gas in 
the circulating water, the biological filter for water purification, and two aquariums 
as habitats for fish (Fig. 5.3). The water circulation unit includes water pumps, flow 
sensors, a temperature controller, and an accumulator to control the environment for 
fish habitation. The total water volume of the water circulation system is 3.2 L, and 
the water volume of each aquarium is 0.7 L. The aquarium has an automatic feeder 
to supply artificial powdery food to fish. Each aquarium is equipped with an LED 
(light emitting diode) light for producing day and night cycles and a CCD (charge-
coupled device) camera for observation of fish. Outlines of the aquatic habitat and a 
flow scheme are shown in the JAXA homepage (JAXA 2017). These components 
were performed in the Multi-purpose Small Payload Rack (MSPR) at the Japanese 
Experiment Module (JEM) in ISS. During fish habitation in the aquatic habitat, the 

Fig. 5.2  Distinctive localization of osteoclasts and osteoblasts
(a, b) TRAP promoter-GFP (a) osterix promoter-DsRed signals (b) at right upper pharyngeal bone. 
(c) Merge image of “a” and “b.” (d) Enlarged image of white square in “c.” Yellow square shows 
tooth family. (e) Model of the role for tooth change mediated by bone resorption and formation. 
(Mantoku et al. 2016)
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water temperature was maintained at 25.5–26 °C, and the water flow rate was con-
trolled at 0.1 L per minute for each aquarium. The dissolved oxygen was maintained 
at over 90% saturation by gas exchange with the cabin and the water quality was 
controlled by using a biological filter of nitrifying bacteria. The water quality was 
checked by the astronauts once or twice a week with test strips, and there was no 
accumulation of either ammonia or nitrite during the experiments. The day and 
night cycle, obtained by use of a white LED light, was controlled to provide 14 h of 
light (380 lux) and 10 h of dim light (10 lux; this dim light was used for dorsal light 
response of fish). Three kinds of powdery food, Otohime B-1 (Marubeni Nisshin 
Feed) and Kyowa N250 and N400 (Kyowa Hakko Bio), were supplied to the fish by 
the automatic feeder in the aquarium twice or thrice a day.

5.4.3  �Two Kinds of Fish Reared at the Aquarium in Space

To examine the physiological changes in space, medaka and zebrafish were reared 
at the aquarium in the ISS. The effects on bone of medaka and skeletal muscles of 
zebrafish in space were studied. Sixteen medaka were launched and reared for 
approximately 2 months in 2012, (Chatani et al. 2015) whereas 18 zebrafish were 
reared for 1.5 months in 2015.

5.5  �Long-Term Experiment in the ISS

Patients on bed rest and those with age-related osteoporosis suffer from loss of bone 
density. Results from the experiment in space can provide the data that may be used 
to develop new drugs and treatments for these patients. During long stays in space, 
the bone volume of astronauts decreases remarkably. However, the molecular mech-
anism of bone loss remains unknown. Enhancement of the osteoclast (cells respon-
sible for bone resorption) is assumed to cause decrease in bone mineral density in 

Fig. 5.3  Behaviors of 
reared fish in AQH in ISS
Medaka (red arrow) is 
floating and swimming 
upside down in AQH. 
(Chatani et al. 2015)
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space. To investigate the molecular mechanism, the osteoblast- and osteoclast-
specific double transgenic medaka fish were developed, because medaka is a model 
animal for organogenesis.

Medaka is a vertebrate fish commonly used for scientific research, because they 
have a smaller genome size than zebrafish have, can live in a much smaller area, and 
consume less food, water, and oxygen. Medaka have mated successfully in space, 
indicating that medaka is an ideal fish suitable for raising all life stages from juve-
niles to adults in the AQH system under the microgravity environment of the ISS.

To investigate the effect of microgravity on osteoclasts in space, a long-term 
experiment on medaka was performed in 2012 (Chatani et al. 2015). It specifically 
aimed to examine the alteration of osteoclast activity under microgravity by per-
forming histological and gene expression analysis (Aquarium-AQH 1). The molec-
ular mechanisms that activate osteoclasts in microgravity are under investigation. In 
the Aquarium AQH 2, medaka living in microgravity were examined; these geneti-
cally modified fish have translucent bodies, with fluorescent proteins to allow 
clearer observation of their cellular and genetic changes during space flight.

The cellular activities of bone formation and resorption have been studied in the 
gravity-sensitive pharyngeal region of medaka, which contains hundreds of teeth 
and many osteoclasts in the adult fish. Observations revealed that the fish became 
accustomed to microgravity by displaying unique behaviors, such as upside down, 
vertical, and tight-circle swimming (Fig. 5.3). In addition, it was found that the mat-
ing behavior at day 33 under microgravity is not different from that on Earth. 
Interestingly, they tended to become motionless at day 47, suggesting reduced mus-
cle force. Tooth germ formation during tooth development was normal in the flight 
group. During 56 days in microgravity, the mineral density of the upper pharyngeal 
bone and the tooth region decreased approximately 24% and the osteoclast volume 
increased compared to those of the ground control fish (Fig. 5.4). Using an electron 
microscope, the abnormal structure of osteoclast mitochondria was observed. 
Moreover, transcriptome analysis revealed a significant increase in the activity of 
two genes that may be involved in mitochondrial function, suggesting that osteo-
clast activation might be linked to the sensitivity of mitochondria to microgravity. 
Overall, the results indicated the impaired physiological function and reduced 
mechanical use of the body under microgravity, in addition to osteoclast activation, 
induce stress owing to weightlessness.

Further, other studies examined the ovary, intestine, testis, liver, brain, and eyes, 
and focused on observing the biological impact of microgravity on these organs 
(Murata et al. 2015). The analysis of 5345 genes from the six tissues, mentioned 
earlier, revealed similar but highly tissue-specific changes. Eleven genes were 
upregulated (the process by which a cell increases the quantity of a cellular compo-
nent, such as RNA or protein, in response to an external stimulus; i.e., the action 
opposite to downregulation) in more than four of the tissues examined, indicating 
the presence of a common immune and stress response system to spaceflight. A few 
genes in the brain and eyes responded to the space environment. By contrast, more 
than 2500 genes altered their expression levels in the caudal (near the tail) part of 
the intestine, suggesting that this organ is highly sensitive to stress induced by 
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microgravity. Many genes were downregulated in the liver without accompanying 
tissue abnormalities. No significant alterations in the gene expression levels (“sig-
nificant” refers to more than two-fold difference) were detected in the ovary. 
However, the expression levels of genes for egg envelope proteins were suppressed 
in the ovary, and egg development became slightly abnormal in space fish, even 
though body growth and maturation were not delayed. In the testis, spermatocytes, 
spermatids, and spermatozoa were comparable between the flight and ground 
groups, suggesting that normal spermatogenesis is maintained during spaceflight.

These results shed light on the mechanism underlying the regulation of bone 
physiology and organ tissue changes under microgravity.

5.6  �Short-Term Experiment in the ISS

To investigate the mechanism of bone loss during spaceflight, it is important to 
study the initial response immediately after exposure to microgravity, because this 
response triggers for bone loss. To examine the early effects of microgravity on 
bone cells, transgenic medaka larvae were embedded in a gel (Fig. 5.5) and sent to 
the ISS for a live-imaging study in space in 2014 (Chatani et al. 2016), and the 

Fig. 5.4  Changes of medaka bone under microgravity
(a) Soft X-ray analysis. Lateral views of the heads of ground (leſt) and flight medaka (right) reared 
for 56 days. The red-dotted box shows the pharyngeal bone region. (b) Upper pharyngeal bones 
and teeth of osterix promoter-DsRed/TRAP promoter-GFP double transgenic medaka at day 56. (c) 
Graph shows the relative value of GFP volume divided by DsRed volume. (Chatani et al. 2015)
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Fig. 5.5  Overall picture of 
the medaka chamber 
captured at the ISS
Totally, 273 images 
captured by 5x objective 
lens were integrated by 
Tiling method, showing an 
overall picture of the 
medaka chamber. This 
figure shows suitable 
localization of medaka fish 
for observation by 20x 
objective lens

Fig. 5.6  Scheme of live-imaging method under microgravity
During the experiment at the ISS, the crew set up medaka samples, and remote observations and 
operations were conducted by command from Earth via the ELT (Experiment Laptop Terminal). 
The recorded image files were transferred back to Earth
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signals produced in the ISS by fluorescence microscopy via remote operation from 
Tsukuba Space Center were observed (Fig. 5.6). For this experiment, four differ-
ent double medaka transgenic lines were utilized. Particularly, upregulation of 
fluorescent signals of osteoblasts and osteoclasts in these double transgenic lines 
was investigated to focus on osteoblast-osteoclast interaction under microgravity. 
In the live imaging of osteoblasts, intensity of osterix- and osteocalcin-DsRed in 
pharyngeal bones was significantly enhanced a day after launch, and this enhance-
ment continued for 8 and 5 days, respectively. In osteoclasts, the signals of TRAP-
GFP and MMP9-DsRed were highly increased at day 4 and 6 in flight after launch 
(Fig. 5.7).

In addition, HiSeq from pharyngeal bones of juvenile fish at day 2 after launch 
showed upregulation of two osteoblast- and three osteoclast-related genes. The pat-
tern of gene expression in these transgenic fish was examined by transcriptome 
analysis. HiSeq analysis of the pharyngeal bones showed the enhanced expression 
of osteoblast- and osteoclast-related genes. Furthermore, gene ontology analysis via 
RNA-Seq from the whole body showed that nuclear transcription was significantly 
enhanced; particularly, transcription regulators were more upregulated at day 2 than 

Fig. 5.7  Bone metabolism under microgravity: Increase of fluorescent signals of osteoblasts and 
osteoclasts in medaka
(a–d) Whole body imaging of the osterix-DsRed transgenic line. (e) The fluorescent intensity from 
day 1 to 7 of observation constantly increased in the flight group. (f–h) The representative visual-
izing data for osterix-DsRed/TRAP-GFP in the flight group. (i–l) The merged images were cap-
tured in 3D view for osterix-DsRed and TRAP-GFP in the pharyngeal bone region of the double 
transgenic line
Lp: lower pharyngeal bone; c: cleithrum. GFP signals identify osteoclasts (OC). (Chatani et al. 
2016)
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at day 6. Finally, five genes—c-fos, jun-b, pai-1, ddit4, and tsc22d3—were identi-
fied, which were upregulated commonly in the whole body at days 2 and 6 and in 
the pharyngeal bone at day 2. Our results suggested that exposure to microgravity 
immediately induced dynamic alteration of gene expressions. In summary, our 
results from live imaging and transcriptome analysis may prompt the establishment 
of a new field in gravitational biology.

5.7  �Conclusion and Future Perspectives

In a study on medaka fish under microgravity, changes appeared in the activities of 
bone cells. Thus, the highly valued fish models could be more conveniently used for 
elucidating the effects of microgravity on bones in comparison to traditional rodent 
models. The past rodent models and our fish data show that there are drastic changes 
at the sites of active bone metabolism. These studies provide a better understanding 
of the response of bone to reduced gravity and shed light on the mechanism underly-
ing the regulation of bone physiology under microgravity.
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Chapter 6
Small Teleosts Provide Hints Toward 
Understanding the Evolution of the Central 
Regulatory Mechanisms of Reproduction

Shinji Kanda

Abstract  Reproduction is one of the most important characteristics of all living 
organisms. In vertebrates, interactions among the hypothalamus, pituitary, and 
gonad are important for the regulation of reproduction. In spite of the wide variety 
of reproductive traits among species, the current knowledge regarding the central 
regulation of reproduction has mainly been acquired from mammalian studies until 
recently. This approach does not provide the information what is and is not common 
in vertebrates. Recently, molecular genetic tools became available that can be rather 
easily applied to the model teleost species, medaka and zebrafish. In particular, 
when these techniques are combined with classical surgeries developed in the twen-
tieth century, medaka became one of the most powerful models for understanding 
the neuroendocrine regulation of reproduction in vertebrates. Moreover, single-cell 
physiological approaches, such as patch-clamp electrophysiology and Ca2+ imag-
ing, can be performed in established transgenic lines to unveil the regulatory mecha-
nisms at the cellular level. By combining such physiological results and results from 
recently developed genome editing techniques, mechanism of central regulation of 
reproduction has been getting clear in teleosts. In this chapter, I will discuss recent 
developments in understanding the central regulatory mechanisms of reproduction 
in teleosts in comparison with the knowledge in mammals. By comparing these two 
classes, a broader picture of the evolution of reproductive regulation in vertebrates 
will emerge.

Keywords  GnRH · Reproduction · Hypothalamus · Pituitary · Kisspeptin · 
Estrogen · LH · FSH

S. Kanda (*) 
Department of Biological Sciences, Graduate School of Science, University of Tokyo, 
Bunkyo, Tokyo, Japan
e-mail: shinji@bs.s.u-tokyo.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1879-5_6&domain=pdf
mailto:shinji@bs.s.u-tokyo.ac.jp


100

Abbreviations

ARC	 Arcuate nucleus
AVPV	 Anteroventral periventricular
cmlc2	 Cardiac myosin light chain 2
CRISPR	 Clustered regularly interspaced short palindromic repeats
FSH	 Follicle-stimulating hormone
FSHB	 Follicle-stimulating hormone β
GnRH	 Gonadotropin-releasing hormone
GPA	 Glycoprotein α
HPG axis	 Hypothalamic-pituitary-gonadal axis
LH	 Luteinizing hormone
LHB	 Luteinizing hormone β
OVX	 Ovariectomy
PMSG	 Pregnant mare serum gonadotropin
POA	 Preoptic area
TALEN	 Transcription activator-like effector nuclease

6.1  �Neuroendocrinological Studies in Small 
Fishes:Advantages and Disadvantages

Vertebrates use hormones to maintain homeostasis as well as to initiate special 
events in their lives, such as reproduction, when the conditions inside and outside of 
the body become appropriate. Neuroendocrinology is the study that examines how 
such hormone release is regulated and how these hormones work. Until recently, 
most fish endocrinologists have used fish species such as sea bass, goldfish, and 
salmon, because their large size allows the administration of hormones and the mea-
surement of serum hormone concentrations by radioimmunoassay, which directly 
indicates the identity of the hormones. Such studies have provided immeasurable 
information for hormonal functions and have contributed to applications such as 
aquaculture. However, most of the hormonal functions are determined by the exper-
imental results using whole bodies. Thus, the mechanisms at the cellular level is 
often remain to be elucidated.

On the other hand, mammalian studies have utilized various molecular genetic 
tools, such as transgenic technique and homologous recombination, and have 
revealed the mechanisms of neuroendocrinological regulation in the brain and pitu-
itary. In other words, most of our understanding of the neuroendocrinological regu-
lation at the cellular level is limited to mammals, posing a great disadvantage for 
biological interests for the following reasons. First, mammals are one class of spe-
cies, and many nonmammalian studies, including ours, have shown that mammals 
have special characteristics not observed in other classes. Second, to understand the 
neuroendocrinological systems from a biological point of view, evolution should be 
considered. Without knowledge of nonmammals, we cannot understand the 
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principles in vertebrates. Finally, yet importantly, there are several special tech-
niques that take advantage of the unique central nervous system of teleosts.

We have been studying the neuroendocrinological regulation of reproduction by 
taking advantage of medaka. Using medaka, we can apply molecular genetic tools 
that specifically label or artificially induce gene expression in target cells, allowing 
subsequent single-cellular physiological experiments. The hurdle to producing 
transgenic animals is much lower than that in larger fishes, because medaka has a 
short life cycle and produces many fertilized eggs daily. Moreover, medaka provides 
additional advantages over other fishes for the neuroendocrinological study of 
reproduction. They are not only seasonal breeders, but they can also switch between 
reproductive and nonreproductive states based solely on the day length. Many crea-
tures are seasonal breeders, but most of them require temperature changes to induce 
changes in their breeding conditions. These temperature changes also alter meta-
bolic rates and make it difficult to identify breeding state-specific phenomena. 
Because the most frequently used laboratory animals, such as mice and rats, have 
lost their seasonality, medaka studies may provide needed insight in the area of 
seasonal breeding.

The advantages of medaka and zebrafish as experimental animals for neuroendo-
crinological studies compared to larger fish are summarized in Table 6.1.

6.2  �Mechanism of Hypothalamic-Pituitary-Gonadal (HPG) 
Axis Regulation Revealed by Studies in Medaka

6.2.1  �HPG Axis Regulation in Mammals

Before discussing fish reproduction, I would like to describe the central regulation 
of reproduction in mammals because they are the best studied. Since their discovery 
in 1977, gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus 

Table 6.1  Advantages and disadvantages of small or larger fish

Larger fish Smaller fish

Morphological 
studies

One can detail the anatomy of 
peripheral organs and the central 
nervous system

One can observe whole sections 
of a whole brain in a single slide

Generation time Generally long (often over 1 year) Generally short (2–3 months in 
shortest)

Maintenance Large tanks for individual fish lines 
occupy much space, limiting the scale 
of fish maintenance

One can raise many fish lines in a 
laboratory scale

Transgenic/KO △ ○
Physiological 
studies in the CNS

Recording from slice preparations 
with larger cells

Recording from whole brain 
in vitro preparation with intact 
neural circuits, ideally
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have been known to form the final common pathway for reproduction. GnRH neu-
rons project to the median eminence and release the peptide GnRH from their nerve 
terminals into the hypophyseal portal vessels. The released GnRH stimulates 
gonadotrophs in the pituitary, causing the release of follicle-stimulating hormone 
(FSH) and luteinizing hormone (LH) into the general circulation. FSH and LH play 
distinct roles in the gonads (ovaries in females). FSH is responsible for the initial 
phase of folliculogenesis, whereas the pulsatile release of LH is required for the late 
phase of folliculogenesis. Because their release occurs only when the sex steroid 
level is low, steroids are considered to provide negative feedback. After the follicles 
are fully developed and thus the serum estrogen level is elevated, a surge like GnRH 
release occurs, which evokes an LH surge. The LH surge, which depends on the 
positive feedback of estrogen, causes ovulation in females. These positive and nega-
tive feedback actions of sex steroids do not occur through direct action on GnRH 
neurons. On the contrary, the recently discovered kisspeptin neurons, located in the 
arcuate and anteroventral periventricular (AVPV) nucleus, are sensitive to estrogen 
and inhibit and stimulate the release of GnRH in response to low and high estrogen 
concentrations, respectively (Fig. 6.1a). In contrast to the situation in mammals, the 
central regulatory mechanisms of reproduction in nonmammalian vertebrates are 
poorly understood. One can speculate that the knowledge of mechanisms in mam-
mals cannot be applied to nonmammals because there are many obvious differences 
between them. For instance, mammals produce a small number of offspring, while 
fish produce many eggs. Moreover, during late folliculogenesis, there has been no 
clear evidence for the existence of the LH pulse in any nonmammalian species. 
Thus, to elucidate the vertebrate neuroendocrine regulation of reproduction, non-
mammalian studies are necessary. Here, I will mainly focus on recent studies using 
small teleosts, and medaka in particular.

Fig. 6.1  (continued) hormone (FSH)-producing cells. Second, in mammals, LH and FSH are 
secreted from a single type of gonadotroph, while in teleosts, LH and FSH are secreted from separate 
LH- or FSH-producing cells. (a) Schematic illustration of the regulatory mechanisms of the 
hypothalamic-pituitary-gonadal (HPG) axis in mammals. The release of Kiss1 from kisspeptin neu-
rons (Kiss) in the arcuate nucleus (ARC) is negatively regulated by ovarian estrogen and promotes 
folliculogenesis by inducing pulsatile GnRH and LH release. On the other hand, the release of kiss-
peptin in the anteroventral periventricular (AVPV) nucleus is positively regulated by estrogen and 
induces ovulation by stimulating the GnRH and LH surge. FSH is thought to be involved in the initial 
phase of folliculogenesis. (b) Schematic illustration of the regulatory mechanisms of the HPG axis 
in teleosts. In teleosts, kisspeptin neurons, which have been demonstrated to be estrogen sensitive, 
do not regulate GnRH neurons. Negative and positive feedbacks are conserved, but their mechanisms 
are largely unknown. Unlike in mammals, in teleosts, FSH is the gonadotropin responsible for fol-
liculogenesis, and GnRH neurons and LH are dispensable for it. Hypophysiotropic GnRH neurons, 
which induce LH release, and LH itself are required only for final oocyte maturation and ovulation
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Fig. 6.1  Commonalities and differences in the central regulatory mechanisms of reproduction 
between mammals and teleosts. In both groups, preoptic area (POA) gonadotropin-releasing hor-
mone (GnRH) neurons that regulate pituitary function are important for the regulation of luteinizing 
hormone (LH) release from the pituitary. Morphologically, there are two major differences. First, in 
mammals, GnRH neurons release GnRH into the hypophyseal portal vessels, whereas in teleosts, 
they directly project to the pituitary and release GnRH in the vicinity of LH- and follicle-stimulating 
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6.2.2  �Advantages of Medaka for the Study of HPG Axis 
Regulation

To understand the common principles of vertebrate HPG axis regulation, medaka is 
the primary species that should be investigated. Two common small teleosts, zebraf-
ish and medaka, are used as models. It is favorable that these two species are very 
distinct species within teleost lineage: teleosts emerged around 283 mya, and the 
ancestors of zebrafish and medaka branched around 211 mya (Betancur et al. 2013). 
Therefore, common findings in zebrafish and medaka should be similar to the prin-
ciples found in all teleosts. Actually, many studies have reported differences between 
zebrafish and medaka. Thus, parallel studies in these two small fish species provide 
insight into the principles of reproductive regulation.

Compared to zebrafish, medaka offers some advantages for studying the central 
regulation of reproduction. As described earlier, medaka is a seasonal breeder, 
whereas zebrafish is a continuous breeder. In addition, we can perform ovariectomy 
(OVX, removal of the ovary) surgeries in medaka (Kanda et al. 2011). In our experi-
ence, more than 90% of medaka survive and are healthy after the surgery. We can 
also administer hydrophobic hormones such as estrogen, and its inhibitors, simply 
by exposing fish to the water containing the reagents (Hiraki et al. 2014) or feeding 
them foods containing the reagents (Kanda et al. 2011). The ease of hormonal treat-
ment and inhibition using hydrophobic compounds is very useful because hydro-
phobic sex steroid hormones are strongly involved in reproductive regulation.

I will review recent results from studies in medaka and compare them to studies 
in zebrafish and other species. These studies provide hints toward understanding the 
principles of HPG axis regulation in teleosts.

6.2.3  �The Gene Knockout (KO) Technique Indicated Essential 
Components of Reproduction in the Brain 
and the Pituitary

Following the recent development of genome-editing tools, medaka became one of 
the easiest animals in which to generate knockouts. Transcription Activator-Like 
Effector Nuclease (TALEN) and Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR) techniques have provided several knockout lines for key regula-
tors of the HPG axis.

6.2.3.1  �Pituitary Hormones

FSH and LH are members of the heterodimeric glycoprotein hormone family; FSH 
consists of a glycoprotein α (GPA) subunit and a follicle-stimulating hormone β 
(FSHB) subunit, whereas LH consists of a GPA subunit and a luteinizing hormone 
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β (LHB) subunit. Therefore, for the analysis of FSH, the fshb gene was deleted, and 
for LH, the lhb gene was deleted. In medaka, both the FSH knockout and LH knock-
out females are infertile. However, their phenotypes are quite different. FSH homo-
zygous knockouts show a very small yolk accumulation compared to that of the 
heterozygous knockouts. On the other hand, the LH knockout medaka show fully 
developed ovaries with oocytes after yolk accumulation (Takahashi et al. 2016b). In 
fact, a single intraperitoneal injection of recombinant LH (Ogiwara et al. 2013) or 
pregnant mare serum gonadotropin (PMSG), which is an LH but not FSH receptor 
agonist, could induce ovulation in the LH knockout medaka. The ligand knockouts 
and the receptor knockouts showed similar results (Murozumi et al. 2014). The FSH 
receptor knockout cannot undergo yolk accumulation, whereas the LH receptor 
knockout showed a failure in ovulation. Therefore, FSH is required for folliculo-
genesis, while LH is required for final oocyte maturation and subsequent ovulation 
in medaka.

In zebrafish, there are several reports of knockouts for LH, FSH, the LH receptor, 
and the FSH receptor (Chu et al. 2015, 2014; Zhang et al. 2015a, b). The LH KO 
zebrafish showed similar results as the LH KO medaka. On the other hand, the 
female FSH KO zebrafish was fertile, unlike the FSH KO medaka. This discrepancy 
can be explained by the fact that LH can bind to both FSH and LH receptors in both 
species, and LH may compensate for the loss of FSH in zebrafish. In fact, FSH 
receptor KO zebrafish cannot reproduce. Taken together, the evidence from the 
ligand and receptor knockouts of both zebrafish and medaka indicates that the FSH 
system is required for folliculogenesis, while the LH system is required for final 
oocyte maturation and subsequent ovulation as a basic principle in teleosts. This 
principle is quite different from that in mammals, which require pulsatile LH release 
for folliculogenesis, while teleosts require only FSH.

6.2.3.2  �GnRH Is One of the Most Important Regulators of Ovulation 
in Vertebrates

We also generated gnrh1 knockout medaka to understand the function of GnRH1 
(Takahashi et al. 2016b). Our GnRH1 knockout showed a similar phenotype as the 
LH knockout. We also demonstrated that an LH analog can rescue the deficiency in 
ovulation in this knockout. As the gnrh1 knockout showed reduced lhb expression 
and normal fshb expression in the pituitary. GnRH can be considered essential for 
ovulation because it is required for the stimulation of LH release from the pituitary, 
which has been demonstrated using physiological experiments.

The GnRH Knockout Zebrafish Is Fertile, Which Does Not Deny 
the Importance of GnRH in Cyprinids

In zebrafish, multiple research groups have shown that gnrh knockouts are fertile 
(Spicer et al. 2016; Liu et al. 2017). Additionally, the double knockout, in which 
both GnRH paralogues were eliminated from the genome, is also fertile. Thus, in 
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contrast to medaka, zebrafish does not require GnRH for ovulation. However, these 
results do not deny the importance of GnRH in zebrafish. One important observa-
tion was that in goldfish, which belong to the same Cyprinidae family, artificial 
ovulation was induced by the coinjection of a GnRH analog and dopamine inhibitor 
in long-day and low-temperature conditions, in which endogenous FSH but not LH 
is functional (Chang and Peter 1983). Importantly, since artificial ovulation was not 
induced when either one of the reagents was absent, both the existence of GnRH 
and the disinhibition of dopamine are necessary for LH surge induction and subse-
quent ovulation in goldfish. Although there is still a discrepancy between goldfish 
and zebrafish, the requirement for dopamine inhibition in addition to GnRH in cyp-
rinids (Fontaine et  al. 2013) might explain the difference in phenotype between 
GnRH knockout zebrafish and medaka.

In light of the previous intraperitoneal injection studies in various fishes and 
tetrapods, it can be inferred that dopamine inhibition of LH release was acquired 
during the early teleost lineage and became weakened at some point during the long 
evolutionary history of teleosts. In sturgeons, which emerged prior to the teleost-
specific 3R whole-genome duplication, GnRH can induce ovulation in the absence 
of dopamine inhibition. Likewise, many studies in perciform fishes, which emerged 
relatively recently (~133 mya), demonstrated ovulation after the injection of GnRH 
analog only. On the other hand, species that emerged relatively early after the 3R 
duplication are likely to exhibit dopamine inhibition (e.g., eel and cyprinids).

Comparison of Results of Multiple Species Leads to a Conclusion Which 
Widely can Be Applied to Teleosts

Knockout studies in both zebrafish and medaka and previous injection studies 
strongly suggest that GnRH is nearly essential for ovulation in teleosts, and zebraf-
ish are the exception. Given similar reports in tetrapods, GnRH may be generally 
important for vertebrate reproduction, at least in bony vertebrates.

Interestingly, there may be a tendency for medaka to experience more severe 
dysfunction from a single gene knockout in comparison to zebrafish, at least in the 
case of the gonadotropin and GnRH genes. The period after the 3R whole-genome 
duplication preceding the emergence of Beloniformes (medaka) is longer than pre-
ceding the emergence of Cypriniformes (zebrafish). I speculate that dispensable 
genes involved in compensatory pathways were lost during this longer period. Thus, 
medaka may display critical phenotypes after gene knockouts.

It is evident that comparative studies of zebrafish and medaka are necessary for 
understanding the general function of GnRH and gonadotropins in teleosts. The 
discrepancies and their explanations introduced here indicate that parallel studies 
using at least two distinct species, such as zebrafish and medaka (Betancur et al. 
2013), are important for understanding the general principles of the central regula-
tory mechanisms of reproduction in teleosts.
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6.2.3.3  �Kisspeptin May Be a Mammalian-Specific Regulator 
of Reproduction

Kisspeptin is an essential regulator of reproduction in mammals. Since its discovery 
in 2003, kisspeptin and kisspeptin neurons have been one of the hottest topics in 
neuroendocrinology. Many researchers have examined the effects of intraperitoneal 
injection of synthetic kisspeptin peptides, and studies have shown that kisspeptin 
increases the serum concentration of LH in some fish. However, I do not believe that 
kisspeptin is a regulator of reproduction in teleosts based on our results in medaka 
and on studies performed by others and us in other fish species. I would like to 
introduce lines of evidence from medaka.

Several experimental results contradict the involvement of kisspeptin in repro-
ductive regulation. First, GnRH neurons, which are the targets of kisspeptin, do not 
express either subtype of kisspeptin receptors in medaka (Kanda et al. 2013). This 
negative result may deny the possibility that kisspeptin regulation of the HPG axis 
is similar to that in mammals. This result was replicated in seabass (Escobar et al. 
2013b). Second, both male and female kisspeptin knockout medaka reproduce nor-
mally (Nakajo et al. 2017). A similar result was reported in zebrafish. Third, kiss-
peptin administration did not alter the serum LH concentration in goldfish (Nakajo 
et al. 2017). It was also demonstrated that kisspeptin peptide did not alter the firing 
activity of GnRH neurons (Nakajo et al. 2017). Several reports showed that kiss-
peptin administration induced an increase in LH in some fish species, in spite of the 
absence of kisspeptin receptor in GnRH neurons generally in teleosts. Although 
there is a possibility that unknown mechanism other than GnRH neuron regulation 
could work, I have no idea about that partly because we could not replicate at least 
one of the reports in goldfish. Therefore, from the evidence derived from a combina-
tion of morphological, knockout, and electrophysiological studies, kisspeptin in 
teleosts does not have the same function as observed in mammals, in which kiss-
peptin acts directly on the GnRH and modulate LH release.

In spite of the controversy regarding the function of kisspeptin, we found that the 
steroid sensitivity of kisspeptin neurons is widely conserved in bony vertebrates, 
including teleosts and mammals. We showed that kisspeptin neurons in medaka 
hypothalamus as well as in the goldfish preoptic area express estrogen receptors, 
and estrogen alters the expression of the kisspeptin gene (Kanda et al. 2008, 2012; 
Mitani et al. 2010) and kisspeptin neuronal firing activity (Hasebe et al. 2014). The 
evolutionary scenario of steroid-sensitive kisspeptin neurons has been described 
earlier (Kanda and Oka 2012).

From these observations, I hypothesize that kisspeptin neurons play an unknown 
role in the response to serum sex steroid changes. During the long evolutionary his-
tory, mammalian species may have begun to express kisspeptin receptors on GnRH 
neurons to generate the pulsatile mode of GnRH and LH secretion. This speculation 
is consistent with the observation that LH pulses are found only in mammals.
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6.2.4  �Physiological Analysis of GnRH1 Neurons and Their 
Regulation of LH and FSH Release

I have described the importance of GnRH1 and its possible essentiality in verte-
brates. To my knowledge, none of the vertebrate species lack the hypophysiotropic 
GnRH system. Here, I will review recent developments in understanding the hypo-
physiotropic GnRH system by using physiological analyses in medaka.

In medaka, transgenic lines have been generated that express GFP-labeled 
gnrh1, 2, or 3 neurons (Okubo et  al. 2006; Kanda et  al. 2010; Takahashi et  al. 
2016a). It is very difficult to select GFP-positive individuals when GFP is expressed 
only in the adult brain. This situation sometimes occurs in the labeling of neurons 
involved in reproductive regulation, which are not necessarily expressed in larvae. 
To solve this problem, we are using a double-promoter technique. There are two 
preferred enhancers that induce the expression of fluorescent proteins in larvae and 
are easy to recognize. One is cardiac myosin light chain 2 (cmlc2), which induces 
fluorescent protein expression in the heart muscles. Interestingly, because the 
cmlc2 enhancer works on the promoters located in both the 5′ and 3′ direction, we 
only have to insert one fluorescent protein gene for both the enhancer of interest 
and cmlc2 (see Fig. 1a of Takahashi et al. 2016a). The other is globin β4, which 
induces expression in the red blood cells in the larval stages, but not in adulthood 
(Maruyama et  al. 2012). Flowing blood cells are easy to identify, which makes 
screening easier. By using this double-promoter strategy, we efficiently generated 
several transgenic lines.

GnRH1 transgenic medaka has provided morphological and physiological infor-
mation on the hypophysiotropic GnRH neurons. Because GnRH1 neurons were 
shown to project to the pituitary (Takahashi et al. 2016a), we analyzed their sponta-
neous firing activity using a loose-patch recording technique, a relatively easy extra-
cellular technique for recording from a single target neuron. It was found that 
GnRH1 neurons generally fire in an irregular pattern (Karigo et  al. 2012). 
Interestingly, their firing activity increases during the time that the LH surge is sup-
posed to occur (Takahashi et al. 2013). Moreover, Ca2+ imaging showed that GnRH 
peptide administration increases the intracellular Ca2+ of LH and FSH cells in the 
pituitary (Karigo et al. 2014). The expression of lhb and fshb mRNA in isolated 
pituitary preparations also showed an increase in response to GnRH peptide expo-
sure. These data indicate that the GnRH system stimulates both FSH and LH release, 
although its essentiality is limited to LH release.

Interestingly, we also demonstrated that the firing activity of GnRH1 neurons is 
suppressed specifically in females when there is a shortage of glucose (Hasebe et al. 
2016). In the future, medaka will provide a very good experimental model for eluci-
dation of the relationship between reproduction and nutrition. Unfortunately, because 
the size of most medaka neurons is too small to perform whole cell patch-clamp 
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recordings with a low access resistance, it will be difficult to elucidate intracellular 
mechanisms that involve ion channels. In such cases, perhaps, electrophysiology 
studies in larger fish may solve this problem, although the generation of GFP trans-
genic fish in larger species generally takes a long time.

6.2.5  �GFP Labeling of Receptor-Expressing Neurons May 
Provide New Insights on Specific Neuronal Systems

So far, the function of kisspeptin in species other than mammals is unclear, although 
the steroid sensitivity of kisspeptin neurons is conserved in bony vertebrates. As this 
steroid sensitivity is the common feature of the vertebrate kisspeptin system, we 
began to detect the conserved kisspeptin functions in vertebrates. Dozens of double 
in situ hybridization studies resulted in the discovery of some of the neurotransmit-
ters that are regulated by kisspeptin system (Escobar et  al. 2013a; Kanda et  al. 
2013), but all the neurons that express the kisspeptin receptor were not identified. 
Thus, we established a transgenic line in which the kisspeptin-receptor-expressing 
neurons were labeled by GFP. Using this transgenic line, we performed single-cell 
RNA-seq to identify the neurotransmitters whose release is regulated by kisspeptin. 
We also performed patch-clamp recordings to elucidate the effects of kisspeptin on 
kisspeptin-receptor-expressing neurons, guided by their GFP expression. We have 
identified some neurotransmitters using this method. If this method is applied to 
other neuronal systems in the future, novel functions of neurotransmitters will be 
efficiently detected using the combination of transgenic medaka and next-generation 
sequencing.

6.3  �Conclusion

From the study of the neuroendocrinological regulation of reproduction, it can be 
concluded that the mechanisms discovered in mammals are not always applicable to 
teleosts, and vice versa, because fish are not an ancestor of mammals. Rather, they 
have proceeded through a long evolutionary history after diverging from their com-
mon ancestors. Thus, by searching for the commonalities and differences, we can 
identify the common principles as well as the differences that have contributed to 
the adaptation of each species. Using the advantages of medaka, only some of which 
are mentioned in this chapter, will contribute to a more complete understanding of 
vertebrate neuroendocrine systems.

6  Small Teleosts Provide Hints Toward Understanding the Evolution of the Central…
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Chapter 7
Diversified Sex Characteristics 
Developments in Teleost Fishes: 
Implication for Evolution of Androgen 
Receptor (AR) Gene Function

Yukiko Ogino, Gen Yamada, and Taisen Iguchi

Abstract  Gene duplication is a dominant driving force of evolution. The steroid 
hormone receptor (SR) gene family is thought to have arisen from gene duplication. 
However, the molecular events which produce new protein functions after genome 
duplication have not been fully understood. Teleost fishes present an excellent 
model to investigate an accurate evolutionary history of protein function after whole 
genome duplication (WGD), because the teleost-specific WGD (TSGD) 350 mil-
lion years ago (Ma) resulted in a variety of duplicated genes that exist in modern 
fishes. We focused on the androgen receptor (AR) gene, since two different subtype 
genes, ARα and ARβ, were generated in the TSGD. It was previously shown that 
ARβ has retained the ancestral function, whereas ARα has evolved as a hyperactive 
form of AR in the teleost lineage. Such evolutionary novelty of protein function in 
AR genes might facilitate the emergence of divergent sex characteristics in the tele-
ost lineage. Results of the combined functional and 3D analyses of medaka ARs 
identified the substitutions that led to changes in protein structure and function 
between medaka ARα and ARβ. By tracing evolutionary changes in protein func-
tion of ARs in teleost lineage, we recently revealed that the substitutions generating 
a new functionality of teleost ARα were fixed in the teleost genome after the diver-
gence of the Elopomorpha lineage. Such findings would provide an historical expla-
nation for the retention of the duplicated AR copies in the euteleost genome. We 
also highlighted the molecular mechanisms of secondary sex characteristics devel-
opment in teleost fishes, using Western mosquitofish and medaka as models.
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7.1  �Introduction

Vertebrates show diverse sexual characters in sexually attractive and reproductive 
organs, which are regulated by steroid hormones, particularly androgens. The sex 
characteristics specify male characters that bring reproductive diversity leading to 
biodiversity. Physiological and morphological responses to androgens are thought 
to occur predominantly through binding to the androgen receptor (AR), a member 
of the nuclear receptor superfamily that functions as a ligand-activated transcription 
factor (Mangelsdorf et al. 1995; Baker 1997; Laudet 1997; Thornton and Kelley 
1998). Thus, it provides a direct link between the signaling molecules controlling 
the processes of sex characteristics development by transcriptional responses. Based 
on molecular developmental analyses of secondary sex characteristics of cartilagi-
nous fish, teleosts, and the mouse, the genes involved in the signaling pathways of 
Sonic hedgehog (Shh), Bone morphogenetic protein (Bmp), and Wnt-β/catenin 
were identified as effector genes that can interact with and/or function downstream 
of the androgen-AR pathway (Ogino et al. 2004, 2011, 2014; Miyagawa et al. 2009; 
O’Shaughnessy et al. 2015). Molecular evolution of AR gene might have provided 
the important contribution for the evolutionary divergence of the secondary sex 
characteristics, possibly affecting the expression of such effector genes. In fact, 
shark AR activates the target gene via androgen response element by classical 
androgens (Ogino et al. 2009, 2011). Based on currently available information, the 
most ancient type of AR activated by the classical androgens as ligands emerged 
before the Chondrichthyes-Osteichthyes split (Ogino et al. 2009, 2011) (Fig. 7.1).

Gene duplication may lead to the establishment of lineage-specific traits and to 
the development of novel biological functions (Ohno 1970; Hughes 2002; Lynch 
and Katju 2004). The contribution of duplicated genes to these evolutionary novel-
ties has been explained by the duplication–degeneration–complementation model 
(Force et al. 1999). In teleosts, TSGD occurred approximately 350 Ma, after the split 
of non-teleost actinopterygian lineages (namely, bichir, sturgeon, gar, and bowfin) 
from the teleost lineage but before the divergence of Osteoglossomorpha (Chiu et al. 
2004; Hoegg et al. 2004; Jaillon et al. 2004; Brunet et al. 2006). This TSGD may 
have facilitated the morphological diversification and evolutionary radiation of tele-
osts (Miya et al. 2001; Volff 2005). As a result of this TSGD, additional copies of 
ARs compared with the gene repertoire in other jawed vertebrates have been found 
in a number of teleosts (Fig. 7.1) (Ikeuchi et al. 1999; Sperry and Thomas 1999; 
Hawkins et al. 2000; Ogino et al. 2004). Medaka (Oryzias latipes) ARα and ARβ 
were mapped on chromosome 10 and 14, respectively. Flanking regions of AR genes 
on medaka chromosomes 10 and 14 contain genes orthologous to those located in 
syntenic regions on human chromosome X on which the AR is located, indicating 
that the teleost AR gene duplication has been associated with the duplication between 
chromosomes 10 and 14. Such retention of both duplicated copies has been thought 
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to have conferred an advantage through neofunctionalization and/or subfunctional-
ization (Prince and Pickett 2002). This chapter focuses on the functional innovation 
of AR gene and the interaction of androgen and growth factor pathways that pro-
mote the sexual differentiation of reproductive organs in vertebrates.

7.2  �Molecular Evolution of Androgen Receptor Gene 
After TSGD

The steroid hormone receptor (SR) family provides an example of evolution of 
diverse transcription factors through WGD.  Evolution of novel traits following 
duplication of SR genes has been considered to provide the evolutionary innova-
tions in vertebrate lineage. Teleosts present an excellent model to investigate an 
accurate evolutionary history of protein function of SRs after WGD, because TSGD 
resulted in a variety of duplicated SR genes in modern fishes.

Fig. 7.1  Composite phylogeny for vertebrates with the hypothesized scenario of AR evolution in 
vertebrates. The evolutionary tree illustrates that the most ancient type of AR, as activated by the 
classical androgens as ligands, emerged before the Chondrichthyes-Osteichthyes split (shown by 
arrow) and TSGD event that gave rise to two different teleost ARs, ARα and ARβ (indicated by 
blue square). (Adapted from Douard et al. 2008; Ogino et al. 2009)
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Many teleosts have two paralogus copies of AR (ARα and ARβ), whereas only 
one ortholog is present in tetrapods (Fig. 7.1). We recently compared the transacti-
vation property of medaka and Western mosquitofish (Gambusia affinis) ARs with 
other vertebrates ARs (Ogino et al. 2009, 2011). We found that both ARα and ARβ 
of Western mosquitofish and medaka are activated by various androgens as ligands. 
However, ARα showed a unique intracellular localization and significantly higher 
transactivating response than that of ARβ and tetrapod and cartilaginous fish ARs 
(Fig. 7.2a) (Ogino et al. 2009, 2011). In agreement with the transcriptional proper-
ties, the structural analysis by constructing the 3D models of ligand-binding domains 
(LBDs) of ARs revealed that the interaction energy of 11-ketotestosterone (11KT)-
ARα complex is lower than that of ARβ complexed with 11KT, indicating more 
stable binding of 11KT to ARα (Fig. 7.2b) (Ogino et al. 2016). A comparison of the 
deduced amino acid sequences of teleost ARs with ARs of tetrapods and cartilagi-
nous fish, a common ancestor for tetrapods and teleost fishes, indicates that teleost 
ARα accumulated novel substitutions at a greater rate than those of teleost ARβ 
after the duplication that gave rise to ARα and ARβ (Ogino et al. 2016).

The availability of the numerous sequences of AR genes and a reliable basis of 
species phylogeny among diverse lineages of teleost fishes (Inoue et  al. 2003; 
Kikugawa et al. 2004; Volff 2005; Sato and Nisida 2010) enables us to infer a poten-
tial genomic event which drove evolutionary novelty of AR genes in the teleost lin-
eage. Indeed, we succeeded in identifying two key amino acid replacements that 
generate ARα-specific hyper-transactivation and constitutive nuclear localization in 
the ligand-binding domain and hinge region, respectively (Fig. 7.2b) (Ogino et al. 
2016). Interestingly, such substitutions have been highly conserved in spiny-rayed 

Fig. 7.2  Functional analysis of AR genes in COS-7 cells. (a) Ligand-dependent transactivation 
profiles of vertebrate ARs (Adapted from Ogino et al. 2009, 2011). (b) Predicted binding modes 
obtained from the docking simulation analysis of 11KT for the medaka ARα- and ARβ-
LBD. Orange arrows indicate the predicted hydrogen bonds between 11KT and amino acid resi-
dues of LBD. The key residues regulating the transactivation capacity of medaka ARs, ARα Y643, 
and ARβ F702 are not directly implicated in 11KT binding. (Adapted from Ogino et al. 2016)

Y. Ogino et al.



117

fish (Acanthomorpha) ARα, but not in an earlier branching Elopomorpha lineage 
among teleosts, such as Japanese eel (Fig. 7.3). Insertion of these substitutions into 
ARs from Japanese eel recapitulates the evolutionary novelty of spiny-rayed fish 
ARα, indicating the substitutions generating a new functionality of teleost ARα were 
fixed in the teleost genome after the divergence of the Elopomorpha lineage (Ogino 
et al. 2016).

In the history of AR gene evolution, it is likely that the secondary loss of the ARα 
gene occurred independently in Cypriniformes (e.g., zebrafish Danio rerio, gold fish 
Carassius auratus, and fathead minnow Pimephales promelas) and Siluriformes 
(e.g., southern catfish Silurus meridionalis) (Fig. 7.3) (Douard et al. 2008; Hossain 
et al. 2008; Ogino et al. 2009; Huang et al. 2011). In Salmoniformes, whose lineage 
diverged early in euteleost evolution (Near et al. 2012), two AR subtypes were iden-
tified (Takeo and Yamashita 1999). However, these AR subtypes were categorized 
into the ARβ cluster, indicating that the duplication of the salmonid AR gene had 
occurred by lineage-specific gene duplication in the recent salmonid tetraploid event 
estimated to have taken place 100–50 Ma (Allendorf and Thorgaard 1984). The ARα 
might have been lost before this lineage-specific gene duplication. Such evolutionary 
novelty of protein function in ARα and lineage-specific gene loss of ARα genes 
might be related to the emergence of divergent sex characteristics in teleost lineage.

7.3  �Secondary Sex Characteristics Development in Teleost 
Fishes

Vertebrates exhibit diverse masculine phenotypes in reproductive organs and sex 
attractive organs. External sexual characteristics, which often appear in sexually 
differentiated reproductive organs, have evolved in each species presumably for 
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Fig. 7.3  Evolutionary scenario of AR genes in teleost lineage. The hypothesized timing of key 
substitution in the LBD of ARα genes was indicated. The ARα gene has been lost in some fishes in 
Otocephala lineage, but has been retained in euteleostes
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survival and/or reproduction. In amniotes and also in some fishes, several types of 
copulatory organs have been developed for sperm transport. All elasmobranchs and 
holocephalans perform internal fertilization, and the medial border of the pelvic fin 
of male elasmobranchs is modified to form a tubular structure, termed the clasper.

In teleost fishes, male secondary sex characteristics appear as an elongation of 
the fin ray, kidney hypertrophy, increased skin thickness, an appearance of breeding 
colors (Borg 1994), and a transition of anal fin to copulatory organ (Kuntz 1914; 
Turner 1941a, b; Rosa-Molinar and Burke 2002; Ogino et  al. 2004; Sone et  al. 
2005). The Western mosquitofish, a species of the family Poeciliidae, shows a 
prominent masculine sexual character for appendage development, the anal fin to 
gonopodium (GP) transition (Fig.  7.4a, b) (Kuntz 1914; Turner 1941a, b; Rosa-
Molinar and Burke 2002; Ogino et al. 2004; Sone et al. 2005) and its appendicular 
supportive skeletal elements (Turner 1942a, b; Rosa-Molinar et al. 1994, 1996). The 
GP serves to transfer sperm bundles into the urogenital sinus of the female (Fig. 7.4c) 
(Rosa-Molinar et al. 1996; Rosen and Gordon 1953; Peden 1972). Such morpho-
logical diversification of copulatory organs has evolved as a phenotypic adaptation 
for developing external to internal fertilization under various environmental influ-
ences. The copulatory organ developments commonly involve a process of 
androgen-dependent organogenesis as a secondary sexual character.

Medaka offers a clue about sexual differentiation. They show a prominent mas-
culine sexual character for appendage development, the formation of papillary pro-
cesses in the anal fin (Fig. 7.4d). The papillary processes develop as the outgrowing 
bone nodules from each bone segment in posterior anal fin rays (Fig. 7.4e, compare 
with (f). Mating males embrace the posterior part of the female’s body with the anal 
fin for efficient external fertilization (Fig. 7.4g) (Yamamoto and Egami 1974).

The male sex characteristics driven by androgens become apparent concomi-
tantly with the sex differentiation of the testis. Evidence supporting the crucial role 
of androgen on the sex characteristic developments is based on pharmacological 
data. It is known that the androgens, especially 11KT that is considered an important 
androgen in fish, are present at higher levels in the blood plasma of mature males 
than in females and could stimulate male secondary sex characters in teleost fishes 
(Miura et al. 1991; Kime 1993; Angus et al. 2001). The development of both GP and 
papillary processes shows a strong response to the treatment of 11KT (Angus et al. 
2001; Hishida and Kawamoto 1970), and also synthetic androgens such as ethynyl-
testosterone (ET) (Turner 1941a, b, 1942a, b; Ogino et  al. 2004), trenbolone 
(Brockmeier et  al. 2013), and 17α-methyltestosterone (MT) (Sone et  al. 2005; 
Ogino et al. 2014). Castration causes regression of papillary processes, and trans-
plantation of a testis to an adult female or administration of androgens to females 
induces papillary processes formation on anal fin rays (Okada and Yamashita 1994) 
(Hishida and Kawamoto 1970). Therefore, the number and size of papillary pro-
cesses and the size of the GP are known as the main indicative phenotypes for expo-
sure of androgenic and/or antiandrogenic chemicals (OECD 2004). The reduction in 
size of the GP (Batty and Lim 1999; Toft et al. 2003) and masculinization of females 
(Howell et al. 1980) (Parks et al. 2001; Orlando et al. 2002) have been reported in 
several countries.
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7.4  �Western Mosquitofish and Medaka as Models 
to Understand Molecular Mechanisms of Androgen-
Dependent Sex Characteristics Development

Androgens are essential for the development of male sex characteristics evolved in 
each species for efficient fertilization. Understanding the process of such sexually 
dimorphic expression, which is to understand the mechanisms of sex hormone–
dependent organogenesis underlying such reproductive diversity among species, is 
one of the central problems in biology. However, the molecular developmental 
mechanisms underlying androgenic functions remain largely unclear.

The GP and papillary processes present excellent models to understand the 
molecular mechanisms of androgen-dependent sex characteristics development, 
because these masculine phenotypes can be rapidly induced by the treatment of 
synthetic androgens in juvenile fry and adult females (Turner 1941a, b, 1942a, b; 

Fig. 7.4   Androgen-dependent sex characteristics development in Western mosquitofish 
(Gambusia affinis) and medaka (Oryzias latipes). (a) Mature male and female of Western mosqui-
tofish. (b) Bone staining of gonopodium (GP). The distal portion of the GP is composed of the 
third, fourth, and fifth fin rays and the distal tip is equipped with spines, serrae, an elbow, and 
hooks. The third fin ray, as the axial center of rotation for the GP, is prominently thickened. (c) For 
copulation, the GP swings forward and sperm bundles, spermatozeugmata, are directly transported 
into the female urogenital sinus (the illustration modified from Rosen and Gordon 1953 and Peden 
1972). (d) Mature male and female of medaka. Anal fins of male and female are shown. The papil-
lary processes develop on the posterior anal fin rays in males. White lines indicate the plane of 
sections shown in panels e and f. (e, f) Masson trichrome staining of anal fins (e: male; f: female). 
The collagen and bone were stained blue and the cytoplasm was stained purple. bn: bone nodule of 
papillary processes; lep: lepidotrichia. (g) Mating male embraces the posterior part of the female’s 
body with the anal fin for efficient external fertilization. (Figures were modified from Ogino et al. 
2004, 2014)
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Hishida and Kawamoto 1970; Ogino et al. 2004, 2014; Sone et al. 2005; Brockmeier 
et al. 2013). The outgrowth of the anal fin rays in Western mosquitofish and the 
branching bone nodule in medaka are clearly observed within a 10-day androgen 
treatment (Fig. 7.5a, b) (Ogino et al. 2004, 2014). Such inductivity of masculine 
phenotypes by androgen enables us to understand the molecular events leading to 
the development of secondary sex characteristics.

Interestingly, similar phenotypic alterations are detected in these sex characteris-
tics developments. In the distal part of the outgrowing anal fin rays in Western mos-
quitofish, mesenchymal cells condense prominently, in which cells are highly 
proliferative (Ogino et al. 2004). Each bone nodule branched from anal fin rays in 

Fig. 7.5  Induction of sex characteristics by androgen treatment. (a) Anal fins of control, 3.2 nM 
ET-treated juvenile fry of Western mosquitofish (9 days after the administration). GP outgrowth is 
induced by ET. (b) Anal fins of control and 32 nM MT-treated mature female medaka (10 days 
after the administration). Scale bars in A, and B represent 0.5 mm. (c, d) Schematic representation 
of developing GP, in which anterior third to fifth fin rays are prospective intromittent fin rays. The 
black line in (c) indicates the plane of the sections shown in (d). (e) Scheme of papillary processes 
formation. Androgen-dependent Bmp7 signaling and Wnt/β-catenin signaling regulate cell prolif-
eration and osteoblast differentiation. This contributes to the development of the outgrowth of the 
bone nodule in developing papillary processes. (Figures were modified from Ogino et al. 2004, 
2014)
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medaka is covered with thickened proliferating mesenchyme (Ogino et  al. 2014). 
Responsiveness to androgens requires expression of functional AR. Western mosqui-
tofish ARβ was predominantly expressed in the distal mesenchyme of anal fin rays, 
while the expression of ARα was observed in both epithelial and mesenchymal 
regions of the anal fin, indicating that the distal region of the anal fin is sensitive to the 
actions of androgen (Fig. 7.5c, d) (Ogino et al. 2004). In medaka, both ARα and ARβ 
were predominantly expressed in the mesenchyme surrounding the developing bone 
nodule, suggesting that these mesenchymal cells are sensitive to androgen (Fig. 7.5e) 
(Ogino et al. 2014). However, the sensitivity to androgen is not solely attributed to AR 
expression levels, because AR expressions were observed not only in the developing 
GP, but also in other fins in mosquitofish (Ogino et al. 2004). Both ARs were detected 
in the posterior- and anterior-anal fin rays of medaka (Ogino et al. 2014). Mechanisms 
responsible for tissue-specific AR pathways are largely unknown. Recently, the tis-
sue-specific collaborating factors that are capable of binding to chromatin prior to AR 
loading were identified in mammals (Pihlajamaa et al. 2014). Further identification of 
such pioneer factors that modulate the AR function may be necessary to obtain new 
insights into the regulation of tissue-specific function of ARs.

7.5  �Downstream Effector Genes of Androgen Signaling That 
Lead the Morphological Changes of Sex Characteristics 
Development

Sexual characteristics development contains the remarkably complex processes that 
depend on the orchestration of signaling networks, including the growth factor sig-
naling and retinoic acid signaling.

Several growth factors are categorized as the effectors that regulate sex charac-
teristics development associated with androgen signals in vertebrates (Ogino et al. 
2004, 2011, 2014; Pu et al. 2007; Miyagawa et al. 2009; Brockmeier et al. 2013; 
O’Shaughnessy et al. 2015).

Expression of Sonic hedgehog (shh) induced by androgen is required for the 
formation of the GP in Western mosquitofish (Ogino et al. 2004) and in the clasper 
in cartilaginous fishes (O’Shaughnessy et al. 2015). During the androgen-induced 
anal fin to GP transition, shh expression is induced in the basal layer of epidermis of 
the distal anal fin rays (Fig. 7.5c, d). Flutamide (AR-antagonist) treatment reduces 
cell proliferation in distal anal fin regions accompanied by a reduced level of shh 
expression (Ogino et al. 2004). These results suggested that AR signaling, relaying 
to Shh signaling, regulates cell proliferation and contributes to the anal fin out-
growth leading to GP formation (Ogino et  al. 2004). The Shh signaling is also 
known to be required for the formation of fin skeleton at the larval stage of zebrafish 
(Neumann et al. 1999). The shh expression was observed in the basal layer of epi-
dermis adjacent to the developing anal fin rays during the larval stages of Western 
mosquitofish (Fig.  7.5c, d). Thus, the Shh signaling may be re-expressed in the 

7  Diversified Sex Characteristics Developments in Teleost Fishes: Implication…



122

developing GP in response to AR signaling. The processes of secondary sex charac-
teristics development may be including the androgen-induced heterochronic event, 
a change in developmental timing, known as an important mechanism of evolution-
ary change.

Not only the shh, but also several genes involved in the fin ray growth and regen-
eration were identified as the effector genes that regulate sex characteristics devel-
opment associated with androgen signals, such as Fibroblast growth factor receptor 
1 (Fgfr1) (Offen et al. 2008) (Brockmeier et al. 2013), bone morphogenic protein 7 
(Bmp7), lymphoid enhancer-binding factor-1 (Lef1) (Ogino et  al. 2014), MsxC 
(Zauner et al. 2003), and aldh1a2, a retinoic acid synthesizing enzyme (Offen et al. 
2013). For instances, the development of papillary processes is promoted by 
androgen-dependent augmentation of Bmp7. The Wnt/β-catenin signaling pathway 
has been identified as a masculine effector of androgen signaling in both medaka 
(Fig. 7.5e) (Ogino et al. 2014) and mouse (Miyagawa et al. 2009). Similar genotypic 
changes may result in similar phenotypic alterations, even across a wide range of 
species. Activation of Wnt/β-catenin signaling is, in fact, indispensable in masculin-
ization of the external genitalia in mouse (Miyagawa et al. 2009) and of the anal fin 
in medaka (Ogino et al. 2014).

7.6  �Conclusion

To understand the biological importance of the AR gene duplication in the teleost 
lineage, the functional analysis of these AR genes in vivo is necessary. Recent 
knockout (KO) study of AR gene in the zebrafish revealed that AR is indispensable 
for masculinization in teleost fishes (doi: https://doi.org/10.1101/159848) (doi: 
https://doi.org/10.1101/159848, 28620015). But the functional differences of two 
distinct paralogs of the AR (ARα and ARβ) in vivo are still unclear, because zebraf-
ish have lost the ARα gene. To understand the contribution of two distinct paralogs 
of AR genes in diversified sex characteristics development in teleost fishes, we are 
currently developing ARα and ARβ KO medaka. The evolutionary occurrence of 
two functionally distinct AR proteins might have facilitated the phenotypic diversi-
fication of sex characteristics in the euteleost fishes. The evolutionary processes of 
AR gene loss and retention in teleosts illustrate that teleosts represent an excellent 
model system to study phenotypic effects of changes in gene repertoire.
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Chapter 8
Zebrafish Angiogenesis and Valve 
Morphogenesis: Insights from Development 
and Disease Models

Matina Katraki-Pavlou and Dimitris Beis

Abstract  Research on zebrafish embryonic development has already contributed 
to major breakthroughs in our understanding of how the cardiovascular system 
forms and functions. Zebrafish embryos are transparent, allowing noninvasive 
in vivo imaging. The advancements of high-resolution imaging and image analy-
sis software, combined with the generation of tissue-specific transgenic lines and 
forward genetic screens, enabled the study of endothelial development at cellular 
resolution. Also, zebrafish embryos are not fully dependent on a functional car-
diovascular system during the first few days of development since they get enough 
oxygen by passive diffusion. This advantage allowed the deciphering of the inter-
play between cardiac form and function as well as the identification of severe 
mutations of the heart and vessels. In this chapter, we highlight the experimental 
approaches and disease models used in zebrafish to study different aspects of the 
cardiovascular system.

Keywords  Angiogenesis · Lymphangiogenesis · Cardiac valve · Hemodynamics · 
Blood-brain barrier

8.1  �Overview of Angiogenesis

Angiogenesis is the biological process by which new blood vessels are generated 
from preexisting ones. It is important for embryonic development, reproduction, 
and wound repair but is also involved in a variety of pathologies such as cancer, 
diabetic retinopathy, and rheumatoid arthritis (Risau 1997). Through the years, 
numerous studies in cancer angiogenesis have contributed to a better understanding 
of the molecular mechanisms of angiogenesis also in nonneoplastic diseases 
(Folkman 1995). Proper angiogenesis depends on a balance between inducers and 
inhibitors of cell proliferation and migration. The identification of some important 
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molecules of angiogenesis such as the vascular endothelial growth factor (VEGF) 
has been pivotal in elucidating the mechanism of angiogenesis in both normal and 
pathological conditions (Ferrara and Davis-Smyth 1997; Carmeliet and Collen 
2000). In addition, other important inducers have been found, including angiopoie-
tins (Fagiani and Christofori 2013), transforming growth factors (TGF) (van den 
Driesche et  al. 2003), members of the fibroblast growth factor family (FGF) 
(Seghezzi et  al. 1998; Cross and Claesson-Welsh 2001), platelet-derived growth 
factor (Battegay et  al. 1994), tumor necrosis factor-α (Fajardo et  al. 1992), the 
secreted heparin-binding growth factor pleiotrophin (Papadimitriou et  al. 2016), 
and interleukins (Yang et  al. 2014; Pan et  al. 2015). Many factors including 
membrane-bound proteins, soluble growth factors, vascular-specific integrins, plas-
minogen activators, and matrix metalloproteases have been identified as key players 
of the interaction between endothelial cells (ECs).

The molecular mechanisms and the way that endothelial development occurs in 
the zebrafish are remarkably analogous to that of other vertebrates (Weinstein 
2002). Also, the anatomical structures of embryonic blood vessels are well con-
served between zebrafish and humans. This conservation of the main outline of the 
circulation system validates the zebrafish as a suitable model for studying the devel-
opment and the anatomy of the vascular system (Isogai et al. 2001; Weinstein 2002). 
Zebrafish has several features that facilitate the analysis of early vascular develop-
ment. These include the optical transparency, the ability to survive and develop for 
the first 3–4 days without blood circulation by passive diffusion, and the existence 
of different transgenic lines that allow real-time in vivo analysis at cellular resolu-
tion (Jin et al. 2005). Furthermore, zebrafish has evolved as an excellent model for 
high-throughput drug screening and has been widely used to identify compounds 
that regulate angiogenesis under physiological conditions or disease (Serbedzija 
et al. 1999; Papakyriakou et al. 2014; Merrigan and Kennedy 2017).

8.2  �Vascular Morphogenesis

The development of embryonic blood vessels occurs by two distinct morphogenetic 
mechanisms, termed vasculogenesis and angiogenesis. During vasculogenesis a pri-
mary vascular network is formed in different domains of the body, and shortly after 
that, further blood vessels are generated via angiogenesis, progressively forming a 
fully functional circulation system (Coffin and Poole 1991; Risau and Flamme 
1995; Weinstein 1999). During early vascular development in zebrafish, free angio-
blast progenitor cells form the first major blood vessels. These cells derive from the 
lateral plate mesoderm, migrate individually to the midline, and differentiate to ECs 
(Stainier et al. 1995; Weinstein 1999; Jin et al. 2005). The first wave of angioblast 
migration happens at the 14–17-somite stage, where cells reach the embryonic mid-
line and contribute to the dorsal aorta (DA), while a second wave of cells forms the 
posterior cardinal vein (PCV). The primitive arterial and venous angioblasts aggre-
gate to make a midline endothelial cord. DA is lumenized at around 23 hours post 
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fertilization (hpf), whereas PCV is not patent until the circulation loop is estab-
lished. At approximately 26hpf the primitive cells of PCV enter the circulation, and 
until 28hpf both blood vessels are fully formed (Jin et al. 2005) (Fig. 8.1a).

Live imaging using transgenic reporter fish lines, such as the Tg(fli1a:EGFP), 
Tg(kdrl:EGFP), and derivatives of those with different fluorophores, revealed that 
precursor cells migrate as individual cells and express several arteriovenous differ-
entiation markers including vascular endothelial growth factor receptor (vegfr4/
kdrl), fli1a, and ephrin-b2a (Lawson et al. 2002; Herbert et al. 2009; Kohli et al. 
2013). Arterial and venous endothelial cells are different at a functional and molec-
ular level, and the specification of these two cell types, in early development, is 
driven by different genetic mechanisms (Swift and Weinstein 2009). Ephrins were 
identified as markers for the molecular distinction between arterial and venous 
endothelial cells (Wang et  al. 1998). Ephrin-B2 (efnb2), a member of tyrosine 
kinase receptor ligands, is expressed in arteries, in contrast with EphB4, an ephrin-
B2 receptor, which is specifically expressed in venous cells (Adams et al. 1999). 
Studies in mice and zebrafish have shown that forward and reverse Ephrin-B2 sig-
naling plays a critical role in vascular morphogenesis and that repulsive Ephb4a-
Efnb2a signaling regulates the directional control of angioblast sprouting behavior 
(Adams et al. 2001; Herbert et al. 2009; Wang et al. 1998). Further data support that 
arterial/venous tubulogenesis is a result of coordinated regulation of Notch, VEGF, 
and Ephb4a/Efnb2a signaling.

Studies in zebrafish have helped to elucidate the interactions between these sig-
naling pathways and understand their role in vascular development. Notch signaling 

Fig. 8.1  Angiogenic sprouting in the zebrafish: (a) schematic overview of arterial and venous 
development. In embryonic trunk development, angiogenesis takes place in two distinct stages 
where arteries and veins arise from preexisitng vessels. ISVs and DA are formed during the first 
angiogenic sprouting, whereas during the secondary wave sprouts form from the PCV and give rise 
to a venous angiogenic process DA, dorsal aorta; PCV, posterior cardinal vein; ISV, intersegmental 
vessel v(venous) and a(arterial); DLAV, dorsal longitudinal anastomosing vessel. (b) Vegfa acts 
through kdrl and kdr and plays a dominant role in aISV sprouting. Vegfc also influences (dashed 
line) ISA (intersegmental artery) development and it is regulated by DII4. Sprouting of vISV is 
dependent on Vegfc/Flt4 signaling in venous angiogenesis
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genes, which are expressed in arterial ECs, promote differentiation in arteries and 
not in venous endothelium (Lawson and Weinstein 2002; Siekmann and Lawson 
2007). Based on in vivo analysis experiments, Notch is activated in endothelial pro-
genitor cells during early stages of development. Later during the vascular forma-
tion, activation of Notch is restricted in arterial endothelial cells and determines 
their dorsal aorta fate (Quillien et al. 2014). In mice and zebrafish, notch1a, notch1b, 
and notch3 receptors show restricted expression pattern in arterial endothelial cells, 
in contrast to Delta-like 4 (Dll4), Jagged1, and Jagged2 ligands (Lawson et al. 2001; 
Geudens et al. 2010). Defects in Notch signaling lead to several phenotypes, includ-
ing arteriovenous shunts and reduction of arterial gene expression which leads to 
dysregulation of artery differentiation (Quillien et al. 2014).

The RBPJ/Notch intracellular domain together with the SOXF transcription fac-
tors (SOX7 and SOX18) regulates early vascular development by binding the 
arterial-specific enhancers of the Notch ligand dll4 (Sacilotto et al. 2013). Sox17 
functions upstream of Notch and plays an essential role in endoderm formation and 
possession of arterial identity (Kanai-Azuma et al. 2002; Corada et al. 2013), while 
Sox18 is necessary for the differentiation of ECs in lymphatic cells (François et al. 
2008). Recent works in zebrafish have shown that Sox18 and Sox7 are involved in 
arteriovenous specification (Herpers et al. 2008; Cermenati et al. 2008; Pendeville 
et al. 2008). In addition, it is suggested that Sox7 acts upstream of Notch signaling 
pathway controlling the expression arteriovenous patterning genes and regulates 
arteriovenous specification in a coordination with Hey2 and Efnb2 genes (Hermkens 
et  al. 2015). Vascular endothelial growth factor (VEGF), a selective mitogen for 
endothelial cells, and its receptor (VEGF-R2/Flk-1/kdrl) are the major players for 
the formation and sprouting of blood vessels. In a subset of angioblasts, the tran-
scriptional activation of several factors, such as Notch, is induced by Vegf, via the 
VEGF-receptor-2/Flk-1/kdrl (Lawson et al. 2002). Vegf in terms, through the induc-
tion of PLCγ/Mek/Erk pathway, activates the Notch signaling pathway in ECs and 
promotes arterial differentiation (Lawson et al. 2003) (Fig. 8.1b).

The formation of secondary endothelial vessels takes place in two distinct waves 
of vascular sprouting (Isogai et al. 2003). During the first angiogenic process, tip 
cells sprout from the dorsal part of DA and around 30hpf form the segmental arter-
ies (aISVs). The newly formed ISVs start to make new boundaries with their neigh-
bors’ segments, giving eventually rise to the dorsal longitudinal anastomotic vessel 
(DLAV). By this time, the heart has already started beating and blood flow is estab-
lished. The second angiogenic wave starts around 32 hpf where new ECs sprouts 
emerge from PCV and CV, anastomose with the ISVs and form segmental veins 
(vISVs) (Yaniv et al. 2006; Betz et al. 2016). By the time aISVs, DLAV, and vISVs 
have fully formed, the lumen becomes apparent and blood flow through the ISVs 
begins (Kamei et al. 2006). During these processes, Vegfa and Vegfc have a domi-
nant role. Vegfa act via kdr and kdr-l receptors and is necessary for artery formation. 
Vegfc/Flt4 signaling mainly determinates normal venous sprouting but when Dll4 is 
not active leads to artery formation as well (Hogan et al. 2009) (Fig. 8.1b).
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Sprouting angiogenesis is a process guiding two different populations of ECs, 
whose genetic profile is critical for vessel growth in the developing vascular system. 
The endothelial cells located at the terminal part of the sprouts, termed as tip cells, 
migrate extending long filopodia and lead the vascular sprout. The stalk endothelial 
cells are located behind the tip cells, proliferate, and maintain the structure of the 
lumen (Siekmann and Lawson 2007). Based on recent studies, cell elongation and 
cell rearrangements are important components of stalk elongation (Sauteur et al. 
2014). Both migration of tip cell and proliferation of stalk cells are tightly regulated 
by vascular endothelial growth factor (VEGF) signaling (Benjamin et al. 1998). Tip 
cell sprouting behavior is induced by VEGFA and VEGFC signaling via VEGFR2 
and VEGFR3 activation. The induction of VEGFR2 expression leads to upregula-
tion of Notch receptor Delta-like 4 (DLL4) in tip cells, which activates Notch on 
adjacent stalk cells. Notch signaling in stalk cells downregulates the VEGFR3 and 
increases the expression of VEGFR1, limiting the ability of ECs to respond to pro-
angiogenic Vegf signals (Herbert and Stainier 2011). Vegfr1, known as flt1, is a 
negative regulator of tip cell formation and migration in the zebrafish embryo. In flt1 
morphants, the tip cell number is increased, and new filopodia extensions form con-
nections between vessels, while Notch signaling is lost (Krueger et al. 2011). Recent 
studies showed that expression of flt4 gene is regulated by ERK activation, in late 
stages of zebrafish vasculogenesis (Shin et al. 2016), and during tip cell formation, 
inhibition of ERK blocks ISV sprouting but does not affect artery differentiation. 
Also, ERK activity is required for the specialized cells to emerge and form new ves-
sels, making ERK a new marker for monitoring the emergence of cells in angiogen-
esis (Nagasawa-Masuda and Terai 2016).

In vivo time-lapse analysis reveals that in the absence of Notch, most of the 
sprouting endothelial cells gain a tip cell fate, leading to hyperbranching of segmen-
tal arteries (Siekmann and Lawson 2007). Thus, angiogenesis is regulated by the 
modulation of tip cell behavior in a Notch-independent manner, and several signal-
ing pathways and molecules mediate these processes. BMP signaling promotes 
stalk tall behavior increasing Notch expression through the activation of ALK1 
(Larrivée et al. 2012). Activation of Notch in stalk cells decreases the expression of 
neuropilin-1 (NRP1), which is highly expressed in tip cells (Aspalter et al. 2015). A 
recent study elucidated cAMP-dependent protein kinase A (PKA) as a regulator of 
angiogenesis in a Notch-independent manner. Inhibition of endothelial PKA, in 
both mouse and zebrafish, results in an increase of cell migration and vascular 
hypersprouting, and this signaling process seems to be autonomous and indepen-
dent from Notch-induced sprouting (Nedvetsky et al. 2016). Furthermore, the cur-
rent idea that Dll4/Notch-dependent lateral inhibition is the only exclusive way of 
tip/stalk identity specification has started to be reconsidered. Recent data support 
that asymmetric cell division plays a major role in the control of collective cell 
migration in angiogenesis (Costa et al. 2016). In vivo experiment in zebrafish and 
computational approaches have proposed that pro-migratory Vegfr signaling drives 
self-organization of daughter cells into leading/trailing cells after asymmetric endo-
thelial tip cell division, in a Dll4/Notch-independent manner. Thus, asymmetric 
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divisions coordinate collective cell migration and probably assist the growth of mul-
tiple tissues during embryonic development, wound healing, and cancer invasion.

The pattern of arterial and venous vessels is crucial for the formation of a func-
tional network. Isogai and colleagues suggested that the pattern of junctions between 
the first and second sprouting vessels is affected by the blood circulation (Isogai 
et al. 2003). Recent studies show that remodeling events during early development 
are regulated by circulatory flow dynamics (Kochhan et al. 2013). Differences in 
blood flow fusion influence the establishment of the newly formed vessel, with the 
strongly perfused vessels prevailing over the low perfused and less-functional ves-
sels (Franco et al. 2015). Thus, hemodynamic forces contribute to the formation and 
the expansion of a new vascular tube. Lumen formation also depends on a balance 
between the circulation of dynamic forces, which are applied and shape the endo-
thelial cell membrane and the local contractile responses from the endothelial cells 
(Gebala et al. 2016).

During development, endothelial and endocardial cells are exposed to different 
hemodynamic forces including blood flow, environmental and mechanical stresses, 
pressure, strain, and shear stress. Several genes are identified to respond to blood 
flow dynamics, with klf2 being the best characterized. Klf2 gene encodes the zinc 
finger transcription factor Krüppel-like factor 2 (Klf2) (Novodvorsky and Chico 
2014), a shear stress-responsive promotor element. In human and zebrafish, klf2a 
expression is increased by high oscillatory flow and is required for cardiac valve 
formation (Vermot et al. 2009; Heckel et al. 2015). Within developing zebrafish aor-
tic arch blood vessels, Klf2a promotes the expression of the endothelial-specific 
microRNA, miR-126, whose expression activates VEGF signaling, implying the 
essential role of blood flow in vasculature angiogenesis (Nicoli et al. 2010). In grid-
lock mutants, for example, the loss of hey2 gene leads to reduction of arterial gene 
expression and suppression of DA specification (Zhong et al. 2000), while in cloche 
mutants, the lack of endocardium can affect the intracellular signaling within the 
myocardium leading to trabeculation defects (Peshkovsky et al. 2011).

Klf2 induction is also regulated by the cerebral cavernous malformation (CCM) 
complex in mice and zebrafish (Zhou et al. 2015; Renz et al. 2015). CCMs are prev-
alent vascular abnormalities characterized by dilated, thin-walled vascular vessels, 
which are prone to cerebral hemorrhages and can lead to stroke, seizures, and death. 
So far, three CCM proteins have been identified in heritable disorders: CCM1/
KRIT1 (Laberge-le Couteulx et al. 1999), CCM2/malcavernin (Denier et al. 2004), 
and CCM3/programmed cell death 10 (PDCD10) (Bergametti et  al. 2005). In 
zebrafish, loss of ccm1 or ccm2 genes (santa and valentine mutants) does not have 
any impact on EC differentiation but causes a cardiovascular phenotype demon-
strated by the dilation of the heart and of the major blood vessels including subin-
testinal vessels and posterior cardinal vein (Mably et al. 2006; Hogan et al. 2008). 
In addition, vascular defects are the same in single and double mutants, confirming 
that Ccm1 and Ccm2 function in the same physical complex (Mably et al. 2006), 
while Ccm3 seems to have an independent role (Yoruk et al. 2012). A recent study 
showed that CCM complex is the main regulator of a β1 integrin-Klf2-Egfl7 
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pathway in zebrafish. In ccm2m201 mutants, klf2 expression induced by β1 integrin 
leads to aberrant angiogenesis (Renz et al. 2015).

8.3  �Cardiac Valve Development

Cardiac valve development is the biological system where the interplay between 
biophysical forces, mechanotransduction, and heart morphogenesis can be best 
appreciated. Cardiac valves arise from endocardial cells after the heart starts beating 
and function to ensure unidirectional flow of the blood. However, at the first stages 
of cardiac morphogenesis and following the initiation of circulation, there is signifi-
cant retrograde flow through the atrioventricular (AV) canal, where the valves will 
emerge. This intracardiac flow pattern triggers a Klf2-mediated signaling cascade 
that promotes valve development to establish unidirectional flow (Vermot et  al. 
2009; Renz et al. 2015) (Fig. 8.2). Taking advantage of surgical and pharmacologi-
cal manipulations, as well as of mutants with defective myocardial contractility 
(silent heart, weak atrium) and altered intracardiac flow dynamic due to changes in 
heart geometry (southpaw), zebrafish has been pivotal in studying these interactions 
in vivo (Hove et al. 2003; Bartman et al. 2004; Vermot et al. 2009; Kalogirou et al. 
2014; Pestel et al. 2016). These studies are largely facilitated by the ability to do 
high-resolution imaging at the cellular level, using high-speed cameras and/or 

Fig. 8.2  The process of valvulogenesis depends on the biophysical stimulus of blood flow. At the 
atrioventricular canal where reverse intracardiac flow patterns occur, CCM proteins inhibit 
β-integrin, providing a bias in Klf2a expression levels. CCM complex is a key regulator of a β1 
integrin-Klf2-Egfl7 pathway in zebrafish, and klf2a regulates Notch signaling and endocardial 
cushion and valve formation
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selective plane illumination microscopy (SPIM) imaging and image reconstruction 
(Mickoleit et al. 2014; Pestel et al. 2016) (Fig. 8.3).

Notch signaling and Egfl7 have been identified as key downstream targets of 
Klf2, while the CCM proteins appear to function antagonistically to the activation of 
β1 integrin by shear stress (Macek Jilkova et al. 2014). Knockdown of β1 integrin 
suppresses the cardiovascular defects of CCM mutant embryos (Renz et al. 2015) 
(Fig. 8.2). In addition to the intracardiac flow dynamics and endocardial/myocardial 
interactions at the valve-forming region, it is worth noticing that there are extensive 
extracellular matrix components, also known as cardiac jelly. One of its major com-
ponents is hyaluronic acid, produced by the Has2 enzyme, that is tightly regulated 
during AV development to restrict the AV region via the BMP signaling pathway 
(Smith et al. 2009), as well as mir23 (Lagendijk et al. 2011). Wnt signaling is also 
required for cardiac valve development (Hurlstone et al. 2003) and the specification 
of the mesenchymal, interstitial valve cells (Moro et al. 2012). Ectopic activation of 
Wnt results in ectopic Has2 expression and defects in valve morphogenesis. Finally, 

Fig. 8.3  A 3D projection of an adult atrioventricular valve showing the expression pattern of a 
valve-specific GAL4 driver line (green) and a Notch reporter line (red). The valve-specific GAL4 
line allows the tissue-specific expression of any gene of interest. In this way, nitroreductase can be 
also expressed in a valve-specific pattern, and when metronidazole is added in the water, the 
expressing cells will be ablated enabling valve regeneration studies. Elastin2-positive cells are 
labeled in blue
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fibronectin synthesis has been shown to be flow dependent and downstream of Klf2a, 
coupling the mechanosensory system to ECM composition (Steed et al. 2016).

8.4  �Lymphangiogenesis

The lymphatic system is a second vascular system, structurally and functionally 
related with the blood vascular system. Lymphatic vessels derive from preexisting 
vessels via a dynamic process, termed lymphangiogenesis. Lymphatic vasculature 
is necessary for the maintenance of tissue fluid homeostasis, fat absorption, and 
normal immune surveillance (Tammela and Alitalo 2010) and also plays an impor-
tant role in the existence and development of many pathological conditions includ-
ing cancer metastasis, lymphedema, and chronic inflammation (Saaristo et al. 2002; 
Yaniv et al. 2006; Schulte-Merker et al. 2011; Alitalo 2011). Despite having such 
important functions, lymphangiogenesis has been less studied compared to angio-
genesis, mainly because of the difficulty in identifying and visualizing lymphatic 
vessels in  vivo. However, the identification of several transcription factors and 
markers, which highlight the lymphatic endothelium, has contributed to a better 
understanding of lymphatic vessel formation. These molecular tools have helped to 
give answers to many questions regarding lymphatic vessel formation and the origin 
of the first lymphatic endothelial cells. The mechanism underlying the development 
of lymphatic vascular system revealed many morphological and molecular features 
that are common between higher organisms (Yaniv et al. 2006; Semo et al. 2016). 
During the last years, forward genetic analysis, high-resolution in vivo imaging, and 
availability of specific transgenic lines for lymphatic endothelial cells highlighted 
zebrafish as an excellent model organism for studying lymphangiogenesis.

Analysis of Prox1 gene (prospero-related homeobox gene 1), an essential marker 
for proper lymphatic system development (Wigle and Oliver 1999), elucidated the 
dual origin of lymphatic vessels in Xenopus tadpole and chick embryo (Ny et al. 
2005; Wilting et al. 2006). The early lymphatic development consists of two main 
processes: commitment of cells in a lymphatic fate and formation of lymph sacs from 
migrating lymphatic progenitors. In zebrafish, the first specified lymphatic progeni-
tors are detected between 24 and 36 hpf in the PCV.  These Prox1-positive cells, 
known as parachordal lymphangioblasts (PLs), sprout from PCV at around 36 hpf, 
migrate dorsally, and align along the myoseptum giving rise to parachordal vessels 
(PACs) (Yaniv et al. 2006; Gore et al. 2012; Koltowska et al. 2015). Just after that 
lymphangioblasts, which are now referred as lymphatic endothelial cells (LECs), 
start to migrate dorsally or ventrally along the arterial intersegmental vessels in order 
to form a fully lymphatic network (Yaniv et al. 2006). Dorsal migration of lymphatic 
prosecutors depends on the specific guidance of arterial intersegmental vessel, while 
deletion of aISVs sprouting has a negative effect in dorsal LEC sprouting (Bussmann 
et al. 2010). At approximately 4 days post fertilization (dpf), LECs remodel three 
distinct types of vessels: the thoracic duct (TD) that runs between the dorsal aorta 
and the posterior cardinal vein (PCV), the intersegmental lymphatic vessels (ISLVs) 
which connects the TD to the dorsal longitudinal lymphatic vessel, and the dorsal 
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longitudinal lymphatic vessel (DLLV) (Hogan et al. 2009; Koltowska et al. 2013). 
Using in vivo imaging and photoconvertible lineage tracing tools during zebrafish 
development, a specialized population of angioblasts, within the PCV which are not 
fully differentiated and give rise to the PACs, was characterized, and Wnt5b was 
identified as a major inducer of LEC specification (Nicenboim et al. 2015).

The basic molecular mechanisms regulating the development of lymphatic sys-
tem are highly similar between vertebrates. Lyve1 (lymphatic vessel endothelial 
hyaluronan receptor 1) is a specific marker for LECs (Banerji et al. 1999), and its 
early expression indicates the begging of lymphatic formation (Wigle et al. 2002; 
Okuda et al. 2012). Further studies in mice suggest that the biased expression of 
transcription factor Sox18 is necessary for the induction of prospero-related homeo-
box gene 1 (Prox1). Prox1 is required for specification of LEC progenitors at the 
venous endothelial cells (Wigle et al. 2002; François et al. 2008), and lack of Prox1 
in blood vessels leads to lymphatic hypoplasia (Srinivasan et al. 2007). Recent stud-
ies demonstrate that expression of Prox1 in zebrafish trunk is Vegfc/Flt4-dependent 
(Koltowska et al. 2015; Shin et al. 2017), while in facial lymphatic network, dele-
tion of Flt4 signaling does not influence Prox1 induction (Shin et al. 2017), suggest-
ing that facial and trunk lymphangiogenesis is regulated by different signaling 
pathways. Vascular endothelial growth factor (VEGF) appears to be the major regu-
lator of these processes during lymphatic development. VEGFC/VEGFR-3 (Flt4) 
signaling induces the proliferation and budding of the Prox1-positive LEC progeni-
tors and promotes their migration and survival, leading to the formation of the 
lymph sacs. Loss of vegfc and also loss of vegfr3 result in failure of secondary 
lymphatic sprouting and thoracic duct formation (Küchler et al. 2006; Yaniv et al. 
2006), without affecting blood vessel sprouting (Le Guen et al. 2014). Recent evi-
dence supports that ERK act downstream of Vegfc/Flt4 signaling and its activation 
is necessary for the early steps in lymphatic formation (Shin et al. 2017). Additionally, 
collagen and calcium-binding EGF domain 1 (CCBE1) protein interact with both 
vegfc and vegfr3 playing an essential role in lymphatic development (Hogan et al. 
2009; Le Guen et al. 2014). CCBE1 orthologs are highly conserved between zebraf-
ish, mice, and humans, and mutations in CCBE1 are associated with Hennekam 
syndrome (generalized lymphatic dysplasia) and lymphedema (Alders et al. 2009; 
Connell et  al. 2010). Ccbe1 morpholino injection in zebrafish transgenic line 
(hsp70l:GAL4; UAS:vegfc), which produces hyperbranched intersegmental ves-
sels, blocked the enormous venous sprouting. Ccbe1 suppresses the Vegfc- and 
Vegfr3-driven venous phenotype, implying that it is a fundamental component of 
the Vegfc/Vegfr3 pathway in the embryo (Le Guen et al. 2014).

8.5  �Retinal Angiogenesis

Functional damage of existing blood vessels and formation of new blood vessels in 
the adult retina constitute the main irreversible causes of blindness at all ages. Diabetic 
retinopathy (DR), age-related macular degeneration (AMD), and retinopathy of 
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prematurity (ROP), a major cause of acquired blindness at young ages, are the most 
known ocular diseases caused by inappropriate development of new blood vessels, a 
process called neovascularization (Frank 2004; Jager et al. 2008; Chen et al. 2011). 
Therapeutic perspectives for retinal diseases focus on the development of compounds 
that inhibit ocular neovascularization. The growing number of patients with ocular 
disorders emphasizes the imperative need to extend our understanding of blood vessel 
growth and pathological neovascularization in the retina. Thus, development of ani-
mal models with clinically relevant retinopathies, suitable for drug screening and vali-
dating antiangiogenic therapy, could offer important clinical improvements.

The retinal vasculature network of zebrafish has many common morphological 
features with human retinal vasculature, and numerous genetic approaches, as well 
as pharmacological screens, have been conducted in order to identify the molecular 
mechanisms of the hyaloid and retinal vasculature in development and disease 
(Alvarez et al. 2007). Development of clinically relevant and hypoxia-induced reti-
nopathy zebrafish models gave rise to understanding the mechanisms of hypoxia-
induced angiogenesis in vivo, to study vascular remodeling and vessel formation 
under pathological conditions correlating the vascular changes with disease devel-
opment (Cao et  al. 2010). The retina is a highly metabolically active organ that 
demands substantial oxygen and nutrients. Normal retinal development depends on 
nourishment by a vascular network. In zebrafish, there are two distinct vascular 
networks: the hyaloid vasculature, located at the anterior of the eye, between the 
retina and lens, and the choroidal, located at the posterior of the eye, surrounding 
the optic cup (Saint-Geniez and D’amore 2004).

The generation of specific transgenic fish lines, such as the Tg(fli1a:EGFP) and 
Tg(kdrl:EGFP), had a major impact on the characterization of the hyaloid retinal 
vasculature development. Data from live imaging studies suggest that hyaloid for-
mation occurs in three distinct steps. During the first step, around 48 hpf, endothe-
lial precursor cells are present between the lens and the retina, giving rise to the 
hyaloid loop at the posterior of the lens. In the second step, the newly formed hya-
loid system develops into a primary vasculature hyaloid network which is tightly 
attached to the lens. Throughout the last step, a progressive reduction in hyaloid 
network branches takes place, vessels are organized in a hemispherical basket, and 
finally the system becomes fully enclosed. Around 19 dpf an intricate network has 
formed. Detailed in vivo analysis showed that over time, thin junctions between 
hyaloid vessels increased significantly in width, the connections break, and the two 
vessels remain separated, reducing the complexity of the network (Alvarez et al. 
2007; Hartsock et  al. 2014). Choroidal vasculature, on the other hand, is not as 
extensively studied. The choroidal system is necessary to provide blood supplies to 
the superficial part of the eye during development. During the first 2  days of 
embryo’s life, a simple and highly stereotypic array of vessels develops on the sur-
face of the eye, so-called superficial system (Isogai et al. 2001; Alvarez et al. 2007). 
The superficial system consists of the nasal radial vessel (NRV), the dorsal radial 
vessel (DRV), and ventral radial vessel (VRV) (Kitambi et al. 2009). This system is 
formed by angiogenesis sprouting progressed from a venous origin, finally leading 
to the development of choroidal vasculature at 9 dpf (Kitambi et al. 2009; Kaufman 

8  Zebrafish Angiogenesis and Valve Morphogenesis: Insights from Development…



140

et al. 2015). Recent data showed that nasal radial vessel upregulates Notch pathway 
activity, suggesting that these vessels have arterial identity (Kaufman et al. 2015).

Numerous factors are involved in developmental and pathological changes in vas-
cular formation, with VEGF being the most studied over the years. VEGF is crucial 
for the survival of blood vessels during maturation and remodeling formation 
(Benjamin et al. 1999). VEGF-A guides filopodia extension from endothelial cell, 
controlling angiogenic sprouting in zebrafish embryo retinal system (Shui et  al. 
2003). In 1995, Alon et al. showed that VEGF is necessary for the protection of reti-
nal vessels under hyperoxia conditions (Alon et al. 1995), but later studies found that 
VEGF is also the primary molecule responsible for abnormalities in the retina caused 
by several diseases (Gerhardt et al. 2003; Cao et al. 2008). The proangiogenic activ-
ity of VEGF in proliferative retinopathies has led to the development of alternative 
approaches in retinovascular therapies (Cai et al. 2012; Kwong and Mohamed 2014). 
However, therapies with anti-VEGF agents and blockers target only one part of the 
complex mechanism of angiogenesis. Thus, new approaches have been established 
to identify novel antiangiogenic strategies for other angiogenesis-regulated pathways 
(Ferrara and Kerbel 2005; Rezzola et al. 2016). In hypoxia, HIF upregulates VEGF 
transcription, but hypoxia-inducible expression of the Flt-1 receptor and posttran-
scriptional regulation of the Kdr receptor lead to inhibition of VEGF action (Pugh 
and Ratcliffe 2003). Several different compounds that cause either decrease or loss 
of retinal vessels or induction of length widening have been identified (Kitambi et al. 
2009). Many of these drugs appear to affect hyaloid-retinal angiogenesis without 
having any impact on the vasculature of the trunk, implying the heterogeneity in the 
molecular mechanisms under angiogenesis. Studies with Tg(fli1:EGFP) zebrafish 
embryos show that SU5416, a tyrosine kinase VEGFR2 inhibitor, affects only hya-
loid-retinal angiogenesis, and the LY294002, a broad-spectrum inhibitor of phos-
phoinositide 3-kinases (PI3K), is a selective inhibitor of intraocular angiogenesis, 
regulating retinal morphology and visual function in zebrafish embryos (Alvarez 
et al. 2009). Additionally, in vivo analysis demonstrated that several molecules, such 
as laminin alpha 1, are required specifically for hyaloid and retinal vascular develop-
ment, while syndecan 2, plexin D1, and others are required for vascular development 
in general, including hyaloid (Alvarez et al. 2007). Recently, screening of chemical 
libraries for specific inhibition of HV angiogenesis identified that vitamin D receptor 
agonists act via the induction of miRNA der-miR-21 (Merrigan and Kennedy 2017).

8.6  �Cancer Angiogenesis

In many neoplastic abnormalities, angiogenesis is required for the formation and the 
extensions of new vessels. In cancer, angiogenesis occurs to provide nutrients and 
oxygen supplies to the growing tumor. Thus, tumor angiogenesis is essential for the 
growth of primary tumors and metastasis (Ellis et al. 2001; Nishida et al. 2006). 
Neovascularization, in both physiological and tumor angiogenesis, depends on a 
network of regulating mechanisms, including VEGF, FGF, TGF-α, and matrix 
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metalloproteinases (MMPs). Angiogenic factors can be produced and secreted by 
the tumor cells as well as by the surrounding cells (Hanahan and Folkman 1996; 
Rosen 2002). Considering the importance of angiogenic inducers in the growth and 
spread of tumors, new therapeutic opportunities opened in the field of neoplastic 
vascularization (Folkman 1971; Ferrara and Alitalo 1999; Crawford and Ferrara 
2009). Inhibition of angiogenesis is one of the possible effective therapeutic choices, 
as already proven by its application in various types of cancer and macular degen-
eration (Yoo and Kwon 2013). Several antiangiogenic molecules have been tested 
as anticancer agents, with VEGF signaling being the most common drug target 
(Crawford and Ferrara 2009; Potente et  al. 2011). Even though antiangiogenic 
approaches have many clinical benefits, it has been observed that treatment with 
VEGFR inhibitors is transient, a fraction of patients are refractory, and in some 
cases their condition seems to deteriorate or the tumor becomes resistant to drugs 
(Bergers and Hanahan 2008; Goel et al. 2011; Giuliano and Pagès 2013). These data 
demonstrate that there is a constant need for identification of new targets for the 
development of drugs that could increase the effectiveness of the existing antiangio-
genic approaches.

Zebrafish has emerged as a novel model in cancer research, offering several advan-
tages compared to other vertebrate models. These include the feasibility of xenotrans-
plantations, the generation of transgenic lines using mutant allele information from 
human oncogenes, in  vivo imaging, and the feasibility to apply high-throughput 
chemical screens (White et al. 2013). Several forward genetic screens and transient or 
permanent gene inactivation have been used to identify genetic mutants in organs and 
cell types, helping to utilize fish as a promising alternative human disease model sys-
tem (Lam et al. 2006). Zebrafish can spontaneously develop almost any type of neo-
plasms, including tumors in the testis, gut, thyroid, liver, peripheral nerve, connective 
tissue, and ultimobranchial gland (Spitsbergen et al. 2000; Lam et al. 2006; Feitsma 
and Cuppen 2008; Yen et al. 2014). Additionally, several technologies for studying 
cancer throughout the life of the animal similar to rodent models have been also 
established in fish. The tumor xenotransplantation is a major tool to trigger host 
angiogenesis (Jensen et al. 2009; Taylor and Zon 2009). Tumor cell engrafting can be 
performed at adult, juvenile, and embryonic stages, representing different advantages 
and disadvantages. Transplantation of primary tumor cells into an irradiated, immu-
nocompromised adult casper or wild-type recipient can offer in vivo monitoring of 
tumor growth and metastasis at single-cell resolution. This provides a valuable, effi-
cient, and low-cost system to evaluate the metastatic potential of human cancer cells 
(Teng et al. 2013; Heilmann et al. 2015). In this case, the use of in vivo imaging 
techniques, such as green fluorescent protein (GFP)-labeling, and the availability of 
transparent casper zebrafish allow the four dimensional analysis of single cells and 
readouts of cross talk between tumor cells and the “environment” of the embryo pro-
viding a quantitative analysis of tumor engraftment (White et al. 2008). Zebrafish 
embryos do not have a fully functional immune system, so they have the additional 
advantage that no xenograft rejection can occur at this stage (Taylor and Zon 2009). 
Thus, thousands of fish embryos can be transplanted in this way, which also can be 
easily used for high-throughput chemical screening approaches.
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8.7  �Blood-Brain Barrier

The central nervous system (CNS) has developed specific barriers for the mainte-
nance of a stable environment. These barriers are vital for neurological functions, as 
they have an essential role in regulation of ionic balance, nutrient transport, and 
obstruction of toxic molecules. There are two types of barriers: the endothelial and 
the epithelial. The endothelial barrier is composed from the blood-brain barrier 
(BBB) and the blood-spinal cord barrier, while the choroid plexus is formed by the 
epithelial cells (Abbott et al. 2006; Neuwelt et al. 2008). CNS barriers have tight 
protein junctions blocking paracellular diffusion of water-soluble molecules but 
also express transporters regulating the access of molecules in the brain. Each 
blood-brain barrier has different classes of transporters, with BBB’s transporter 
being the best characterized (Dejana et al. 2009). BBB disruption is associated with 
many CNS diseases. Although the proper function of BBB is vital, it also restricts 
the insertion of therapeutic compounds to the brain, being an obstacle in brain drug 
development. So the delivery of therapeutic compounds into the CNS for brain 
tumors, stroke, trauma, multiple sclerosis, and neurodegenerative disease faces an 
additional challenge (Erickson et al. 2007; Zlokovic 2008). Thus, there is a great 
need to develop new approaches using animal models to investigate in  vivo the 
development and regulation of BBB aiming for new neurotherapeutics.

In zebrafish, BBB is established at 3 dpf and shares histological and ultrastruc-
tural characteristics with other vertebrates (Jeong et al. 2008; Bundgaard and Abbott 
2008; Eliceiri et al. 2011). Several tracer molecules, including Evans blue, indocya-
nine green (ICG), and fluorescent dextran (Nishimura et al. 2013), and transgenic 
fish like Tg(l-fabp:DBP-EGFP) (Xie et al. 2010) enabled the study of BBB develop-
ment in vivo. In addition, a good correlation of the permeability of small molecules 
between zebrafish and mice has been reported (Kim et al. 2017), indicating that new 
drugs can be tested also in these zebrafish models. This is very encouraging given 
the ability to do high-throughput screening assays in fish, as well as testing novel 
delivery methods that cross the BBB such as exosomes (Yang et al. 2015) or bio-
compatible nanogels (Kalaiarasi et al. 2016). It is therefore certain that zebrafish 
will also contribute to the development of CNS drugs that reach the brain.

8.8  �Prospectives

In summary, zebrafish research has contributed significantly to our understanding of 
the development and function of the cardiovascular system. Forward genetic 
screens, initiated by the groups in Boston and Tubingen in the 1990s, have been 
pivotal in identifying the key signaling pathways that form the cardiovascular sys-
tem. Similar efforts, as well as more focused forward genetic screens using trans-
genic lines, furthered our understanding of organogenesis. Lately zebrafish became 
notorious for its regenerating potential, and the cardiovascular system is not an 
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exception. Although the focus has been on myocardial regeneration using both sur-
gical and genetic approaches, induction of angiogenesis is a crucial component of 
the regenerative response (not covered in this chapter). It is expected that the 
CRISPR technology in combination with the accumulation of Human Genetic Data 
will further boost zebrafish research. This combination will provide the ability to do 
knock-ins and transgenic disease models, based on human sequence information. 
Considering that zebrafish embryos are amenable to in vivo high-resolution imag-
ing and high-throughput chemical screens, the zebrafish toolbox has now all the 
tools to accelerate the drug discovery process.
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Chapter 9
Advances in the Understanding of Skeletal 
Myopathies from Zebrafish Models

Emily Claire Baxter and Robert J. Bryson-Richardson

Abstract  Skeletal muscle diseases, or myopathies, are a diverse group of disorders 
that range in severity from mild muscle weakness to lethality and in onset from in 
utero to late adulthood. Whilst in some cases the genetic basis of these diseases is 
known, understanding of the mechanism underlying muscle weakness is often lack-
ing, and there are no effective treatments for these diseases. Zebrafish (Danio rerio) 
are well established as a model system and offer many advantages in terms of time, 
cost and ease of experimental manipulation, and in vivo tracking of pathology, for 
the study of muscle. Both the process of muscle development and muscle function 
are highly conserved throughout evolution, and, as such, zebrafish muscle has 
remarkable structural and molecular similarities to that of human and is highly 
suited to the investigation of skeletal myopathies.

Zebrafish models have been widely applied to the evaluation of potential myopa-
thy disease variants, meeting a growing need for rapid functional analysis given the 
increasing application of high-throughput sequencing. Many of the models that 
have been generated, across the range of myopathy subtypes, have been character-
ised in detail and present pathologies that are strikingly similar to those observed in 
patients. Research using these models has resulted in significant contributions to our 
understanding of disease biology and has identified potential therapies. Here we 
provide a review of zebrafish skeletal myopathy models, detail the advances they 
have made to the field and highlight areas where they are poised to significantly 
contribute in the future.

Keywords  Zebrafish · Myopathy · Muscular dystrophy · Drug screening · Model 
organism · Muscle · Treatment
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9.1  �Introduction

Myopathies are diseases of muscle and are known to be caused by mutations in 
many genes or triggered by an environmental stimulus. Norwood et al. (2009) sur-
veyed 1105 cases of myopathies in Northern England and found that Duchenne 
muscular dystrophy (DMD) was the most prevalent affecting approximately 1  in 
12,000 individuals. However, when the prevalence of heritable myopathies was 
summed together, they affect approximately 1  in 2000 individuals, and, with the 
addition of acquired myopathies, the total prevalence was estimated as 1 in 1150. As 
a point of reference, it is currently estimated that 1 in 2000 people will be diagnosed 
with melanoma skin cancer (Australian Institute of Health and Welfare (AIHW) 
2017b) and 1  in 1560 with breast cancer (AIHW 2017a) in 2017  in Australia. 
Therefore, although subtypes may be rare, myopathies as a group are not.

Zebrafish (Danio rerio) are well established as a good model organism for the 
study of human development and disease. In addition to the rapid external develop-
ment, high fecundity, optical transparency and wide range of genetic tools available, 
zebrafish have a number of significant advantages for myopathy research. Skeletal 
muscle makes up a considerable portion of the zebrafish trunk and has an exception-
ally high degree of similarity to human muscle both molecularly and histologically. 
The disruption of muscle structure can be easily, and noninvasively, assessed via a 
birefringence assay, which examines changes in the polarity of light as it travels 
through the highly ordered muscle structure. Zebrafish can also readily absorb drugs 
added to their water and have been successfully utilised for large-scale drug screens 
(Kawahara et al. 2011a, 2014; Waugh et al. 2014). Finally, it is possible to assess 
muscle function through analysis of swimming performance (Sztal et al. 2016).

The first zebrafish model for skeletal muscle disease was described by Parsons 
et al. (2002) who used a morpholino oligonucleotide (MO) to knock-down dystro-
glycan which caused a muscular dystrophy phenotype. In the following year, Bassett 
et al. (2003) established the first zebrafish mutant as a model for skeletal muscle 
disease: the sapjet222a (herein referred to as sap) mutant as a model for DMD. Since 
the discovery of sap, zebrafish studies have led to many valuable insights in relation 
to the cause of muscle disease, disease progression and potential treatments. Whilst 
the largest volume of skeletal myopathy research utilising zebrafish is in relation to 
DMD, there have also been significant advances in our understanding regarding a 
wide range of other muscle diseases, as detailed below.

9.2  �Muscular Dystrophies

9.2.1  �Dystrophinopathies

The initial zebrafish model for DMD, sap, provided the first in vivo evidence of fibre 
attachment failure in a dystrophin-deficient vertebrate organism (Bassett et al. 2003). 
Analysis of the sap mutant also demonstrated loss of integrity of the sarcolemma 
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and cell death prior to detachment (Bassett et al. 2003). Since the discovery of sap, 
additional mutant lines (Guyon et  al. 2009; Berger et  al. 2011), MO and siRNA 
knock-down (Bassett et al. 2003; Guyon et al. 2003; Dodd et al. 2004; Johnson et al. 
2013) and endogenous gene tagging (Ruf-Zamojski et al. 2015) approaches have 
been employed to model DMD. The latter mentioned gene tag line is a recently 
established DMD model, and in vivo analysis has revealed spatio-temporal differ-
ences between dmd mRNA and dmd protein localisation during embryogenesis 
(Ruf-Zamojski et  al. 2015). The dmd protein localises to the myosepta from the 
onset of its expression at 18 hours-post-fertilisation (hpf), but dmd mRNA is not 
predominately concentrated at the myosepta until 22.5 hpf (Ruf-Zamojski et  al. 
2015). There appears to be some delay between activation of transcription and pres-
ence of mature protein; however, the localisation of dmd protein to the myosepta 
coincides with the onset of myotube differentiation (Ruf-Zamojski et al. 2015). This 
gene tag line has since been studied with improved fluorescence recovery after 
photo-bleaching (FRAP) analysis to reveal that there are in fact three populations of 
dystrophin in skeletal muscle (Bajanca et al. 2015). There is an enduring, tightly 
bound membrane population that exists at muscle fibre tips, a smaller population of 
cytoplasmic dystrophin, and a pool of dystrophin that can be exchanged between 
membrane-bound and cytoplasmic populations rapidly (Bajanca et al. 2015).

In addition to increasing understanding that defects in dystrophin primarily 
cause, the effect on secondary signalling pathways has also been investigated in the 
zebrafish. Alexander et al. (2013) identified microRNAs (miRNAs) that are uniquely 
dysregulated in dystrophic muscle, which they later demonstrated in both mice and 
human muscle biopsies. One of the miRNAs they identified, miR-199a-5p, is 
induced in dystrophic muscle, and its overexpression in zebrafish resembles some 
of the features of sap: disruption of myofibres, pericardial oedema and premature 
death (Alexander et al. 2013). With the increase of miR-199a-5p expression, there 
was a reciprocal decrease in WNT-signalling factors: WNT2, FZD4 and JAG1 
(Alexander et al. 2013). These genes had previously been determined to be impor-
tant in myogenic cell proliferation and differentiation (Polesskaya et  al. 2003; 
Kozopas and Nusse 2002; Wang et al. 2007; Lindsell et al. 1995; Gnocchi et al. 
2009), and it was therefore proposed that induction of miR-199a-5p in dystrophic 
muscle causes suppression of WNT-signalling factors and thus affects proliferation 
and differentiation (Alexander et al. 2013).

There has been substantial research into the discovery and evaluation of DMD 
therapies using the sap model. From two large-scale screens, Kawahara et al. identi-
fied 15 drugs capable of improving muscle structure in dystrophin-null fish 
(Kawahara et al. 2011a, 2014). The drug aminophylline, most commonly used to 
treat lung diseases, was highlighted in particular as it was able to increase survival 
of sap fish when treatment commenced after the onset of the skeletal muscle pheno-
type at 4dpf (Kawahara et al. 2011a). Aminophylline is a non-selective phosphodi-
esterase (PDE) inhibitor which causes activation of the PKA pathway, and PKA 
phosphorylation of calcium channels is essential for excitation-contraction coupling 
(Reiken et al. 2003). Selective PDE4 and PDE5 inhibitors are also effective in sap 
(Kawahara et al. 2011a) and the latter in the mdx mouse as well (Asai et al. 2007; 
Khairallah et al. 2008; Kobayashi et al. 2008). Unfortunately, although earlier stage 
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testing showed promise (Nelson et al. 2014; Martin et al. 2012), the most recent 
phase 3 clinical trials for use of PDE5 inhibitors have been discontinued as patients 
failed to show significant improvements (ClinicalTrials.gov identifier: 
NCT01865084; Guiraud and Davies 2017). Another screen carried out by Waugh 
et al. (2014) identified four drugs, ergotamine, pergolide, fluoxetine and ropinirole, 
all monoamine agonists, also capable of reducing abnormal birefringence in sap. 
Fluoxetine was further examined as it caused the greatest reduction and this led 
Waugh et al. (2014) to propose it improves membrane integrity related to calcium 
homeostasis; however, it is unable to completely restore stability and only yields 
positive results when commenced presymptomatically. Although the results of these 
screens have not translated into therapies as yet, they have demonstrated the capac-
ity of zebrafish for drug screening and have provided leads for further research.

Zebrafish DMD models have also been used to evaluate therapeutic exon-
skipping strategies (Berger et al. 2011), read-through of stop codons via ataluren (Li 
et al. 2014) and dasatinib treatment (Lipscomb et al. 2016). Given that large regions 
of dystrophin may be deleted with the function remaining largely intact, it was pro-
posed that the mutation-harbouring exons could be skipped to restore functional 
dystrophin in patients (Hoffman et al. 1988; Klein et al. 1992; Harper et al. 2002; 
Aartsma-Rus et al. 2009). It has been estimated that between 60% and 83% of DMD 
patients may benefit from skipping of either a single or multiple exons (Aartsma-
Rus et al. 2009; Flanigan et al. 2009). Berger et al. (2011) used a zebrafish dmd 
model to determine that restoration of dystrophin to 30–40% of the normal level 
was needed to rescue the DMD pathology, but benefits were observed from 10% to 
20% restoration. Recently one drug that induces skipping of dystrophin exon 51, 
eteplirsen, was FDA approved, making it the first drug specifically approved for the 
treatment of DMD. The clinical trial results of eteplirsen documented dystrophin 
levels increasing to as high as 18% in patients (Cirak et al. 2011) although the effec-
tiveness of eteplirsen at slowing disease progression is still unclear (Lim et  al. 
2017). Going forward zebrafish could be used to determine the level of efficacy that 
may be therapeutically useful in advance of extensive clinical trials.

Ataluren (PTC124) is reported to promote read-through of premature stop 
codons, a treatment option that may be applicable for about 10–15% of DMD 
patients (Aartsma-Rus et al. 2006). Research in zebrafish has demonstrated a bell-
shaped dose-dependent effect of ataluren, with negative effects at high dose, similar 
to those described in trials (Pichavant et al. 2011), but at the optimal dose sap dem-
onstrated a significant improvement in muscle function (Li et al. 2014). Studies in 
mice (Welch et al. 2007) and patients (Finkel et al. 2013; Bushby et al. 2014) have 
similarly reported that at the optimal dose, ataluren is well tolerated, results in 
recovered dystrophin expression and slows the progression of DMD. A recent phase 
3 clinical trial found significant improvement only in a sub-group of patients that 
were more functionally capable at the beginning of the study (Bushby et al. 2016). 
Ataluren treatment may therefore be less effective when commenced at later stages 
of the disease and/or become less effective as disease progresses. Both these ques-
tions could be readily and rapidly assessed in zebrafish.
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The most recently investigated therapy utilising sap fish has involved the use of 
dasatinib to stabilise the dystrophin-associated glycoprotein complex (DGC) 
(Lipscomb et al. 2016). Loss of dystrophin has been theorised to lead to increased 
phosphorylation of β-dystroglycan, a major component of the DGC, causing its 
internalisation and degradation via the proteasome, and thus lead to loss of the DGC 
from the sarcolemma (Ilsley et  al. 2001; James et  al. 2000; Sotgia et  al. 2003). 
Lipscomb et al. (2016) recently showed that treatment of the sap zebrafish with a 
specific Src tyrosine kinase inhibitor, dasatinib, increased the non-phosphorylated 
form of β-dystroglycan, resulting in a significant improvement in muscle structure 
and function. Mutations in other components of the DGC are also known to cause 
its instability and lead to muscular dystrophies, and therefore, with the exception of 
dystroglycan 1 (DAG1) mutations, this treatment may be applicable to other muscu-
lar dystrophies.

9.2.2  �Facioscapulohumeral Muscular Dystrophy

Facioscapulohumeral muscular dystrophy (FSHD) is linked to contraction of D4Z4 
tandem repeats on chromosome 4 (Wijmenga et al. 1992; Deutekom et al. 1993). 
Initial investigation identified possible involvement of a D4Z4-localised retro-gene 
DUX4 (Hewitt et al. 1994; Lyle et al. 1995); however, the level of DUX4 expression 
in FSHD biopsies is very low (Dixit et al. 2007; Snider et al. 2010). Zebrafish lack a 
DUX4 orthologue, with DUX4 present only in primates and Afrotheria (Clapp et al. 
2007). However, overexpression of human DUX4 in zebrafish, even at low levels, 
results in a muscular dystrophy phenotype with hallmark features of FSHD, and 
analysis of DUX4 deletion constructs further demonstrated that DUX4-DNA binding 
is required for its toxicity (Wallace et al. 2011; Mitsuhashi et al. 2013). These find-
ings support the prior, and currently prevailing, theory that deletions of D4Z4 repeats 
cause insufficient epigenetic repression of DUX4 and its expression in skeletal mus-
cle induces aberrant gene expression culminating in FSHD (Tawil et al. 2014).

9.2.3  �Limb-Girdle Muscular Dystrophy

Zebrafish have also been successfully utilised to further understanding of limb-
girdle muscular dystrophies (LGMDs), a group of disorders that are estimated to be 
nearly as prevalent as DMD (Norwood et  al. 2009). Mutations in the gene Titin 
(TTN) result in numerous presentations of muscle disease including LGMD 
(Chauveau et al. 2014). The gene encodes a protein of monumental size with numer-
ous isoforms and key roles in striated muscle including sarcomeric scaffolding and 
maintenance (Chauveau et al. 2014). Zebrafish have a duplication of the titin gene, 
but mutants have been identified for both ttna (herzschlag/hel) (Myhre et al. 2014b) 
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and ttnb (runzel/ruz) (Steffen et al. 2007) which both show progressive myopathy. 
Steffen et  al. (2007) showed for the first time that titin isoforms are modified 
throughout embryonic development and that the ruz mutation specifically affects 
particular isoforms of ttnb. Over time ruz mutants displayed an aberrant and pro-
gressive decrease of the largest ttnb isoform which correlated to a progressive loss 
of sarcomeric organisation but did not affect the capacity to undergo sarcomerogen-
esis. Study of hel mutants has since shown that truncation of ttna similarly allows 
for sarcomere assembly, but myofibril disintegration occurs with the onset of con-
traction (Myhre et al. 2014b). Most recently zebrafish have been used to resolve 
why, contrary to expectation, C-terminal mutations in TTN result in a more severe 
myopathic phenotype than N-terminal mutations (Chauveau et al. 2014; Zou et al. 
2015). Zou et al. (2015) uncovered an internal promoter that produces a C-terminal 
isoform, Cronos. During zebrafish development, Cronos is more highly expressed in 
skeletal than cardiac muscle which explains why zebrafish embryos with N-terminal 
mutations displayed similar cardiac defects to embryos with C-terminal mutations 
but lacked the severe skeletal muscle phenotype (Zou et al. 2015). The internal pro-
moter and Cronos isoform are also found in humans, and if levels of Cronos could 
be increased, this may therapeutically benefit titinopathy patients (Zou et al. 2015).

As described for mutations in TTN, mutations in titin-cap/telethonin (TCAP) 
cause LGMD but do not impact sarcomerogenesis despite the known structural role 
of TCAP (Zhang et al. 2009). TCAP is chiefly known for its role to ‘glue’ two adja-
cent TTN molecules together and thereby create a rigid and essential anchor for 
TTN filaments at the Z-disk (Zou et al. 2006). Examination of morpholino-injected 
zebrafish (morphants) showed for the first time that TCAP is necessary for forma-
tion of transverse tubules (T-tubules) and attachment of T-tubules to Z-disks (Zhang 
et al. 2009). Thus, TCAP mutations result in LGMD by disruption of sarcomere-
sarcolemma interaction (Zhang et  al. 2009). Defects in T-tubule formation and 
organisation have also been documented in LGMD patients with mutations of cave-
olin-3 (CAV3) (Minetti et  al. 2002) and in corresponding zebrafish (Nixon et  al. 
2005) and mouse (Galbiati et al. 2001) models. In muscle, CAVIN1 associates with 
CAV3 to form caveolae, invaginations of the plasma membrane (Hill et al. 2008). 
Analysis of zebrafish cav3 and cavin1 morphants and fish over-expressing human 
CAV3P104L has implicated membrane fragility as a major contributor to disease 
pathology as fish showed sarcolemmal lesions without fibre detachment (Lo et al. 
2015). Lesions of the sarcolemma can occur from mechanical stress under normal 
physiological conditions but are normally rapidly repaired to avoid cell death 
(Bansal et al. 2003; Cooper and McNeil 2015). Mutations in dysferlin (DYSF) cause 
LGMD and Miyoshi myopathy (Bashir et al. 1998; Liu et al. 1998) due to defective 
membrane repair (Bansal et  al. 2003). Zebrafish studies utilising high-resolution 
in vivo imaging have shown that dysf is an essential, early-recruited component of 
membrane ‘repair patches’ (Roostalu and Strähle 2012) that mediates the accumula-
tion of phosphatidylserine (PS) (Middel et  al. 2016), an ‘eat-me’ signal for 
macrophages (Fadok et al. 1992). Depending on the lesion size, macrophages then 
facilitate removal of the repair patch, and thus restoration of membrane integrity, or 
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devour entire myofibres (Middel et al. 2016). A previously unrecognised arginine-
rich motif in DYSF was also identified in zebrafish which matches the mutation site 
of some dysferlinopathy patients (Bashir et al. 1998; Liu et al. 1998), and modifica-
tions to this motif reduced DYSF and PS accumulation at the repair patch in zebraf-
ish and human cells (Middel et al. 2016). Zebrafish have therefore contributed many 
significant advances to our understanding of LGMDs.

9.3  �Congenital Muscular Dystrophies

9.3.1  �Dystroglycanopathies

Disruption of α-dystroglycan glycosylation results in a group of myopathies, col-
lectively termed dystroglycanopathies, with a spectrum of presentations from 
LGMD to severe congenital muscular dystrophy including muscle-eye-brain dis-
ease (MEB) and Walker-Warburg syndrome (WWS) (Bouchet-Séraphin et al. 2015). 
Mutations that cause dystroglycanopathies have been identified in 19 genes which 
encode glycosyltransferases or are otherwise involved in the glycosylation of 
α-dystroglycan and in dystroglycan 1 (dag1), which encodes for both α- and 
ß-dystroglycan, itself (Bouchet-Séraphin et al. 2015; Osborn et al. 2017). Many of 
these genes have been modelled in zebrafish and recapitulate the phenotypes seen in 
patients, although they are generally on the more severe side of the spectrum. The 
zebrafish patchytail mutant has a missense mutation in dag1 that causes loss of both 
dystroglycans (Gupta et al. 2011). At the time, mutations in DAG1 had not been 
found in patients although the authors noted the similarities in the fish phenotype to 
MEB and WWS. Within a month of the publication, patients were identified with 
DAG1 mutations that resulted in LGMD (Hara et al. 2011) and in subsequent years 
with MEB (Geis et al. 2013) highlighting once again the suitability of zebrafish to 
model myopathies and identify novel disease genes.

There are two classes of dystroglycanopathies, primary (i.e. caused by mutations 
in dag1) and secondary (i.e. caused by mutations in genes other than dag1). Lin 
et al. (2011) demonstrated that there were differences in muscle pathology between 
fish models of primary and secondary dystroglycanopathies. Fukutin (fktn) or 
fukutin-related protein (fkrp) morphants had deficient differentiation of notochord 
cells prior to muscle degeneration as well as ER stress and activation of the unfolded 
protein response, whereas dag1 mutant and morphant models lacked these pheno-
types. A shared feature among dystroglycanopathies, however, is the degeneration 
of muscle fibres due to detachment from the extracellular matrix (ECM) and loss of 
connection to adjacent fibres (Gupta et al. 2011; Osborn et al. 2017; Stevens et al. 
2013; Buysse et al. 2013; Thornhill et al. 2008; Lin et al. 2011; Carss et al. 2013; 
Roscioli et al. 2012; Praissman et al. 2016). From the study of patchytail mutants, it 
was also identified that loss of dystroglycan causes abnormalities to T-tubules which 
was thought to be a primary defect as in this study, it was also found that dystrogly-
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can ordinarily localises to T-tubules (Gupta et  al. 2011). Recently mutations in 
INPPK were found to cause dystroglycanopathy, and this was supported by genera-
tion of zebrafish inpp5ka morphants which also showed T-tubule abnormalities 
(Wiessner et al. 2017). The contribution of T-tubule abnormalities to pathogenesis 
of dystroglycanopathies has yet to be further investigated. Vascular defects have 
also been identified in some dystroglycanopathy patients (Sugino et al. 1991; Hoang 
et al. 2011; Zervos et al. 2001), and from study of dag1, fktn and fkrp morphants, it 
was revealed that these defects were not a consequence of muscle damage or ante-
cedent to it but rather a separate aspect of pathology (Wood et al. 2011). As with 
T-tubule abnormalities, the level to which vascular defects contribute to dystrogly-
canopathy remains to be determined.

9.3.2  �Merosin-Deficient Congenital Muscular Dystrophy

The most common form of congenital muscular dystrophy, merosin-deficient con-
genital muscular dystrophy (MDC1A), is modelled by the candyfloss (caf) mutant 
which contains a mutation in the gene encoding the laminin alpha 2 subunit (LAMA2, 
formerly known as merosin) (Hall et al. 2007; Gupta et al. 2012). caf mutants display 
fibre detachment, as seen in sap, but unlike sap loss of sarcolemmal integrity is not 
observed (Hall et al. 2007). Laminin is composed of multiple subunits and is adhered 
to the ECM by the DGC (Ervasti and Campbell 1993) and integrin α7-β1 heterodi-
mer receptor complexes (Danen and Sonnenberg 2003). Utilising caf zebrafish it was 
determined that other laminins are secreted from surrounding non-muscle tissues 
and localise to the fibre attachment site to reinforce attachment but cannot com-
pletely compensate for loss of lama2 (Sztal et al. 2012). Supplementation with coen-
zyme nicotinamide adenine dinucleotide (NAD+), or a vitamin precursor of NAD+, 
vitamin B3/niacin, was shown to improve laminin attachment to the basement mem-
brane of fish with knock-down of either dag1 or integrin α7 (itga7) or both (Goody 
et al. 2012). This study supports increasing fibre-ECM attachment as a therapeutic 
avenue and documented a treatment that is cost-effective and readily available.

9.4  �Congenital Myopathies

9.4.1  �Centronuclear Myopathy

As is seen with mutations causing muscular dystrophies and congenital muscular 
dystrophies, there are multiple presentations of myopathy that can result from muta-
tion of the same gene. Mutations in dynamin-2 (DNM2), for example, cause con-
genital muscular dystrophy and centronuclear myopathy (CNM) (Böhm et al. 2012; 
Bitoun et  al. 2005). In zebrafish, overexpression of human DNM2 harbouring a 
mutation that causes CNM results in functional and structural abnormalities 
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including impairment to T-tubules and thus disruption of excitation-contraction 
coupling (Gibbs et al. 2013, 2014). CNMs due to mutations in other gene have also 
been modelled in zebrafish, including ryanodine receptor (RYR1) (Hirata et  al. 
2007; Jurynec et  al. 2008), selenoprotein N (SELENON) (Deniziak et  al. 2007; 
Jurynec et al. 2008), bridging integrator 1 (BIN1) (Smith et al. 2014) and myotubu-
larin (MTM1), and have similarly shown impairment of excitation-contraction cou-
pling. Study of one of these, the ryr1b mutant relatively relaxed (ryr) (Hirata et al. 
2007), was the first indication that oxidative stress also contributed to pathology of 
RYR1-related myopathies (Dowling et  al. 2012). Oxidative stress is known to 
increase muscle fatigue and decreased endurance (Powers and Jackson 2008) and 
has been observed in cultured fibroblasts and myoblasts from RYR1- and SEPN1-
related myopathy patients (Arbogast et al. 2009; Dowling et al. 2012). Treatment 
with an antioxidant, N-acetylcysteine (NAC), leads to improvements in both patient 
myoblasts and the in vivo zebrafish model for RYR1-related myopathies including 
reduction of structural abnormalities, functional improvement and reduced suscep-
tibility to cell death (Dowling et al. 2012; Hirata et al. 2007). NAC is one of only a 
few antioxidant drugs approved for human use, and the positive functional and mor-
phological findings in ryr-treated fish were cited in support of a clinical trial for 
NAC use in RYR1-related myopathies (ClinicalTrials.gov identifier: NCT02362425). 
Clinical trials for use of NAC in patients with RYR1- and SEPN1-related myopathy 
are currently underway (ClinicalTrials.gov identifiers: NCT02362425, and 
NCT02505087, respectively).

Study of zebrafish CNM models has also demonstrated other drugs that are useful 
for treatment of such diseases. From study of zebrafish mtm1 mutants, three drugs 
that inhibit PIK3C2B, a class II kinase involved in the generation of phosphoinositide-
3-phosphate (PI3P), lead to improvements in muscle histopathology, muscle func-
tion and survival (Sabha et  al. 2016). Some CNM patients have also showed 
improved strength when treated with acetylcholinesterase (AChE) inhibitors, pyr-
idostigmine or neostigmine (Robb et al. 2011), which are antioxidants and act to 
increase both the level and duration of acetylcholine neurotransmitter action (Pope 
et  al. 2005). Investigation in zebrafish has similarly shown that AChE inhibitors 
result in functional improvement in zebrafish models of DNM2- and MTM1-related 
CNM (Gibbs et al. 2013; Robb et al. 2011). Recently, pyridostigmine treatment was 
also documented to be beneficial in a nemaline myopathy (NEM) patient carrying a 
mutation in KLHL40 (Natera-de Benito et al. 2016) which could be further investi-
gated in the zebrafish KLHL40 model (Ravenscroft et al. 2013) in the future.

9.4.2  �Nemaline Myopathy

Nemaline myopathies (NEMs) share the hallmark feature of rod-shaped (nemaline) 
bodies in skeletal muscles and are known to be caused by mutations in 11 genes: 
ACTA1 (Nowak et al. 1999), CFL2 (Agrawal et al. 2007), KBTBD13 (Sambuughin 
et  al. 2012), KLHL40 (Ravenscroft et  al. 2013), KLHL41 (Gupta et  al. 2013b), 
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LMOD3 (Yuen et al. 2014), MYO18B (Alazami et al. 2015; Malfatti et al. 2015), 
NEB (Pelin et al. 1999), TNNT1 (Johnston et al. 2000), TPM3 (Laing et al. 1995) and 
TPM2 (Donner et al. 2002). The majority of NEMs occur due to mutations in nebulin 
(NEB) or skeletal muscle actin (ACTA1) (Wallgren-Pettersson et al. 2011), the latter 
accounting for approximately 50% of the most severe presentations (Agrawal et al. 
2004). Study of zebrafish models of ACTA1 and NEB NEMs identified that there is 
more than one type of nemaline body and they have different origins and dynamics 
in vivo (Sztal et al. 2015). The same study confirmed the presence of nemaline bod-
ies that differ in immunoreactivity in biopsies (Sztal et al. 2015). Formation of actin-
containing aggregates was observed in the ACTA1 overexpression and knock-down 
models and the NEB knock-down model (Sztal et  al. 2015). An observation also 
made upon examination of samples from CFL2 (Agrawal et al. 2007) and KLHL40 
(Ravenscroft et al. 2013) patients, indicating this may be a common feature of NEMs 
(Sztal et al. 2015). In patients the frequency of nemaline bodies does not correlate 
with disease severity (Malfatti et al. 2014); however, electron microscopy did show 
that nemaline bodies aligned with regions of myofibrillar disarray in zebrafish (Sztal 
et al. 2015), and patient analysis has indicated that fibre disorganisation and dissocia-
tion correlate with the severity of muscle weakness (Malfatti et al. 2014).

Two recent studies have associated mutations of human myosin XVIIIB (MYO18B) 
with formation of nemaline bodies, variation in fibre size and loss of filament 
assembly (Alazami et al. 2015; Malfatti et al. 2015). Three zebrafish mutants, show-
ing different levels of severity due to complete or partial loss of function (LOF), 
have subsequently been identified (Berger et al. 2017; Gurung et al. 2017). Although 
nemaline bodies were not identified in the zebrafish mutants, analysis revealed that 
myo18b is specifically expressed in, and affects only, fast muscle fibres (Berger 
et al. 2017; Gurung et al. 2017). In fast fibres, Z-disks, thin and thick filaments form, 
despite myo18b mutations, but are not properly assembled into myofibrils (Berger 
et al. 2017; Gurung et al. 2017) resulting in an overall reduction in force generation 
in zebrafish (Berger et  al. 2017). The pathology in patients shows there is some 
retained capacity to assemble sarcomeres (Alazami et  al. 2015), similar to the 
partial-LOF zebrafish mutant (Berger et al. 2017). Going forward zebrafish NEM 
models could be utilised to determine how the MYO18B mutations seen in patients 
result in nemaline bodies and a fantastic tool for the discovery and development of 
NEM treatments, for which there are currently none.

9.5  �Other Myopathies

9.5.1  �Myofibrillar Myopathy

When grouped by disease classification, myofibrillar myopathies (MFMs) have the 
highest coverage of zebrafish models. To date there are zebrafish models to study 
MFMs related to mutations in ten of the thirteen identified genes (~77%). 
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MFM-causative mutations all affect proteins localised to the Z-disk, the structure 
that links sarcomeres together to form myofibrils, thus allowing for the transmission 
of contractile force. Such mutations result in the two hallmark features of MFMs, 
disintegration of myofibrils and formation of protein aggregates. Bührdel et  al. 
(2015) used MOs to knock down all of the MFM genes known at the time and 
showed that knock-down of each gene caused disruption of muscle structure, thus 
demonstrating the suitability of zebrafish to model MFMs.

Study of MFMs caused by mutations in filamin C (FLNC), bcl-2-associated ath-
anogene 3 (BAG3) and desmin (DES) in zebrafish has yielded many significant 
insights into this class of myopathy. Study of zebrafish FLNC- and BAG3-related 
MFM models has shown that loss of either FLNC or BAG3 impacts fibre integrity 
causing susceptibility to fibre disintegration following muscle contraction without 
aggregate formation (Ruparelia et  al. 2012). Similarly, reduction or loss of DES 
causes myofibril disorganisation, abnormal interfilamentous spacing and reduction 
in active force generation, indicating muscle weakness, as well as vulnerability to 
muscle damage due to eccentric muscle contraction (Li et al. 2013b; Ramspacher 
et al. 2015). Expression of human FLNCW2710X, the most prevalent FLNC mutation 
that results in MFM (Vorgerd et al. 2005), or human BAG3P209L, which causes severe 
childhood-onset MFM (Selcen et al. 2009), however, results in aggregate formation 
in zebrafish (Ruparelia et al. 2016, 2014). Such findings have significantly contrib-
uted to the current understanding that aggregates form due to toxic gain of function 
(GOF), whilst myofibrillar disintegration is the result of LOF (Ruparelia et al. 2014; 
Maerkens et al. 2016). Remarkably, FLNCW2710X and BAG3P209L localise correctly to 
the Z-disk, and their expression rescues myofibril disintegration caused by knock-
down of their respective wild-type orthologues in zebrafish (Ruparelia et al. 2014, 
2016). This indicates that these MFM-causing mutations do not abolish Z-disk 
function but result in dominant negative GOF, and thus abrogation of these acquired 
functions would be the best treatment avenue.

Inroads to treatments have been made utilising zebrafish MFM models. Induction 
of autophagy reduces the number of aggregates in FLNCW2710X and BAG3P209L-
expressing fish (Ruparelia et  al. 2014, 2016). Normally FLNC is continually 
removed and replaced at the Z-disk, as repeated contraction-relaxation causes dam-
age to the protein, and one of the mechanisms by which FLNC is degraded is via the 
chaperone-assisted selective autophagy (CASA) pathway (Arndt et  al. 2010; 
Ulbricht et al. 2013a, b). BAG3 is a key component of the CASA complex and binds 
directly to FLNC to target it for degradation (Ulbricht et al. 2013a, b; Arndt et al. 
2010). Bag3 is present in aggregates of FLNCW2710X-expressing fish, but surprisingly, 
reduction of Bag3 is effective in reducing the number of aggregates in these fish 
suggesting that the presence of Bag3  in aggregates prevents their clearance via 
CASA and other autophagic pathways (Ruparelia et al. 2016). In the DES-related 
MFM model, treatment with the antibiotic doxycycline also showed effectiveness at 
reducing the size and number of DES aggregates and the severity of the skeletal 
muscle phenotype (Ramspacher et  al. 2015). Zebrafish have therefore provided 
multiple leads for clinical exploration.
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9.6  �Acquired Myopathies

Zebrafish myopathy studies have predominately focused on inherited myopathies; 
however, they have also been used to study acquired myopathies. Statins inhibit 
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA reductase/
HMGCR), a rate-limiting enzyme of the mevalonate pathway, and are commonly 
prescribed to treat cardiovascular disease (Shepherd et  al. 1995; Ludman et  al. 
2009). Their use can cause adverse side effects in skeletal muscle including pain, 
weakness, cell damage and, in more extreme cases, induction of rhabdomyolysis 
which can be fatal (Staffa et al. 2002; Rosenson 2004; Thompson et al. 2003). In 
zebrafish treatment with lovastatin or knock-down of the HMGCR gene causes thin-
ner myofibrils, irregularities in myofibril spacing, disruption of somitic boundaries, 
shortened sarcomeres and myofibril disintegration (Hanai et al. 2007; Huang et al. 
2011). Hanai et al. (2007) theorised that statin-induced myopathy may share com-
mon features with other muscle wasting diseases. They showed that expression of 
the F-box protein 32 (FBXO32, formerly known as atrogin-1), previously known to 
be induced prior to atrophy (Sandri et al. 2004; Gomes et al. 2001), was expressed 
at significantly higher levels in zebrafish and cultured myotubes treated with lovas-
tatin as well as in muscle biopsies of statin myopathy patients. Knock-down of 
FBXO32 prevented muscle defects in zebrafish with concurrent HMGCR knock-
down or lovastatin treatment (Hanai et al. 2007). Subsequent work utilising zebraf-
ish and cultured mouse myotubes identified that inhibition of the mevalonate 
pathway by statins results in downstream inhibition of geranylgeranyl pyrophos-
phate and thus affects the post-translational modification geranylgeranylation (Cao 
et al. 2009). In lovastatin-treated fish, reduction of geranylgeranylation results in 
FBXO32 induction and subsequently muscle damage; however, supplementation 
with geranylgeraniol partially rescues the myopathy phenotype (Cao et al. 2009). 
Differing levels of FBXO32 expression have thus been suggested to explain differ-
ences in susceptibility to, and severity of, statin myopathy, and FBXO32 is therefore 
a therapeutic target for reduction in patients (Cao et al. 2009; Hanai et al. 2007).

Zebrafish have also been utilised to investigate myopathy caused by vitamin defi-
ciency. Deficiency of α-tocopherol, the favoured form of vitamin E that is absorbed 
(Rigotti 2007), results in myopathic lesions and ataxia (Guggenheim et al. 1982). 
Supplementation of vitamin E is known to prevent further deterioration or even 
reverse the neuromuscular pathology (Guggenheim et  al. 1982; Nelson 2009; 
Kleopa et  al. 2005); however, the mechanism behind how vitamin E deficiency 
results in these defects is not fully understood. Vitamin E and vitamin C/ascorbic 
acid have an essential nutrient-nutrient interaction (Hamilton et al. 2000; Bendich 
et al. 1984), and in vitro it has been shown that vitamin C is involved in recycling 
the α-tocopheroxyl radical (Buettner 1993). As in humans, but not mice, teleost fish, 
such as zebrafish, cannot synthesise their own vitamin C and thus require it from a 
dietary source (Dabrowski 1990; Touhata et  al. 1995; Toyohara et  al. 1996). 
Zebrafish raised on a vitamin E-deficient diet showed concomitant depletion of vita-
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min C as well as myofibre degeneration and functional impairment (Lebold et al. 
2013; Miller et al. 2012). Examination of muscle tissue indicated that vitamin E/C 
deficiency caused increased oxidative stress and consequently muscle tissue dam-
age (Lebold et al. 2013). It is estimated that the prevalence of acquired myopathies 
is comparable to heritable myopathies (Norwood et al. 2009). Acquired myopathies 
are therefore currently underexplored and are an area of research that could be more 
thoroughly investigated using zebrafish in the future.

9.7  �Gene Discovery

In addition to the modelling of existing myopathies, zebrafish have rapidly become 
established as the model of choice for the investigation of potential disease-causing 
variants. With the increasing use of exome and whole-genome sequencing, there has 
been a dramatic increase in the rate of disease gene discovery, and we found 26 
examples of zebrafish being used to validate myopathic mutations in the past 5 
years: ADSSL1 (Park et  al. 2016), B3GALNT2 (Stevens et  al. 2013), B4GAT1 
(Buysse et  al. 2013), BIN1 (Smith et  al. 2014), BVES (Schindler et  al. 2016), 
CCDC78 (Majczenko et  al. 2012), DNAJB6 (Sarparanta et  al. 2012; Nam et  al. 
2015), DPM1 (Marchese et  al. 2016), DPM2 (Marchese et  al. 2016), DPM3 
(Marchese et al. 2016), GMPPB (Carss et al. 2013), GOLGA2 (Shamseldin et al. 
2016a), HNRNPDL (Vieira et  al. 2014), INPP5K (Wiessner et  al. 2017; Osborn 
et al. 2017), ISPD (Roscioli et al. 2012), KLHL40 (Ravenscroft et al. 2013), KLHL41 
(Gupta et al. 2013b), LMOD3 (Yuen et al. 2014), MEGF10 (Boyden et al. 2012), 
POMGNT2 (Manzini et al. 2012), POMK (DiCostanzo et al. 2014), POMT1 (Avşar-
Ban et al. 2010), POMT2 (Avşar-Ban et al. 2010), PYROXD1 (O’Grady et al. 2016), 
SLC25A42 (Shamseldin et al. 2016b) and TMEM5 (Praissman et al. 2016).

Whilst zebrafish have been used extensively to confirm variants identified in 
patients, and even findings from golden retriever muscular dystrophy dogs (Vieira 
et  al. 2015, 2017), causative gene identification has also occurred the other way 
around. For example, dag1 mutations (discussed above) were initially identified in 
the zebrafish, prior to identification of affected patients. More recently, mutations in 
STAC3 were identified to cause Native American myopathy (NAM) after discovery 
in zebrafish (Horstick et al. 2013). Zebrafish with locomotor impairment and defec-
tive excitation-contraction coupling were identified, and the causative mutation was 
mapped to the gene stac3. Stac3 co-localised and co-immunoprecipitated with 
RYR1 and dihydropyridine receptor (DHPR) (Horstick et  al. 2013) which form 
essential calcium channels and mutations in the encoding genes are implicated in 
congenital muscular dystrophies (Marty and Fauré 2016). A homologue for stac3 
was identified in humans, which matched a previously identified locus for NAM 
(Stamm et al. 2008a, b), and sequencing confirmed STAC3 was mutated in patients 
(Horstick et al. 2013). There are many other cases in which myopathy phenotypes 
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have been observed in zebrafish, but mutations in the orthologues have not yet been 
identified in patients. We identified 18 applicable genes from zebrafish studies; their 
human homologues are known as ANXA6 (Roostalu and Strähle 2012), APOBEC2 
(Etard et al. 2010), CAVIN4 (Housley et al. 2016), COL15A1 (Pagnon-Minot et al. 
2008; Bretaud et al. 2011), COL22A1 (Charvet et al. 2013), COL6A4 (Ramanoudjame 
et al. 2015), CTSD (Follo et al. 2013), HSP90AA1 (Hawkins et al. 2008; Du et al. 
2008), ILK (Postel et  al. 2008), MBNL2 (Machuca-Tzili et  al. 2011), MTMR12 
(Gupta et al. 2013a), MYBPC2 (Li et al. 2016), RIPOR2 (Balasubramanian et al. 
2014), SMYD1 (Just et al. 2011; Prill et al. 2015; Tan et al. 2006; Li et al. 2013a), 
TMEM2 (Ryckebüsch et al. 2016), TMOD4 (Berger et al. 2014), UNC45A (Comyn 
and Pilgrim 2012) and UNC45B (Etard et al. 2007; Myhre et al. 2014a; Comyn and 
Pilgrim 2012; Wohlgemuth et al. 2007; Bernick et al. 2010). Given the track record 
of zebrafish to accurately model human myopathies, such genes are promising can-
didates for genetically unresolved myopathies.

9.8  �Conclusion

Zebrafish models have made many significant contributions to our understanding of 
myopathies, from the identification of disease-causing genes to the mechanistic 
basis of disease and the identification of potential therapies. These models are not 
even limited to genes for which a zebrafish orthologue exists; the DUX4-
overexpressing zebrafish model, for example, has provided valuable insights into 
FSHD (Mitsuhashi et al. 2013). In total we found zebrafish models for 75 out of 121 
known skeletal myopathy-associated genes (Table 9.1). Whilst there are many more 
myopathy-associated genes to be identified, a process in which zebrafish will play a 
key role, it means to date models currently exist for 62% of identified genes. In 
many cases the description of the model has been the extent of the research, and 
therefore there is great potential to further utilise these existing models to investi-
gate disease biology and potential therapeutics. In other cases, there have been sig-
nificant improvements in our understanding of disease, with many of the findings 
subsequently being confirmed in patients, once again validating the use of the 
zebrafish models.

Whilst the evaluation and identification of therapies for skeletal myopathy have 
not yet translated into routine clinical use, they have identified leads, provided pre-
clinical data to support trials and have had immediate impacts on diagnosis, through 
the identification of novel disease genes. In the future, the generation of models, not 
just for each disease, but for specific mutations, will allow the investigation of the 
biology behind differing presentations and severity, and evaluation of alternative 
therapeutic approaches, tailoring the treatment to the mutation. Further research in 
zebrafish will therefore contribute greatly to realising the potential of personalised 
medicine.
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Table 9.1  Zebrafish skeletal myopathy models

Mutated gene/protein encoded
Skeletal muscle disease 
phenotypes Zebrafish model/s

ACTA1, skeletal muscle alpha 
actin

Nemaline myopathy Overexpression (Sztal 
et al. 2015), MO (Sztal 
et al. 2015)

ACVR1, activin A receptor type 1 Fibrodysplasia ossificans 
progressiva

Mutant (lost-a-fin) (Bauer 
et al. 2001; Mintzer et al. 
2001), Overexpression 
(Shen et al. 2009), MO 
(Bauer et al. 2001)

ADSSL1, adenylosuccinate 
synthase like 1

Adolescent-onset distal 
myopathy

Overexpression (Park 
et al. 2016), MO (Park 
et al. 2016)

ATP2A1, ATPase sarcoplasmic/
endoplasmic reticulum Ca2+ 
transporting 1

Brody disease Mutant (accordion) 
(Hirata et al. 2004; Hirata 
et al. 2007)

B3GALNT2, beta-1,3-N-
acetylgalactosaminyltransferase 2

Dystroglycanopathy MO (Stevens et al. 2013)

B4GAT1, beta-1,4-
glucuronyltransferase 1

Walker-Warburg syndrome MO (Buysse et al. 2013)

BAG3, BCL2-associated 
athanogene 3

Myofibrillar myopathy Overexpression 
(Ruparelia et al. 2014), 
MO (Ruparelia et al. 
2014; Bührdel et al. 2015)

BIN1, bridging integrator 1 Centronuclear myopathy MO (Smith et al. 2014)
BVES, blood vessel epicardial 
substance

Limb-girdle muscular 
dystrophy

Mutant (popdc1S191F) 
(Schindler et al. 2016), 
MO (Schindler et al. 
2016)

CAVIN1, caveolae-associated 
protein

Muscular dystrophy with 
generalised lipodystrophy

MO (Lo et al. 2015)

CAV3, caveolin-3 Limb-girdle muscular 
dystrophy

Overexpression (Nixon 
et al. 2005; Lo et al. 
2015), MO (Nixon et al. 
2005)

CCDC78, coiled-coil domain 
containing 78

Congenital myopathy with 
internal nuclei and atypical 
cores

MO (Majczenko et al. 
2012)

CLCN1, chloride voltage-gated 
channel 1

Myotonia, dominant 
(Thomsen disease); myotonia, 
recessive (Becker disease)

Overexpression (Cheng 
et al. 2014)

COL6A1, collagen type VI alpha 1 
chain

Bethlem myopathy, Ullrich 
syndrome

Mutant (Radev et al. 
2015), MO (Telfer et al. 
2010)

COL6A2, collagen type VI alpha 2 
chain

Bethlem myopathy, Ullrich 
syndrome, myosclerosis

MO (Ramanoudjame et al. 
2015)

(continued)
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Table 9.1  (continued)

Mutated gene/protein encoded
Skeletal muscle disease 
phenotypes Zebrafish model/s

COL6A3, collagen type VI alpha 3 
chain

Bethlem myopathy, Ullrich 
syndrome

MO (Telfer et al. 2010)

CRYAB, alpha B crystallin Myofibrillar myopathy MO (Bührdel et al. 2015)
DAG1, dystroglycan 1 Muscle-eye-brain disease Mutant (patchytail) 

(Gupta et al. 2011) and 
(dag1hu3072) (Lin et al. 
2011), MO (Parsons et al. 
2002)

DES, desmin Myofibrillar myopathy Mutant (desmasa5) 
(Ramspacher et al. 2015), 
Transgenic 
(Gt(desma)ct122a/Ct122aRGt) 
(Ramspacher et al. 2015; 
Trinh et al. 2011), MO 
(Bührdel et al. 2015; Li 
et al. 2013b)

DMD, dystrophin Duchenne/Becker muscular 
dystrophies

Mutant (sapje/dmd) 
(Bassett et al. 2003; 
Guyon et al. 2009; Berger 
et al. 2011), Transgenic 
(Gt(dmd)ct90a) (Ruf-
Zamojski et al. 2015), MO 
(Guyon et al. 2003; 
Johnson et al. 2013; 
Bassett et al. 2003), 
siRNA (Dodd et al. 2004)

DMPK, DM1 protein kinase Myotonic dystrophy (Steinert) Overexpression (Todd 
et al. 2013)

DNAJB6, DnaJ heat shock protein 
family (Hsp40) member B6

Limb-girdle muscular 
dystrophy

Overexpression 
(Sarparanta et al. 2012; 
Nam et al. 2015), MO 
(Sarparanta et al. 2012; 
Bührdel et al. 2015)

DNM2, dynamin 2 Congenital muscular 
dystrophy, centronuclear 
myopathy

MO (Koutsopoulos et al. 
2013; Gibbs et al. 2013; 
Bragato et al. 2016), 	
Overexpression (Gibbs 
et al. 2013)

DPM1, dolichyl-phosphate 
mannosyltransferase catalytic 
subunit 1

Dystroglycanopathy MO (Marchese et al. 
2016)

DPM2, dolichyl-phosphate 
mannosyltransferase regulatory 
subunit 2

Dystroglycanopathy with 
severe epilepsy

MO (Marchese et al. 
2016)

(continued)
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Table 9.1  (continued)

Mutated gene/protein encoded
Skeletal muscle disease 
phenotypes Zebrafish model/s

DPM3, dolichyl-phosphate 
mannosyltransferase subunit 3

Dystroglycanopathy MO (Marchese et al. 
2016)

DUX4, double homeobox 4 Facio-scapulo-humeral 
muscular dystrophy

Overexpression (Wallace 
et al. 2011; Mitsuhashi 
et al. 2013)

DYSF, dysferlin Limb-girdle muscular 
dystrophy

MO (Kawahara et al. 
2011b; Roostalu and 
Strähle 2012)

FHL1, four and a half LIM domain 
1

Myofibrillar myopathy MO (Bührdel et al. 2015)

FKRP, fukutin-related protein Walker-Warburg syndrome, 
muscle-eye-brain disease, 
dystroglycanopathy

MO (Thornhill et al. 
2008; Kawahara et al. 
2009; Wood et al. 2011; 
Lin et al. 2011)

FKTN, fukutin Fukuyama congenital 
muscular dystrophy, Walker-
Warburg syndrome

MO (Lin et al. 2011; 
Wood et al. 2011)

FLNC, filamin C Myofibrillar myopathy Mutant (stretched-out) 
(Ruparelia et al. 2012), 
MO (Ruparelia et al. 
2012; Bührdel et al. 
2015), Overexpression 
(Ruparelia et al. 2016)

GMPPB, GDP-mannose 
pyrophosphorylase B

Limb-girdle muscular 
dystrophy,

MO (Carss et al. 2013)

muscle-eye-brain disease

GNE, UDP-N-
acetylglucosamine-2- 
epimerase/N-acetylmannosamine 
kinase

Distal myopathy with rimmed 
vacuoles, inclusion body 
myopathy; Nonaka myopathy

MO (Daya et al. 2014)

GOLGA2, golgin A2 Congenital muscle dystrophy 
with brain involvement

MO (Shamseldin et al. 
2016a)

HNRNPDL, heterogeneous nuclear 
ribonucleoprotein D-like

Limb-girdle muscular 
dystrophy

MO (Vieira et al. 2014)

(continued)
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Table 9.1  (continued)

Mutated gene/protein encoded
Skeletal muscle disease 
phenotypes Zebrafish model/s

HSPG2, heparan sulphate 
proteoglycan 2

Schwartz-Jampel syndrome MO (Zoeller et al. 2008)

INPP5K, inositol polyphosphate-5-
phosphatase K

Dystroglycanopathy, 
Marinesco-Sjögren syndrome

MO (Wiessner et al. 
2017; Osborn et al. 2017)

ISPD, isoprenoid synthase domain 
containing

Walker-Warburg syndrome MO (Roscioli et al. 2012)

ITGA7, integrin subunit alpha 7 Congenital muscular 
dystrophy

MO (Postel et al. 2008; 
Seger et al. 2011)

KCNJ2, potassium voltage-gated 
channel subfamily J member 2

Andersen-Tawil syndrome Overexpression (Leong 
et al. 2014)

KLHL40, kelch-like family 
member 40

Nemaline myopathy MO (Ravenscroft et al. 
2013)

KLHL41, kelch-like family 
member 41

Nemaline myopathy MO (Gupta et al. 2013b)

LAMA2, laminin subunit alpha 2 Congenital muscular 
dystrophy

Mutant (candyfloss/lama2 
(Hall et al. 2007; Gupta 
et al. 2012)

LDB3, LIM domain binding 3 Myofibrillar myopathy MO (Bührdel et al. 2015)

LMNA, lamin A/C Congenital muscular 
dystrophy

MO (Koshimizu et al. 
2011)

LMOD3, leiomodin 3 Nemaline myopathy Morpholino (Yuen et al. 
2014)

MEGF10, multiple EGF-like 
domains 10

Early-onset myopathy, 
areflexia, respiratory distress, 
and dysphagia; Minicore 
myopathy

Morpholino (Boyden et al. 
2012)

MSTN, myostatin Muscle hypertrophy MO (mstn1) (Amali et al. 
2004), Overexpression 
(mstn2) (Amali et al. 
2008)

MTM1, myotubularin Myotubular myopathy MO (Dowling et al. 2009; 
Gibbs et al. 2010)

MYO18B, myosin XVIIIB Nemaline myopathy Mutant (frozen/fro) 
(Gurung et al. 2017) , (sch
läfrig/sig/myo18bsig) 
(Berger et al. 2017) and 
(myo18b − 9 + 3) (Berger 
et al. 2017)

(continued)
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Table 9.1  (continued)

Mutated gene/protein encoded
Skeletal muscle disease 
phenotypes Zebrafish model/s

MYOT, myotilin Myopathy myofibrillar, 
spheroid body myopathy

MO (Bührdel et al. 2015)

NEB, nebulin Nemaline myopathy Mutant (neb) (Telfer et al. 
2012), MO (Sztal et al. 
2015)

ORAI1, ORAI calcium release-
activated calcium modulator 1

Tubular aggregate myopathy MO (Völkers et al. 2012)

PLEC, plectin Late-onset muscular dystrophy 
associated with epidermolysis 
bullosa simplex

MO (Bührdel et al. 2015)

POMGNT2, protein O-linked 
mannose 
N-acetylglucosaminyltransferase 2

Congenital muscular 
dystrophy with brain and eye 
anomalies, Walker-Warburg 
syndrome

MO (Manzini et al. 2012)

POMK, protein-O-mannose kinase Dystroglycanopathy, 
Walker-Warburg syndrome

MO (DiCostanzo et al. 
2014)

POMT1, protein-O-
mannosyltransferase 1

Walker-Warburg syndrome MO (Avşar-Ban et al. 
2010)

POMT2, protein-O-
mannosyltransferase 2

Walker-Warburg syndrome, 
muscle-eye-brain disease

MO (Avşar-Ban et al. 
2010)

PYROXD1, pyridine nucleotide-
disulphide oxidoreductase domain 
1

Early-onset myopathy with 
internalised nuclei and 
myofibrillar disorganisation

Overexpression (O’Grady 
et al. 2016), MO 
(O’Grady et al. 2016)

RYR1, ryanodine receptor 1 Congenital fibre-type 
disproportion myopathy, 
centronuclear myopathy, 
multiminicore myopathy

Mutant (relatively 
relaxed) (Hirata et al. 
2007), MO (Jurynec et al. 
2008)

SELENON, selenoprotein N Congenital fibre-type 
disproportion myopathy

MO (Deniziak et al. 2007; 
Jurynec et al. 2008)

SGCD, sarcoglycan delta Limb-girdle muscular 
dystrophy

MO (Guyon et al. 2005), 
and (Cheng et al. 2006)

SLC25A42, solute carrier family 
25 member 42

Mitochondrial myopathy MO (Shamseldin et al. 
2016b)

(continued)
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Chapter 10
Zebrafish Models of Muscular Dystrophies 
and Congenital Myopathies

Hiroaki Mitsuhashi

Abstract  Muscular dystrophies and congenital myopathies are genetic disorders 
that affect skeletal muscle. Mice have been widely used as animal models of the 
diseases; however, the zebrafish has recently received much attention as a new 
model system complementary to mammalian models. The basic structure of zebraf-
ish skeletal muscle is similar to that of humans, and approximately 70% of human 
genes correspond to at least one ortholog in the zebrafish genome. Furthermore, 
various attributes make zebrafish suited for the inherited muscular disorders, for 
example, ease of genetic manipulation by microinjection, rapid external develop-
ment, reproducible motor behavior from 24  h postfertilization, in  vivo imaging 
based on the transparency of embryos, and mutant resource generated by a forward 
genetic approach. This review highlights key studies using zebrafish as a model of 
inherited muscular disorders, focusing on disease mutants identified from forward 
genetic screening, causative gene discovery by reverse genetic approach, and drug 
screening to develop novel therapeutic strategies.

Keywords  Zebrafish · Muscular dystrophy · Congenital myopathy · Skeletal 
muscle · Disease model

10.1  �Muscular Dystrophy and Congenital Myopathy

Muscular dystrophy and congenital myopathy are two major categories of inherited 
muscle diseases. Both are heterogeneous groups of genetic diseases that affect skel-
etal muscle, leading to muscle weakness.

Muscular dystrophies are a group of degenerative diseases, in which muscle 
forms normally at first but the muscle cells or muscle fibers gradually degenerate. 
Patients with muscular dystrophy develop progressive muscle weakness and muscle 
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atrophy. Disease onset varies from severe forms in which the symptoms become 
apparent at birth or infancy (congenital muscular dystrophy) to relatively mild adult-
onset muscular dystrophy. A number of studies have proposed that the pathomecha-
nism of muscular dystrophies compromises the integrity of the muscle cell plasma 
membrane, or sarcolemma. The sarcolemma is stabilized by the submembranous 
actin cytoskeleton and the basal lamina consisting of the extracellular matrix (ECM) 
so that it maintains the integrity against mechanical stress induced by muscle con-
traction (Cohn and Campbell 2000; Nowak and Davies 2004; Ozawa et al. 1995; 
Rahimov and Kunkel 2013). Muscle fibers express the dystrophin-associated glyco-
protein complex (DGC) that links the actin cytoskeleton with the basal lamina and 
consequently protects the sarcolemma from mechanical stress. Mutations in genes 
associated with DGC or basal lamina cause muscular dystrophies. Muscle creatine 
kinase, which is an abundant enzyme in the muscle fiber, is abnormally elevated in 
the serum of muscular dystrophy patients, suggesting leakage of the enzyme through 
the fragile sarcolemma.

In contrast, congenital myopathy is a group of developmental disorder in 
which muscle formation is affected. Patients with congenital myopathy usually 
present hypotonia and muscle weakness at birth or in childhood (Nance et  al. 
2012; Sewry et  al. 2008). Skeletal muscle fibers have two fundamental struc-
tures, excitation–contraction (E–C) coupling machinery and contractile appara-
tus, which are essential for muscle contraction. Briefly, an action potential in 
muscle fiber is conducted into the interior of muscle fibers along transverse 
tubules (T-tubules), which are invaginations of the sarcolemma, and induces the 
release of Ca2+ from the sarcoplasmic reticulum (SR). The SR is a modified 
endoplasmic reticulum that stores Ca2+ in muscle cells. The T-tubules tightly 
associate with two portions of SRs to form a structure called a triad. The released 
Ca2+ binds to troponin C in the contractile apparatus and triggers the interaction 
between actin thin filaments and myosin thick filaments. Mutations in the genes 
associated with the E–C coupling machinery or the contractile apparatus cause 
congenital myopathies (Al-Qusairi and Laporte 2011; de Winter and Ottenheijm 
2017; Dowling et al. 2014).

Both muscular dystrophies and congenital myopathies are very rare. To the best 
of our knowledge, over 80 causative genes have been identified in muscular dystro-
phies and congenital myopathies (Kaplan and Hamroun 2015) since the discovery 
of the DMD gene as a causative for Duchenne muscular dystrophy (DMD) (Koenig 
et al. 1987). Despite considerable efforts in molecular genetic studies, it is still dif-
ficult to identify causative mutations in more than half of patients (Nishikawa et al. 
2017). Further development of genetic and functional analysis is required to deci-
pher the mechanism of the disease. As there is no available cure for any form of 
muscular dystrophy or congenital myopathy, a variety of therapeutic approaches has 
been extensively studied. Identifying causative genes in patients could lead to a bet-
ter understanding of the molecular basis of the pathology of these diseases and 
development of therapies.
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10.2  �Advantages of Zebrafish for Research into Inherited 
Muscular Disorders

Numerous studies on muscular dystrophies and congenital myopathies using patient 
samples, cultured cell systems, and mouse models have contributed to the identifi-
cation of causative genes and an understanding of their pathomechanisms.

Cultured cell systems, where gene expression can be easily manipulated by 
RNAi or introduction of cloned cDNA of a gene of interest, allow us to investigate 
the effect of loss-of-function or gain-of-function mutations on muscle cells. They 
are also suited to drug screening assays because they are inexpensive, easy to grow, 
and reproducible. However, cultured cell systems have limitations owing to the 
difficulties to recapitulate the nerve–muscle interaction which is essential for 
muscle fiber maturation and muscle contraction. Thus, muscle contraction, which is 
considered an important factor in the pathomechanism of muscular dystrophies, 
does not occur in the cellular system. In addition, it is difficult to analyze the effect 
of gene mutations on the sites of connection between muscle and other tissues, such 
as neuromuscular junctions (NMJs) or myotendinous junctions (MTJs), which are 
often compromised in inherited muscular disorders.

The mouse is an excellent mammalian model with a similar anatomy and 
physiology to humans. Mouse models are widely used; however, it is expensive to 
maintain large numbers of laboratory animals and generate genetically engineered 
mouse strains. A large-scale drug screening or forward genetic approach is not 
feasible in mouse models due to the cost and time required. In addition, mice have 
a much higher capacity of muscle regeneration than humans (Dangain and Vrbova 
1984; Turk et al. 2005). Therefore, mice are not an entirely desirable disease model 
for muscular dystrophy.

Zebrafish have several desirable attributes that complement these models. First, 
the basic structure of zebrafish skeletal muscle is similar to that of humans 
(Fig. 10.1). Furthermore, their large clutch size, rapid development, and relatively 
small genome size (approximately 60% of the mouse genome) make zebrafish suit-
able for large-scale mutagenesis (Howe et al. 2013). Several zebrafish mutants with 
myopathic phenotypes, such as sapje and candyfloss, were identified using a for-
ward genetic approach (Granato et  al. 1996). The transparency of the embryos 
enables us to visualize skeletal muscle in live animals. In particular, the muscle 
birefringence assay is useful for muscle disease research (Berger et  al. 2012; 
Felsenfeld et al. 1990; Granato et al. 1996). Under polarized light zebrafish muscle 
can be detected as a bright area, whereas affected muscle appears dark (Fig. 10.2). 
This noninvasive, readily accessible assay was used to identify myopathic mutants 
in forward genetic screening or drug screening assays as a simple readout. In addi-
tion, a number of transgenic zebrafish expressing fluorescent markers driven by 
muscle-specific promoters were created (Fig.  10.3) (Elworthy et  al. 2008; 
Higashijima et al. 1997; Seger et al. 2011). Transgenic zebrafish enable visualiza-
tion of the dynamic physiological processes such as sarcolemmal repair or calcium 
influx in muscle fibers (Horstick et al. 2013; Roostalu and Strähle 2012). Moreover, 
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developing zebrafish embryos display stereotyped motor behavior within 48 hours 
postfertilization (hpf). They show spontaneous alternating contractions called spon-
taneous coiling at around 19 hpf and then develop a touch-evoked escape response 
at around 48 hpf (Saint-Amant and Drapeau 1998). These motor behaviors provide 
simple measures of locomotor activity and can be utilized to detect muscle weak-
ness. Microinjection of antisense morpholinos (AMOs) or mRNA allows manipula-
tion of gene expression in zebrafish in a quick and easy way. Zebrafish embryos 

Fig. 10.1  Ultrastructure of human skeletal muscle and zebrafish skeletal muscle. Longitudinal 
section of human skeletal muscle (left panels) and zebrafish skeletal muscle (right panels). Basic 
structure including well-aligned sarcomeres and triads are conserved between human and zebraf-
ish. Z Z-disc, A A band, I I band. Arrowheads indicate triads. Scale bar, 2 μm

Fig. 10.2  Muscle birefringence
Muscle birefringence is a light effect that results from the diffraction of polarized light through the 
pseudo-crystalline array of the muscle sarcomeres. Muscle degeneration is detected as a dark area 
under polarized light. Upper panel: birefringence of normal trunk muscle. Lower panel: birefrin-
gence of affected trunk muscle. 4 dpf zebrafish embryos. Rostral is to the right. Scale bar, 400 μm
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with morpholino-mediated knockdown, or “morphants,” have been widely used as 
models of loss-of-function mutations. Furthermore, zebrafish embryos readily 
absorb small compounds. Thus, zebrafish have great potential as a platform for 
high-throughput drug screening. Recently, genome editing technologies have been 
applied to zebrafish (Hwang et  al. 2013). It would be straightforward to create 
zebrafish models of inherited muscular disorders that harbor mutations in specific 
genes.

10.3  �Zebrafish Mutant Models of Muscular Dystrophies

In 1996, Granato et  al. first suggested the potential of zebrafish as a model for 
muscle disease (Granato et  al. 1996). They reported zebrafish motility mutants 
obtained from a forward genetic approach. They described four mutants (sapje, 
softy, runzel, and schwammerl) characterized by initially normal muscle formation 

Fig. 10.3  Transgenic zebrafish with muscle-specific fluorescent reporter
Muscle-specific reporter zebrafish line. Transgenic zebrafish [Tg(α-actin–GFP)] expressing green 
fluorescent protein (GFP) driven by skeletal muscle actin (α-actin) promoter. (a) Image of GFP 
fluorescence merged with bright-field image at 1 dpf. Scale bar, 200 μm. (b) Confocal laser scan-
ning microscopy of trunk muscle of [Tg(α-actin–GFP)] at 3 dpf, visualizing muscle fibers aligned 
orderly. Rostral is to the right. Scale bar, 20 μm. (c, c’) Facial musculature visualized by GFP at 3 
dpf. (c) GFP fluorescence. (c’) Merged image. Ventral view. Rostral is to the top. Scale bar, 200 μm
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but reduced muscle birefringence and slow swimming around 96 hpf. The observed 
phenotypes were similar to the condition of human muscular dystrophy character-
ized by progressive muscle weakness and muscle degeneration. In 2003, Guyon 
et  al. demonstrated that injection of AMOs against the zebrafish ortholog of the 
DMD gene, encoding dystrophin, into zebrafish embryos caused a curved or bent 
body phenotype after hatching out of the chorion (Guyon et al. 2003). The dystro-
phin morphants were less active than control embryos, lying on the bottom of the 
culture dish. Immunohistochemistry revealed that dystrophin predominantly 
expressed in myosepta, a tendon-like structure of fish, and that two DGC compo-
nents, β- and γ-sarcoglycan, were colocalized with dystrophin. Importantly, the dys-
trophin morphants showed reduction of the sarcoglycans as well as dystrophin, 
suggesting that dystrophin forms the DGC with sarcoglycans in zebrafish as in 
mammals. Concurrent reduction of dystrophin and sarcoglycans is frequently 
observed in human DMD patients.

In addition, Bassett et al. revealed that sapjeta222a mutants carry a nonsense muta-
tion in the zebrafish dystrophin gene (Bassett et al. 2003). It implied that the func-
tion of genes associated with muscle integrity may be conserved between human 
and zebrafish. Of note, Bassett et al. found that the progressive muscle degeneration 
of sapje is caused by the separation of muscle fibers from their attachment points on 
the myosepta. Given that the myosepta is analogous to mammalian tendon, the junc-
tional areas between muscle fibers and the myosepta would correspond to MTJs. In 
previous studies with mouse models of muscular dystrophies, most attention focused 
on the role of DGC in maintaining the integrity of non-junctional sarcolemma. 
However, studies of dystrophin morphants and sapje mutants in zebrafish have sug-
gested a novel pathomechanism of DMD and a potential role of DGC in maintain-
ing the integrity of MTJs. Another important point is that sapje mutants recapitulate 
the human DMD condition better than mouse models in terms of severity. Sapje 
mutants did not display recovery of muscle degeneration and died after several 
weeks postfertilization (wpf) (Bassett et al. 2003). In contrast, dystrophin-deficient 
mdx mice show much milder muscle degeneration and do not show decreased 
survival rate, probably because of the high regenerative capacity of murine skeletal 
muscle. Furthermore, Berger et al. observed mononucleated cell infiltration, variation 
in fiber size, fibrosis, and active proliferation of Pax7-positive muscle progenitor 
cells in sapje mutants, demonstrating that sapje mutants closely resemble the human 
DMD muscle pathology (Berger et al. 2010).

10.3.1  �Zebrafish Models of DGC Deficiency

In mammals, dystrophin is associated with the glycoproteins α-, β-, γ-, and 
δ-sarcoglycan and α- and β-dystroglycan (Ozawa et al. 1995). Mutations in these 
dystrophin-associated glycoproteins cause muscular dystrophies (Bonnemann et al. 
1995; Hara et al. 2011; Lim et al. 1995; Nigro et al. 1996; Noguchi et al. 1995; 
Roberds et al. 1994). The importance of δ-sarcoglycan in zebrafish was investigated 
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by antisense morpholino injection targeting zebrafish δ-sarcoglycan. The morphants 
showed abnormal phenotypes similar to dystrophin morphants, curved body shape, 
reduced activity, and concurrent reduction of γ-sarcoglycan at myosepta (Cheng 
et  al. 2006; Guyon et  al. 2005), suggesting a conserved role of sarcoglycans in 
muscle integrity in zebrafish.

Dystroglycan is a central component of the DGC that directly binds to dystro-
phin. Both α- and β-dystroglycans are encoded by a single gene, DAG1, and each 
protein is generated by proteolytic processing of a precursor protein (Ibraghimov-
Beskrovnaya et al. 1992). α-Dystroglycan is an extracellular subunit that binds to 
laminin α2, which is an ECM protein in the basal lamina. O-linked glycosylation of 
α-dystroglycan is critical for its binding to laminin. β-Dystroglycan is an integral 
membrane protein that binds to dystrophin via the C-terminal region. Overall, dys-
troglycan links the cytoplasmic actin filament network with the ECM. Dystroglycan 
is essential for mammalian embryogenesis. Dag1 null mice are embryonic lethal 
due to failure to form the rodent-specific basement membrane known as Reichert’s 
membrane (Williamson et al. 1997). To examine the role of dystroglycan in verte-
brate skeletal muscle, Parsons et al. knocked down dystroglycan with AMO against 
zebrafish dag1. The dag1 morphants survived and appeared normal prior to 24 hpf, 
suggesting that dag1 is not necessary for external development of zebrafish embryos. 
The knockdown of dag1 caused necrosis and disorganization of the sarcomere and 
SR, suggesting that dag1 is required for maintenance of muscle fibers rather than 
muscle formation (Parsons et  al. 2002). Two dag1 mutants were later reported, 
patchytail and dag1hu3072 (Gupta et  al. 2011; Lin et  al. 2011). Patchytail mutants 
contain a point mutation resulting in a p.V567D substitution in the C-terminal 
domain of α-dystroglycan that interacts with β-dystroglycan. Patchytail mutants 
showed progressive reduction of muscle birefringence, implicating progressive 
muscle degeneration. Structural abnormality of the myosepta was observed under 
an electron microscope, further suggesting an important role of DGCs in the MTJs. 
Interestingly, this mutant showed structural abnormalities in the triads, as irregular-
shaped T-tubules and disorganized SR. These findings suggest an unexpected role 
of dystroglycan in E–C coupling (Gupta et al. 2011). In addition to skeletal muscle 
abnormalities, patchytail mutants showed eye structure abnormalities and brain 
abnormalities. The cells within the ganglion layers were loosely packed in the pos-
terior chamber, and the cells with inclusion bodies were present in the lens. The 
tectal cells were less organized in the midbrain and granular cell layer in the cere-
bellum. These phenotypes are quite similar to the phenotypes of human muscle–
eye–brain disease (MEB) and Walker–Warburg syndrome (WWS), known as 
α-dystroglycanopathy associated with reduced O-linked glycosylation of 
α-dystroglycan. Because dystroglycan is strongly expressed in the eyes and central 
nervous system (CNS) in addition to skeletal muscle, it is rational that a deficiency 
of dystroglycan affects these organs. Thus, zebrafish dag1 mutants suggest that 
mutations in dag1 might cause MEB or WWS in humans.

Another dag1 mutant fish, dag1hu3072, has a nonsense mutation p.R398*, predict-
ing a truncation of α-dystroglycan within the mucin domain. Antibodies against α- 
and β-dystroglycan did not detect endogenous dystroglycans in the homozygous 
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embryos, indicating that the dag1hu3072 mutant is a complete loss-of-function model 
(Lin et al. 2011). This mutant showed a more severe phenotype than the patchytail 
mutant and exhibited severe muscular dystrophy with muscle fiber detachment and 
loss of dystrophin at the vertical myosepta. In the same year, the first limb-girdle 
muscular dystrophy (LGMD) patient with DAG1 mutation (p.T192M) was reported 
(Hara et al. 2011). This patient had accompanied mental retardation with muscular 
dystrophy. Biochemical analysis in  vitro revealed that the p.T192M mutation 
affected the affinity of α-dystroglycan to laminin. Recently, other patients with 
DAG1 mutations were reported (Dong et al. 2015; Geis et al. 2013). Two Libyan 
patients with p.C669F mutations in β-dystroglycan presented more severe pheno-
types similar to MEB disease with multicystic leukodystrophy. Given that patchy-
tail mutants showed abnormalities in their muscle, eyes, and brain, the dag1 mutant 
zebrafish would be a useful animal model for further analysis of the molecular 
mechanism of DAG1-related muscular dystrophy and to study a therapeutic 
approach.

10.3.2  �Zebrafish Model of Laminin Deficiency

Laminins are major structural components of the basal lamina. There are three lam-
inin subunits, α-, β-, and γ-chains, which form heterotrimers. Laminin-2 is the major 
laminin isoform in skeletal muscle that consists of α2, β1, and γ1 chains. As men-
tioned above, laminin binds to the DGC through α-dystroglycan. The resulting link-
age between the subsarcolemmal actin cytoskeleton and the basal lamina stabilizes 
the sarcolemma against mechanical stress. Mutations in the laminin α2 (LAMA2) 
gene cause severe congenital muscular dystrophy with merosin deficiency (MDC1A) 
(Helbling-Leclerc et  al. 1995). Studies using mouse models of laminin α2 defi-
ciency suggested that apoptosis may contribute to the pathology (Gawlik and 
Durbeej 2011). Three zebrafish lines with lama2 mutations were isolated using a 
forward genetic approach. Among these, candyfloss mutant strains (cafteg15a and 
caftk209) have nonsense mutations that add a premature stop codon within the 
C-terminal globular domain in laminin α2 protein (Hall et al. 2007). This domain is 
essential for the binding of laminin α2 to dystroglycan, and the mutations are located 
in close proximity to human MDC1A mutations. In caf mutants, initial formation of 
muscle fibers appeared normal, but a dystrophic phenotype was observed by 72 hpf, 
and most mutants died around 2 weeks. As seen in dystrophin-deficient zebrafish, 
fiber detachment from vertical myosepta occurred in caf mutants. 
Immunohistochemical analysis showed that dystrophin, β-dystroglycan, and lam-
inin 1 were detectable at the MTJs in caf mutants, indicating that fiber attachment 
failure occurred within the ECM rather than at the sarcolemma.

Gupta et al. reported another laminin mutant, lama2cl501/cl501, with RNA missplic-
ing of the lama2 transcript (Gupta et al. 2012). This mutant developed progressive 
muscle degeneration and died at around 1–2 weeks. This lama2cl501/cl501 strain 
showed growth defects in the brain and eyes. Growth retardation is also reported in 
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laminin α2-deficient mice (Miyagoe et al. 1997). Hall et al. examined whether mus-
cle damage in candyfloss mutants was related to muscle contraction. Mutant 
embryos raised under anesthesia did not develop muscle degeneration up to 72 hpf. 
In contrast, mutants raised in viscous media (0.6% methylcellulose), which put an 
increased mechanical load on muscle, showed more severe muscle damage than 
those in normal media (Hall et al. 2007). A protective effect of immobilization on 
muscle damage was also observed in sapje mutants (Li and Arner 2015), suggesting 
that zebrafish dystrophic mutants recapitulate the pathomechanism of muscular 
dystrophy, that is, muscle degeneration caused by contraction-induced mechanical 
stress. This strengthens the relevance of zebrafish as a model of muscular 
dystrophy.

10.4  �Zebrafish Mutant Models of Congenital Myopathies

10.4.1  �Zebrafish Model of E–C Coupling Defect

The E–C coupling machinery mediates the action potential transmitted by the motor 
neuron into intracellular Ca2+ release and muscle contraction. Membrane depolar-
ization spreads down into the muscle fiber via T-tubules and activates the dihydro-
pyridine receptor (DHPR) in the T-tubules, triggering the opening of the ryanodine 
receptor 1 (RyR1) in the adjacent SR. Activation of the RyR induces release of Ca2+ 
from the SR into the cytosol of the muscle fiber, allowing the interaction between 
actin and myosin in the contractile apparatus. It is known that mutations in genes 
associated with E–C coupling cause a variety of myopathies.

Hirata et al. reported that the zebrafish relatively relaxed (ryrmi340) mutant carries 
a mutation in the ryr1b gene (Hirata et  al. 2007). This mutation causes aberrant 
splicing, resulting in a premature stop codon in the middle of the ryr1b protein. The 
homozygous ryr mutant showed slow swimming after 36 hpf, although electro-
physiological tests indicated that the CNS and NMJs are not affected. Live imaging 
techniques using a Ca2+ indicator dye revealed that the Ca2+ transients in fast muscle 
were compromised in the homozygous ryr mutants, suggesting a defect in E–C 
coupling in fast muscle. Immunohistochemistry showed that RyRs, DHPRα1, 
DHPRα2, and DHPRβ were not localized in the junctions between the T-tubule and 
SR in fast muscle in homozygous ryr mutants. RYR1 mutations in humans cause a 
wide variety of congenital myopathies including central core disease and multi-
minicore disease (Hwang et al. 2012). Ultrastructural analysis of the homozygous 
ryr mutants revealed small amorphous cores that were similar to the minicores 
observed in multi-minicore disease patients. Furthermore, Hirata et  al. demon-
strated that normal swimming was recovered in the homozygous ryr mutants by the 
introduction of AMO to restore splicing of the ryr1b transcript. These results 
suggested that ryr mutants could serve as a useful animal model of multi-minicore 
disease.
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Recently, Horstick et al. identified mi34 zebrafish mutants that show defective 
motor behavior such as spontaneous coiling, touch-induced escape contractions, 
and touch-induced swimming. Live imaging of Ca2+ transients with GCaMP3 Ca2+ 
indicator revealed greatly reduced Ca2+ transients in skeletal muscles in the mi34 
mutants, suggesting a defect in the E–C coupling. The gene responsible for the mi34 
phenotype was identified as stac3, encoding an adaptor-like protein of unknown 
function (Horstick et al. 2013). mi34 mutants have a point mutation that disrupts a 
splice donor site, resulting in no Stac3 protein. Immunohistochemical analysis 
revealed that Stac3 is specifically expressed in skeletal muscles and colocalizes with 
DHPRα1 and presumably RyR1. Immunoprecipitation assays indicated that Stac3 
is associated with both DHPRα1 and RyR1 in wild-type adult muscle. These results 
suggest that Stac3 is a novel essential component of the E–C coupling machinery. 
In addition, the authors identified mutations in the human STAC3 gene in a cohort 
of congenital Native American myopathy families. Native American myopathy is an 
autosomal recessive disorder found within the Lumbee Native American popula-
tion, characterized by muscle weakness, susceptibility to malignant hyperthermia, 
multiple joint contractures, and dysmorphic facial features. In the cohort, a c.
G1046C point mutation was identified, resulting in p.W284A substitution in the 
first SH3 domain of the STAC3 protein. The effect of the p.W284S mutation on 
STAC3 protein function was investigated using zebrafish mi34 mutants. A pheno-
typic rescue experiment showed that expression of wild-type zebrafish stac3 res-
cued touch-induced swimming in mi34 mutants, whereas expression of zebrafish 
stac3 with an analogous W-to-S substitution failed to rescue the phenotype. STAC3 
mutations were first identified in the zebrafish mutant, shedding light on the molec-
ular cause of the myopathy. This study emphasizes the value of zebrafish in medical 
research into human genetic disorders.

10.4.2  �Zebrafish Model of Contractile Apparatus Defect

Contractile apparatus is a specialized structure for muscle contraction. It consists of 
basic units called sarcomeres that are mainly composed of myosin thick filaments 
and actin thin filaments. Mutations in human genes associated with the actin thin 
filaments cause nemaline myopathy, one of the most common forms of congenital 
myopathies characterized by neonatal hypotonia, severe weakness, facial and respi-
ratory muscle involvement, and abnormal rodlike structures (nemaline rods) on 
muscle pathology (Nance et al. 2012; Sewry et al. 2008). NEB, encoding nebulin, is 
a known causative gene of nemaline myopathy. Nebulin is believed to work as a 
“molecular ruler” for actin filament assembly and regulates the length of the thin 
filaments.

Telfer et al. utilized publicly available zebrafish mutants (hu2849, termed neb) 
with a nebulin gene mutation generated by ENU mutagenesis at the Sanger Institute 
Zebrafish Mutant Resource (http://www.sanger.ac.uk/resources/zebrafish/zmp/) 
(Telfer et al. 2012). neb mutants have a mutation in the splice donor site that leads 
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to exon 43 exclusion. neb homozygous mutants showed an impaired touch-induced 
escape response and reduced muscle birefringence and died by 7 days postfertiliza-
tion (dpf). The authors developed a method to measure peak force and kinetics of 
force generation of zebrafish larvae and revealed impaired force generation in neb 
mutants. Electron microscopy and immunofluorescence showed short length of thin 
filaments and abnormal aggregates with filamentous material containing α-actinin 
and actin, mirroring the muscle pathology of nemaline myopathy patients. This 
study suggests the great potential of the public mutant library to find a zebrafish 
model for other myopathies.

10.5  �Transient Models by Antisense Morpholino-Mediated 
Knockdown

Morpholino-mediated knockdown is a useful technology to investigate the effect of 
loss-of-function of genes of interest in a whole organism. It has potential to rapidly 
create disease models of autosomal recessive disorders. To date, a number of muscle 
disease models have been created by morpholino injection (summarized in 
Table 10.1) (Avsar-Ban et al. 2010; Bragato et al. 2016; Dowling et al. 2009; Jurynec 
et al. 2008; Kawahara et al. 2010; Koshimizu et al. 2011; Li et al. 2013; Lin et al. 
2011; Lo et al. 2015; Nixon et al. 2005; Postel et al. 2008; Smith et al. 2014; Sztal 
et al. 2015; Telfer et al. 2010; Thornhill et al. 2008; Vieira et al. 2014; Vogel et al. 
2009; Wood et al. 2011; Zhang et al. 2009). This review will focus on the study by 
Roostalu and Strähle that highlights the power of zebrafish to elucidate molecular 
mechanisms underlying muscular dystrophy associated with DYSF mutation.

Mutations in the human DYSF gene cause LGMD type 2B or Miyoshi myopathy. 
DYSF encodes a large transmembrane protein, dysferlin, which has been proposed 
to be involved in plasma membrane repair (Bansal et al. 2003). The importance of 
dysferlin in muscle integrity was demonstrated by two independent AMO-mediated 
knockdown experiments where dysf morphants showed reduction of muscle bire-
fringence and disorganization of myofibrils (Kawahara et al. 2011b; Roostalu and 
Strähle 2012). Roostalu and Strähle expressed fluorescent-tagged dysferlin (Dysf-
mTFP1) in zebrafish muscle to monitor dysferlin localization and generated small 
sarcolemmal ruptures in live zebrafish embryos with two-photon laser pulses 
(Roostalu and Strähle 2012). In this system, they observed a rapid Dysf-mTFP1 
accumulation at the sarcolemmal lesion. Their high-resolution imaging visualized 
real-time membrane resealing in myofibers in live animals and revealed that annex-
ins participate in the resealing process. Annexin A6 (Anxa6) simultaneously accu-
mulated with dysferlin at the lesion and formed a repair patch. Subsequently, 
annexin A2a (Anxa2a) was recruited to the site followed by annexin A1a (Anxa1a). 
Knockdown of dysferlin or Anxa6 perturbed Anxa1a and Anxa2a accumulation 
at the lesion. Moreover, knockdown of both dysferlin and Anxa6 caused failure to 
generate a dense repair patch. This elegant optical assay would be difficult in mam-
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malian system, and this study highlights the great potential of zebrafish to visualize 
the dynamic processes associated with muscle disease pathology.

10.6  �Zebrafish Models for Identification of Novel Causative 
Genes

Despite the extensive effort to search for a genetic cause, approximately 70% of 
inherited muscular disease patients remain undiagnosed (Nishikawa et al. 2017). It 
is important to give a precise molecular diagnosis to the patient for genetic counsel-
ing, prognosis, and choice of treatment. Recently, whole-exome sequencing with a 
next-generation sequencer (NGS) has been widely used for gene discovery in genet-
ically unsolved diseases. NGS allows rapid, cost-effective screening of large regions 
of the genome. However, it can also reveal numerous unreported variants of unclear 
biological significance. To identify true pathogenic variants, functional analysis of 
genetic variants is required. However, it is time-consuming to verify the pathogenic-
ity of genetic variations using conventionally used mouse models. Currently, zebraf-
ish have been recognized as an ideal model system to validate novel variants 
identified in patients because of their rapid development and the ease of genetic 
manipulation. The following are notable examples that the zebrafish aided in the 
identification of novel causative genes of inherited muscular disorders.

10.6.1  �Identification of Novel Causative Genes 
of α-Dystroglycanopathies

As described above, dystroglycan is a central component of the DGC, and 
α-dystroglycan requires O-mannose-type glycosylation for binding to laminin. 
Defects of O-linked glycosylation of α-dystroglycan cause a clinically and geneti-
cally heterogeneous group of disorders called α-dystroglycanopathies (Yoshida-
Moriguchi and Campbell 2015). Phenotypes of α-dystroglycanopathies range from 
severe forms of congenital muscular dystrophy with eye and brain abnormalities, 
including Fukuyama congenital muscular dystrophy, WWS, and MEB, to relatively 
mild adult-onset LGMDs. Prior to the advent of NGS, it was discovered that muta-
tions in six genes, POMT1, POMT2, POMGNT1, FKTN, FKRP, and LARGE, 
all of which are involved in the glycosylation of α-dystroglycan, cause 
α-dystroglycanopathies. However, mutations in these genes represent only 35% of 
WWS incidence, suggesting the existence of additional causative genes. Roscioli 
et al. searched for a novel causative gene involved in WWS. Using a combination of 
single-nucleotide polymorphism haplotyping and whole-exome sequencing, they 
identified homozygous or compound heterozygous mutations in the ISPD gene, all 
of which were predicted to cause loss-of-function of the protein. As the function of 
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ISPD in vertebrates was unknown, they knocked down the ispd ortholog in zebrafish 
by injecting antisense morpholinos. The ispd morphants showed reduced eye size, 
hydrocephalus, brain folding abnormalities, muscle fiber degeneration, compro-
mised sarcolemmal integrity, and reduced glycosylation of α-dystroglycan, reca-
pitulating the major aspects of WWS patients. From these results, the authors 
concluded that ISPD is a novel causative gene for WWS (Roscioli et al. 2012). More 
recently, mutations in eight additional genes, GTDC2, B3GNT1, GMPPB, 
B3GALNT2, DPM1, DPM2, ALG13, TMEM5, and POMK, were identified as caus-
ative for α-dystroglycanopathies. Except for ALG13, morpholino-mediated knock-
down in zebrafish was used to determine whether these genes were involved in the 
pathology of the disease. Each zebrafish morphant displayed muscle, eye, and/or 
brain defects with reduced glycosylation of α-dystroglycan (Ardiccioni et al. 2016; 
Buysse et al. 2013; Carss et al. 2013; Di Costanzo et al. 2014; Manzini et al. 2012; 
Marchese et al. 2016; Praissman et al. 2016; Stevens et al. 2013). These results sug-
gested that all the novel causative genes are involved in posttranslational modifica-
tion of α-dystroglycan and highlighted zebrafish as a remarkably useful model for 
the study of α-dystroglycanopathies.

10.6.2  �Identification of Novel Causative Genes of Nemaline 
Myopathies

In addition to NEB, it is known that mutations in ACTA1, TPM2, TPM3, TNNT1, and 
CFL2 cause nemaline myopathy. These six genes encode the components of actin 
thin filaments in the contractile apparatus or the regulators of thin filament assembly. 
However, a substantial number of patients do not have any mutations in these known 
causative genes, suggesting additional causes of nemaline myopathy. Recently, 
whole-exome sequencing of genetically undiagnosed patients identified KBTBD13, 
KLHL40 (KBTBD5), KLHL41 (KBTBD10), and LMOD3 as new causative genes of 
nemaline myopathies. Among these, a morpholino-mediated knockdown in zebrafish 
system was used for the functional analysis of KLHL40, KLHL41, and LMOD3 
genes. In 2013, Ravenscroft et al. used whole-exome sequencing to identify homo-
zygous or compound heterozygous mutations in the KLHL40 (kelch-like family 
member 40) gene in a severe form of nemaline myopathy patients (Ravenscroft et al. 
2013). Subsequently, Gupta et al. used whole-exome sequencing and identified seven 
homozygous or compound heterozygous mutations in the KLHL41 (kelch-like fam-
ily member 41) gene in cohorts of typical to severe forms of nemaline myopathy 
patients (Gupta et al. 2013). In mammals, both KLHL40 and KLHL41 proteins are 
abundant in muscle. The zebrafish genome contains two orthologous genes for each 
human gene: klhl40a and klhl40b for human KLHL40 and klhl41a and klhl41b for 
human KLHL41, respectively. Whole-mount in situ hybridization of zebrafish ortho-
logs showed that klhl40a and klhl41b are abundant in skeletal muscle and heart, 
klhl40b is abundant in skeletal muscle, and klhl41a is expressed ubiquitously during 

10  Zebrafish Models of Muscular Dystrophies and Congenital Myopathies



202

early development but is diminished in skeletal muscle by 2 dpf. Most of the muta-
tions identified in the patients are located in the conserved BTB-BACK domains or 
kelch repeats, and the proteins are barely detectable in the patient muscle, suggesting 
loss of function of KLHL40 or KLHL41 proteins. To investigate the role of KLHL40 
and KLHL41 in muscle development, morpholino-mediated knockdown in zebrafish 
was performed. Single knockdown of klhl40a or klhl40b resulted in reduced birefrin-
gence and muscle fiber disorganization with small head phenotype. Double mor-
phants of klhl40a and klhl40b showed more severe phenotypes than single morphants 
(Ravenscroft et  al. 2013). Knockdown of klhl41 led to similar phenotypes, with 
reduced birefringence and muscle fiber disorganization. Double klhl41 morphants 
showed a curved body and died by 3 dpf (Gupta et al. 2013). Of note, nemaline-like 
structures were observed in the skeletal muscle of the morphants in both studies. 
Given that many members of the kelch-like family are involved in the ubiquitin-
proteasome pathway (Gupta and Beggs 2014), KLHL40 and KLHL41 may be 
involved in surveillance and protein turnover of thin filament components. Mutations 
in additional genes related to this pathway may be found in the idiopathic nemaline 
myopathy in the future. Zebrafish could aid the validation of the pathogenicity of the 
mutations in novel types of nemaline myopathy.

More recently, LMOD3 mutations were identified in a cohort of severe, usually 
lethal, nemaline myopathy (Yuen et al. 2014). LMOD3, encoding leiomodin-3, is a 
member of the tropomodulin protein family, which is characterized by an N-terminal 
tropomyosin-binding domain and an actin-binding domain with a leucine-rich 
repeat domain. Leiomodin-3 binds to actin monomers to form a polymerization 
nucleus. Western blot analysis revealed complete loss or expression of truncated 
proteins in the patient muscles. Knockdown of zebrafish ortholog, lmod3, caused 
reduced birefringence, disorganized muscle fibers, and aberrant accumulation of 
α-actinin which frequently accumulates in nemaline rods. The N-terminus of leio-
modins is homologous to tropomodulins (TMODs) that cap the pointed ends of 
actin thin filament and regulate the length and stability of the actin thin filament in 
contractile apparatus. Berger et al. reported the zebrafish mutant träge, which has 
nonsense mutation in tmod4 gene (Berger et  al. 2014) and shows severe muscle 
weakness, disorganized muscle fibers, and nemaline-like rod structure in the mus-
cle. Although mutations in TMOD4 in humans have not been identified in any mus-
cle diseases so far, studies of the zebrafish träge mutant have implicated TMOD4 as 
a candidate for congenital myopathy of unknown cause.

10.6.3  �Identification of DNAJB6 as a Causative Gene 
of LGMD1D

Zebrafish can be utilized for the validation of dominant mutations. Limb-girdle 
muscular dystrophy type 1D (LGMD1D) is a muscular dystrophy showing autoso-
mal dominant inheritance. The disease is linked to 7q36, but the causative gene had 
not yet been determined. Sarparanta et al. identified four heterozygous mutations in 
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DNAJB6 gene that lead to a p.F89I or p.F93L substitution, in LGMD1D patients 
(Sarparanta et al. 2012). LGMD1D is characterized by myofibrillar disintegration at 
Z-discs, abnormal protein accumulations, and autophagic vacuoles on muscle 
pathology. To validate the pathogenicity of these mutations, human DNAJB6 
mRNAs with patient mutations were injected into zebrafish embryos. Expression of 
the mutant DNAJB6 resulted in muscle fiber detachment from the vertical myo-
septa, whereas expression of wild-type DNAJB6 yielded no appreciable defects. 
Coinjection of wild-type and mutant mRNAs showed enhanced severity of the phe-
notype, suggesting a dominant toxic function of the mutant protein. DNAJB6 is a 
cochaperone belonging to the heat-shock protein 40 family and is involved in 
autophagic and proteasomal protein turnover. The authors hypothesized that 
DNAJB6 may interact with BAG3, another cochaperone protein that is important 
for Z-disc maintenance, and tested the hypothesis with the zebrafish system. 
Coinjection of DNAJB6 mutant and BAG3 mRNAs accentuated the muscle defect 
compared with a single DNAJB6 mutant injection, suggesting a role for BAG3 in 
the pathomechanism of LGMD1D.  Nam et  al. reported severe childhood-onset 
LGMD1D cases and identified the p.F91L mutation in DNAJB6 in the patients 
(Nam et al. 2015). They also utilized zebrafish for functional analysis, and injection 
of mutant DNAJB6 mRNA caused detachment of muscle fibers as seen in the previ-
ous study. They compared the effect of each mutation identified in the LGMD1D 
patients and showed that p.F89I or p.F91L mutations caused more severe muscle 
defects than the p.F93L mutation.

10.6.4  �Evaluation of the Pathogenicity of DUX4: A Candidate 
Gene for FSHD

Facioscapulohumeral muscular dystrophy (FSHD) is a unique autosomal dominant 
muscular dystrophy characterized by asymmetric muscle weakness and atrophy in 
the face, shoulders, and upper arms. In addition to muscle involvement, FSHD is 
frequently accompanied by retinal vasculopathy and/or hearing loss. The genetic 
cause of FSHD is known to be the contraction of tandemly arrayed macrosatellite 
repeats, named D4Z4 repeats, on chromosome 4q35. The D4Z4 array usually con-
sists of 11–100 repeats in healthy individuals, whereas it consists of 1–10 repeats in 
most of the FSHD patients. It remained unclear how the reduction in D4Z4 copy 
number causes the autosomal dominant disorder. The epigenetic mechanism was 
recently discovered showing how contraction of D4Z4 repeats leads to depletion of 
heterochromatic feature of the region allowing misexpression of the DUX4 gene 
located within the last D4Z4 unit. DUX4 protein is a transcription factor with dou-
ble homeobox domains. Overexpression of a full-length isoform of DUX4 
(DUX4-fl) in a cell culture system induces apoptosis and activates hundreds of 
genes involved in early embryogenesis, stem cell program, and germline cells 
(Bosnakovski et  al. 2008; Geng et  al. 2012; Kowaljow et  al. 2007). Therefore, 
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DUX4 was proposed as a candidate gene of FSHD. However, this hypothesis was 
controversial because the level of DUX4-fl expression in FSHD muscle is extremely 
low. In addition, at that time no animal models expressed the relevant level of 
DUX4-fl because the DUX4-fl transgenic mouse was embryonic lethal due to its 
high toxicity. To generate an animal model that matched the low level of DUX4-fl 
expression, human DUX4-fl mRNA was injected into zebrafish embryos. Because 
of the high productivity of zebrafish, the dose of the mRNA could easily be titrated. 
Although injection of 10 pg of DUX4-fl mRNA was lethal, injection of 0.1 pg of the 
mRNA recapitulated several human phenotypes, including muscle degeneration, 
and the non-muscle phenotypes such as eye and ear abnormalities and asymmetric 
involvement of affected organs (Mitsuhashi et al. 2013). Facial muscle disorganiza-
tion and mislocalization of myogenic cells during development were demonstrated 
using transgenic zebrafish that express enhanced green fluorescent protein (EGFP) 
under muscle-specific promoter. These results support the hypothesis for a role of 
DUX4-fl in FSHD pathogenesis.

10.7  �Zebrafish Models Created by Genome Editing 
Technologies

A method for targeted mutagenesis in zebrafish has long been sought. However, 
recent advances in genome editing technologies such as zinc finger nucleases 
(ZFNs), transcription activator-like effector nucleases (TALENs), and clustered 
regularly interspaced short palindromic repeats (CRISPR)/Cas9 system enable us to 
induce lesions in a targeted gene (knockout) in zebrafish. In addition, several studies 
have shown that targeted gene replacement (knockin) can be carried out (Auer et al. 
2014; Hisano et  al. 2015; Kimura et  al. 2014). Thus, zebrafish have become an 
unexemplified vertebrate model where both forward and reverse genetic approaches 
can be utilized. To date, there are still a few reports on muscle disease models using 
genome editing technologies. However, these new technologies will certainly accel-
erate the generation of zebrafish models for inherited muscular disorders.

Radev et al. generated a zebrafish model of Bethlem myopathy by disrupting an 
essential splice site in col6a1 gene by TALEN, resulting in an in-frame skipping of 
exon 14 (Radev et al. 2015). The skipping of exon 14 of COL6A1, encoding colla-
gen type VI alpha-1 chain, is frequently found in Bethlem myopathy patients and 
prevents the assembly of collagen VI and inhibits the secretion of tetramers into the 
ECM. The established zebrafish mutant line, col6a1ama605003, showed no apparent 
phenotype in muscle birefringence or locomotor activity within 4 dpf. However, 
abnormal intracellular vacuoles, disorganized myofibrils, enlarged SR, and altered 
mitochondrial morphology were observed in the mutants at 3 wpf. These pheno-
types worsened with aging and were more severe in homozygotes than heterozy-
gotes. Thus, the progressive muscle alteration and codominant character were 
reproduced in the col6a1ama605003 mutants. This stable mutant line is expected to 
serve as a platform for drug discovery assay for Bethlem myopathy in the future.
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Mutations in the POPDC1 gene were identified in three patients with LGMD and 
cardiac arrhythmia in a family originating from a small isolated region in Italy. 
Whole-exome sequencing identified the p.S201F variation in POPDC1 in this fam-
ily, but the same variation was not detected in another 104 patients with similar 
symptoms, suggesting the variation to be very rare. POPDC1 encodes a plasma 
membrane-localized cAMP-binding protein, and p.S201F substitution is located 
within the Popeye domain which functions as a cAMP-binding domain. To eluci-
date the role of POPDC1 in the disease, Schindler et al. first knocked down popdc1 
in zebrafish using antisense morpholino (Schindler et al. 2016). The popdc1 mor-
phants displayed atrioventricular block, muscle fiber detachment, and malformed 
MTJs. Next, to directly test the pathogenicity of the p.S201F substitution, they 
introduced a corresponding mutation (p.S191F) into the zebrafish popdc1 gene 
using TALEN-mediated genome editing. Homozygous popdc1S191F embryos dis-
played cardiac edema and abnormalities in trunk muscle. However, these pheno-
types showed a reduced penetrance of approximately one-third of the embryos. 
Electron microscopy and immunofluorescence revealed muscle fiber detachment 
and aberrant formation of MTJs with various degrees of severity at 5 dpf. The 
mutants also reproduced cardiac phenotypes such as cardiac arrhythmia and reduced 
heart rate although the penetrance was approximately 5–10%. Analysis of adult 
homozygous mutants revealed that Popdc1 and Popdc2 proteins were diminished in 
the plasma membrane and an increased number of intracellular vesicles with Popdc1 
were detected in the mutant skeletal muscle, mirroring the phenotype observed in 
patients. Generating knockin zebrafish using genome editing technologies would 
allow us to validate the pathogenicity of the mutations more precisely and provide 
disease models for longer-term study.

10.8  �Drug Screening in Zebrafish Models

There is currently no cure for any forms of muscular dystrophy or congenital myop-
athy. A model system that is suitable for large-scale drug screening is required to 
search for new therapeutic pathways or lead compounds that could ameliorate the 
symptoms. The zebrafish is an ideal animal model to this end because of its small 
size, rapid development, large numbers of offspring, and conserved function of dis-
ease causative genes. The ability of zebrafish embryos to absorb small compounds 
is also a great advantage for chemical screening. To date, a couple of studies where 
non-biased chemical libraries were screened with zebrafish models of muscular 
dystrophy have been published. These studies identified attractive target pathways 
for the development of therapies in the future.

Kawahara et  al. performed a large-scale drug screening using dystrophin-
deficient zebrafish, sapje and sapje-like (Kawahara et  al. 2011a). As described 
above, these mutants show reduced muscle birefringence after 3 dpf. They obtained 
zebrafish embryos from matings of heterozygous dystrophin mutant pairs, expect-
ing that approximately 25% of embryos would show reduced muscle birefringence. 
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The resulting embryos were treated in multi-well plates with 140 chemical pools 
from non-biased 1120 chemicals and observed muscle birefringence at 4 dpf. In the 
first screen, six chemical pools reduced the numbers of embryos with abnormal 
birefringence to less than 7.5%. In the second screening, the selected pools were 
separated into 48 individual chemicals, and seven chemicals were identified as 
effective for preservation of muscle integrity. These seven chemicals were classified 
as anti-inflammatory agent, anti-allergic agent, phosphodiesterase (PDE) inhibitor, 
estradiol steroid, chelating agent, and cardiotonic glycoside. These chemicals did 
not restore dystrophin expression in the mutant embryos, suggesting a dystrophin-
independent mechanism for muscle preservation. In addition, a long-term study 
where the affected embryos were treated with the seven individual chemicals for 26 
days (from 4 to 30 dpf) demonstrated that the PDE inhibitor, aminophylline, extends 
survival of the affected embryos. The surviving dystrophin-deficient embryos 
showed a normal muscle structure similar to wild type even at 30 dpf. A series of 
PDE inhibitors was tested, and sildenafil citrate, a PDE5 inhibitor, was found to 
have a similar effect to aminophylline. As aminophylline is known to increase the 
levels of intracellular cAMP and activate protein kinase A (PKA), PKA phosphory-
lation and activity were examined in aminophylline-treated mutant embryos. Both 
PKA phosphorylation and the activity were increased in treated embryos, suggest-
ing a role for the PKA pathway in the restoration of muscle integrity. Of note, silde-
nafil was shown to ameliorate the symptoms in the mouse model of DMD. Therefore, 
this study provided us with important evidence that zebrafish are suitable for drug 
screening for inherited muscular disorders.

Another drug screening for DMD treatment using sapje zebrafish mutants was 
performed by Wauch et  al. (2014). Their strategy was almost the same as that 
described above. A total of 640 compounds were screened, and muscle birefrin-
gence was measured at 4 dpf as readout. Of note, their screening also identified 
aminophylline as a positive hit compound, supporting the previous finding. 
Additionally, they found that monoamine agonists, pergolide, ergotamine, and 
fluoxetine, had a positive effect on the sapje mutant embryos. They further tested a 
broad class of monoamine agonists and concluded that the serotonin pathway was a 
common element among the positive hit compounds. To confirm this, they knocked 
down slc6a4a and slc6a4b, encoding serotonin transporters, with antisense morpho-
linos. The slc6a4b morphants showed reduced numbers of embryos with abnormal 
birefringence. Transcriptome analysis of fluoxetine-treated sapje mutants revealed 
gene expression changes involved in calcium homeostasis, suggesting a potential 
mechanism of action for fluoxetine.

Apart from drug screening with disease models, Xu et al. searched for chemicals 
that could promote muscle stem cell expansion. They used myf5 and mylz2 as mark-
ers of muscle cell differentiation since myf5 is expressed in the earliest myogenic 
precursors and mylz2 is expressed in terminally differentiated muscle cells. The 
embryos of double transgenic zebrafish with myf5-GFP and mylz2-mCherry were 
disassociated at the oblong stage, and blastomere cells were cultured in 384-well 
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plates. A total of 2400 chemicals were screened in this system, and GSK3b inhibi-
tors, calpain inhibitors, and the cAMP activator, forskolin, were identified to 
increase the signals of myf5-GFP and mylz2-mCherry (Xu et  al. 2013). These 
chemicals were further tested with mouse muscle stem cells (or satellite cells) and 
human-induced pluripotent stem cells (iPSCs). Among the chemicals, only for-
skolin triggered the expansion of satellite cell cultures. However, a cocktail of basic 
fibroblast growth factor (bFGF), GSK3b inhibitor BIO, and forskolin upregulated 
mesodermal marker genes and promoted myogenic specification of iPSCs. The 
iPSC-derived cells treated with the “triple cocktail” of the bFGF/BIO/forskolin dif-
ferentiated into multinucleated myotubes and formed sarcomere structures after 36 
days. Transplantation of the “triple cocktail”-treated cells into immunodeficient 
mouse muscles preinjured by cardiotoxin injection revealed that the iPSC-derived 
cells engrafted into mouse skeletal muscle and contributed to muscle regeneration 
in  vivo. Therefore, these chemicals might have the potential to promote iPSC-
derived regenerative cell therapy for inherited muscular disorders in the future. In 
addition to non-biased large-scale chemical screening, zebrafish myopathic mutants 
have been used for pathway-based therapies or gene manipulation therapy (Berger 
et al. 2011; Dowling et al. 2012; Goody et al. 2012; Li et al. 2014; Lipscomb et al. 
2016; Winder et al. 2011). Taken together, zebrafish could be extensively used as a 
desirable platform for drug screening or testing rational approaches to therapies.

10.9  �Concluding Remarks

Accumulating evidence, including extensive use of forward genetics and morpho-
lino knockdown, has demonstrated that zebrafish can be a suitable model for the 
inherited muscular disorders. Zebrafish is now recognized as an established in vivo 
model for muscle disease research by taking advantage of the recent developments 
in genome engineering, live imaging, and drug screening. Combined with the 
advancement of NGS and genome editing, which are outstanding technologies that 
have revolutionized current biology, zebrafish will continue to play a pivotal role in 
this research field. However, we must recognize its capabilities and limitations, as 
there are biological differences between zebrafish and mammals. In addition, 
several techniques such as tissue-specific or inducible knockouts are still not com-
mon in zebrafish compared to mouse models although they are under development 
(Ablain et al. 2015; Giacomotto et al. 2015; Kobayashi et al. 2014). We believe that 
our continuous efforts will establish these techniques in zebrafish in the near future, 
just like many other techniques that are currently available in zebrafish. We hope to 
accelerate muscle disease research by using zebrafish to deepen our understanding 
of the pathomechanisms of diseases, which could eventually lead to the develop-
ment of new therapies.
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Chapter 11
Emergence of Zebrafish as a Model System 
for Understanding Human Scoliosis

Long Guo, Shiro Ikegawa, and Chisa Shukunami

Abstract  Scoliosis is a three-dimensional rotation of the spine that is defined as 
lateral curvature with a Cobb angle greater than 10 degrees. About 2–3% of the 
global population is affected by scoliosis, and more than 80% of scoliosis are caused 
by unknown factors (idiopathic). Adolescent idiopathic scoliosis is the most com-
mon type of scoliosis and occurs in children over 10 years, showing a female pre-
dominance. Of scoliosis patients, 10% have curve progression requiring medical 
interventions such as bracing and surgery. Scoliosis research has been delayed due 
to the genetic complexity and a lack of relevant animal models for functional stud-
ies; however, significant breakthroughs of scoliosis study have recently been made 
using zebrafish. The zebrafish is a powerful tool, owing to easy genetic manipula-
tion and a natural susceptibility to spinal curvature. Here, we summarize the utility 
of zebrafish as a model system for human scoliosis.

Keywords  Scoliosis · Polygenic disease · Vertebral column · Notochord

11.1  �Anatomy and Histology of the Human and Zebrafish 
Spine

The spine is part of the axial skeleton that is also called the backbone, the spinal 
column, or the vertebral column. The basic structure of the spine is very similar in 
all vertebrates. It elongates from the skull base to the pelvis and serves as a pillar to 
support the body weight and to enclose the spinal cord connecting the brain with 
nerves in the rest of the body. The spine is made up of a series of stacking bones 
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called vertebrae and the intervertebral discs between adjacent vertebral bodies sup-
ported by spinal ligaments, tendons, and muscles. The human spine includes five 
major regions: cervical, thoracic, lumbar, sacral, and coccygeal from top to bottom. 
The normal human spine has naturally occurring curves termed lordosis in the cer-
vical and the lumbar spine and kyphosis in the thoracic and the sacral spine, looking 
at the spine from the lateral (Fig. 11.1). Such curves give the spine an “S” shape that 
helps to distribute the body weight more evenly and absorb force or jarring during 
activity, thus allowing a range of bodily motions and balance maintenance which is 
crucial for bipedalism.

Zebrafish has the similar spinal column architecture and vertebral structure to 
those of humans (Fig. 11.1). Like humans, the vertebral column in zebrafish is com-
posed of alternating bony vertebrae and intervertebral discs (Fig. 11.2). The spinal 
cord passes between neural arches (Fleming et  al. 2004). Comparable with the 
human thoracic vertebrae and rib cage, zebrafish pre-caudal vertebrae are also asso-
ciated with the rib segments. The pre-caudal spine in zebrafish also presents a natu-
ral kyphosis similar to human thoracic spine (Fig. 11.1).

Both the human and zebrafish vertebral column are developed from axial and 
paraxial mesodermal lineages, although the process of ossification is different 
(Stickney et al. 2000; Brent and Tabin 2002). Paraxial mesoderm gives rise to the 
somite that is subdivided into the sclerotome, the myotome, and the dermatome. 
Compared with mammalian somites, teleosts have the somite with the smaller 
sclerotome and the larger myotome (Fig. 11.3). Zebrafish vertebrae arise by direct 
ossification of the notochord sheath followed by intramembranous bone formation 
around the notochord (Fleming et al. 2004). On the other hand, human vertebrae are 
formed through a process called endochondral ossification by which a cartilaginous 
intermediate derived from the sclerotome is replaced by the bone and bone marrows 

Fig. 11.1  Structure of 
human and zebrafish spine
The lateral view of 
zebrafish backbone (21 
dpf) stained by alcian blue 
and alizarin red shows 
obvious similarities to that 
of human. Zebrafish 
presents two main 
physiological curvatures in 
the pre-caudal spine 
(kyphosis) and the caudal 
spine (lordosis), which 
have analogy to kyphosis 
and lordosis in the human 
thoracic and lumbar spine, 
respectively. dpf, days 
post-fertilization
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(Brent and Tabin 2002). Zebrafish do not have hematopoietic tissue inside the bone 
marrow (Fig. 11.2) because hematopoiesis takes place in their kidneys, analogous to 
the mammalian bone marrow (Witten and Huysseune 2009).

Although these developmental differences must be considered when modeling 
vertebral column formation, the high conservation and similarities in the fundamen-
tal architecture and developmental origins of the spine between human and zebraf-
ish suggest zebrafish could be an ideal model for studying human spinal 
deformities.

Fig. 11.2  Histology of vertebral bodies in mouse and zebrafish
Schematic sagittal section of mouse (left) and zebrafish (right) vertebrae. In mice, intervertebral 
discs between vertebral bodies consist of nucleus pulposus and annulus fibrosus. Hyaline cartilagi-
nous endplates are strongly bound to the intervertebral disc. Mouse vertebral bodies are filled with 
spongiosa. In zebrafish, intervertebral discs composed of vacuolated tissues are located between 
lumen surrounded by the bone

Fig. 11.3  Comparison of 
mammalian and teleost somite 
structure
Schematic cross section of 
mammalian and teleost 
embryos at the segmentation 
stage. Mesoderm mainly 
consists of notochord and 
somites. Somites are bilaterally 
paired blocks of paraxial 
mesoderm that are formed 
along the head-to-tail axis of 
the developing embryo. In both 
mammalian and teleost, 
somites are subdivided into the 
sclerotomes, myotomes, and 
dermatomes. Compared with 
mammalian, teleost has somites 
with smaller sclerotomes and 
larger myotomes
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11.2  �Scoliosis

Human spinal deformities are defined as the abnormality of the formation, align-
ment, and/or shape of the vertebral column. Scoliosis is a common spinal defor-
mity. It refers to lateral spinal curvature with a Cobb angle greater than 10 degrees, 
often accompanied by a rotational defect. Scoliosis is classified clinically into con-
genital scoliosis (CS), idiopathic scoliosis (IS), and secondary scoliosis (Pourquie 
2011). Secondary scoliosis is attributed to a wide variety of primary causes. These 
causes include neuropathy such as cerebral palsy, muscular defects such as 
Duchenne muscular dystrophy, and connective tissue disorders such as Marfan syn-
drome. Relative to the wide complications in secondary scoliosis, CS, in a narrow 
sense, is solely caused by embryonic vertebral malformation that results in devia-
tion of the normal spinal alignment (Hedequist and Emans 2007). An estimated 
prevalence of CS is 0.5–1 per 1000 persons (Shands and Bundens 1956). Vertebral 
malformations such as hemi-vertebrae and wedge-shaped vertebrae occur during 
somitogenesis, resulting in imbalanced vertebral growth and scoliosis. As the origin 
of CS, somitogenesis defects that could be induced by either genetic or environ-
mental factors have been studied intensively in the past decades (Pourquie 2011).

However, most of human scoliosis arises without apparent anatomical and physi-
ological defects. This type of scoliosis is clinically described to be “idiopathic” that 
means the cause is unknown. IS is further categorized into infantile, juvenile, and 
adolescent types by age of onset. Among the three types, adolescent IS (AIS) 
accounts for 80% of all human scoliosis and develops in 2–4% of children aged 
between 10 and 16 years across all racial groups (Konieczny et al. 2013). AIS has a 
significant female preference. The change of the body figure by AIS leads to pro-
found physiopsychologic problems. Although most AIS are mild and without the 
need for specific medical intervention, the risk of the curve progression makes the 
frequent radiological check necessary, thus bringing a heavy physical and mental 
burden to patients. Indeed, better understanding the etiology and pathology of IS is 
imperious for the development of the preventive and therapeutic intervention.

As with humans, the vertebral column in teleost fish is naturally susceptible to 
axial mechanical stress. A mutant guppy strain, curveback, develops non-induced 
spinal deformity that is similar to human scoliosis (Gorman et al. 2007). Sporadic 
spinal deformity has also been noted in other teleosts, including medaka and sword-
tail. Zebrafish also frequently develop curvature without vertebral malformation.

11.3  �Genetic Studies of IS

IS is considered as a polygenic disease controlled by genetic and environmental 
factors. The familial aggregation and concordance among monozygotic twins sup-
port a strong genetic cause of IS (Cheng et al. 2015; Wang et al. 2011). Early studies 
searching for genetic factors of IS using linkage and association analyses have 
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reported some susceptibility genes in the past decades. With the advent of genome-
wide association study (GWAS) and whole exome/genome sequencing (WES/
WGS), studies on IS have progressed dramatically, and many convincing IS loci 
have been identified. These loci refer to LBX1 (Takahashi et  al. 2011), GPR126 
(Kou et al. 2013), BNC2 (Ogura et al. 2015), PAX1 (Sharma et al. 2015), POC5 
(Patten et al. 2015), and so on. Although the identified IS loci only explain a fraction 
of the total genetic variance in IS (the missing heritability problem), a broad genetic 
landscape for IS has been established by GWAS and WES/WGS.

11.3.1  �Linkage Studies

The familial aggregation and concordance among monozygotic twins strongly sup-
port a genetic cause of IS (Cheng et al. 2015; Wang et al. 2011). Early pedigree-
based linkage studies reported several susceptibility loci (Gorman et al. 2012). A 
genome-wide linkage analysis of seven IS families found linkage (P-value = 0.002) 
in a 3.5-Mb region on 5p13.3 (Gorman et al. 2012). However, most of linkage stud-
ies failed to address the precise causal/susceptibility genes due to the poor resolu-
tion of the method.

11.3.2  �Genome-Wide Association Study

With the development of the gene chip technology, genetic researches on human 
common disease came into the age of GWAS. In this decade, GWAS has identified 
many loci associated with IS. Many of the top variants in these loci have been rep-
licated across multiple racial groups. These findings allow us to come close to the 
mystery of IS for the first time.

Sharma et al. conducted GWAS on IS (Sharma et al. 2011) using the transmis-
sion disequilibrium test and identified AIS-susceptible single nucleotide polymor-
phisms (SNPs) in regions near CHL1, DSCAM, and CNTNAP2, all of which are 
involved in axon guidance pathways. The subsequent GWAS by our group on a 
Japanese population using the case-control design identified three loci associated 
with AIS (Ikegawa 2016).

The first locus was on chromosome 10q24 and had a high genome-wide signifi-
cance level (Takahashi et  al. 2011). The most significantly associated SNP was 
rs11190970. The P-value reached 1.24 × 10−19 with odds ratio (OR) of 1.56 (95% 
confidence interval (CI) = 1.41–1.71). An international meta-analysis using a total 
of ~24,000 subjects showed that rs11190870 is a global AIS susceptibility SNP 
(P = 1.22 × 10−45; OR = 1.60) (Londono et al. 2014). rs11190870 is in an 80-kb 
linkage disequilibrium (LD) block containing two genes, LBX1 and FLJ41350, 
which exist head to head closely. FLJ41350 is a hypothetical gene without known 
function. LBX1 is a transcriptional factor specifically expressed during embryogenesis 
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in mouse, with restricted expression to the developing central nervous system and 
muscles (Londono et al. 2014).

The second locus identified in our GWAS was on chromosome 6q24.1 (Kou 
et  al. 2013). The combined P-value of the GWAS and the replication study in 
Chinese for the most significantly associated SNP, rs6570507, was 6.96  ×  10−10 
(OR  =  1.28). A further international meta-analysis using 6873 cases and 38,916 
controls showed that rs6570507 is also a global AIS susceptibility SNP 
(P = 2.95 × 10−20; OR = 1.22) (Kou et al. 2018). The most significantly associated 
SNPs were in intron 2 of GPR126 (G protein-coupled receptor 126).

The third locus identified in our GWAS was on chromosome 9p22.2 represented 
by a SNP, rs3904778 (Ogura et al. 2015). Its P-value was 3.50 × 10−11 (OR = 1.21). 
A further international meta-analysis confirmed its global association 
(P = 3.28 × 10−18; OR = 1.19) (Ogura et al. 2018). The most significantly associated 
SNPs were in intron 3 of BNC2 that encodes a zinc-finger transcription factor, baso-
nuclin 2.

Additional GWAS in US Caucasian found significant associations of IS with 
chromosome 20p11.22 SNPs for females (P = 6.89 × 10−9) but not males (P = 0.71). 
This association was replicated in independent female cohorts from the US 
Caucasian and Japanese (overall P = 2.15 × 10−10; OR = 1.30) (Sharma et al. 2015). 
The 174-kb- associated locus is distal to PAX1, which encodes paired box 1, a tran-
scription factor involved in spine development. GWAS in Chinese identified three 
new AIS susceptibility loci at 1p36.32 (rs241215, P  =  2.95  ×  10−9), 2q36.1 
(rs13398147, P = 7.59 × 10−13), and 18q21.33 (rs4940576, P = 2.22 × 10−12) (Zhu 
et al. 2015). The association has not been replicated.

11.3.3  �Next-Generation Sequencing-Based Study

Next-generation sequencing (NGS) technology is another revolution in the modern 
genetic study. WES and WGS realized the nucleotide level resolution in pedigree-
based studies in a cost-effective manner, thus leading to the more precise identifica-
tion of the associated variants in familial cases of IS than ever. Indeed, WES and 
WGS have identified several IS-associated rare variants in genes encoding extracel-
lular matrix components such as HSPG2 (Baschal et al. 2014) and FBN1/2 (Buchan 
et  al. 2014) and genes encoding other proteins including the centriolar protein 
POC5 (Patten et al. 2015), the cytoskeleton protein AKAP2 (Li et al. 2016), and the 
planar cell polarity component VANGL1 (Andersen et al. 2017). These genes are 
waiting for replication.
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11.4  �Animal Models for IS

Despite recent rapid advances in molecular genetic technology, studies elucidating 
the etiology and pathology of scoliosis have been hampered due to the lack of suit-
able experimental animal models. Scoliosis has long been considered to be exclu-
sive to bipedal vertebrates, especially in human (Ouellet and Odent 2013). It has 
been proposed that the unique human upright posture generates a specific cranial-
to-caudal spine load and causes altered biomechanics contributing to eventual 
development of scoliosis (Castelein et al. 2005). Other bipedal animals except for 
human carry their trunk in front of their pelvis. In contrast to the high incidence of 
scoliosis in human, naturally occurring scoliosis is quite rare in quadrupedal verte-
brates such as rats and mice (Ouellet and Odent 2013). Indeed, in mice, their spinal 
structure, gravity center, and spinal loading are quite different from those of humans. 
While quadrupedal rodents are refractory to the developing scoliosis, the bipedal 
rodents generated by amputation of forelimb and tail frequently develop the IS-like 
spinal deformity (Bobyn et al. 2015). Pinealectomy of bipedal rodents and chickens 
causes severe scoliosis (Bobyn et al. 2015), implicating the combined effects of the 
endocrine signaling and specific biomechanics of the upright posture could be 
involved in the etiopathogenesis of IS. However, it remains unclear whether these 
models recapitulate the pathogenic state of human IS. So far, the endocrine signal-
ing hypothesis has not been supported by clinical and genetic evidence. Moreover, 
as these models are either time-consuming or difficult to manipulate genetically, 
their broad application to the IS study is hampered.

In contrast, a natural susceptibility to spinal curvatures is observed in teleosts, 
including zebrafish, medaka, and swordtail. IS-like scoliosis has been reported 
across many laboratory and aquaculture species (Gorman and Breden 2009; Gorman 
et al. 2007). Similar to human, fish naturally develop scoliosis with age (Hayes et al. 
2013). Some argue that the spinal load of fish acts along the cranial-to-caudal axis 
similar to humans, because the activity of swimming forward is driven by a couple 
of forces, the resistant force from water, and the propulsion from caudal tail (Gorman 
and Breden 2009). As a teleost, zebrafish has been a widely used vertebrate model 
organism in developmental biology. Well-developed zebrafish genetic resources 
including abundant mutant lines are available to the researchers. Besides, it is easy 
to manipulate zebrafish genetically by injection of fertilized eggs on a large scale. 
Zebrafish embryos are transparent, thus allowing scientists to directly monitor 
sequential processes of axial development, which is considered to be associated 
closely with the pathogenesis of human scoliosis. Thus, zebrafish has emerged as 
the first-line tool for in vivo studies of scoliosis.
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11.5  �Emergence of Zebrafish as a New Tool for Studying IS

The utilization of zebrafish in modeling human scoliosis has been reported in a num-
ber of studies. These studies can be classified into two types according to their start-
ing point. One starts from human; its basis is the findings obtained by the human 
genetic studies for IS summarized above (susceptibility gene-based approach). The 
IS loci identified by the human genetic studies usually contain several candidate sus-
ceptibility genes. In these studies, zebrafish has been used to clarify the roles of these 
candidate genes and/or the variants in the etiology and/or pathogenesis of IS. The 
other starts from zebrafish; its basis is the unexpected phenotypes in zebrafish mutant 
lines showing the phenotype similar to human IS (phenotype-based approach). The 
study identifies the mutated gene and clarifies its function related to IS.

11.5.1  �Susceptibility Gene-Based Approach

As noted previously, several susceptibility genes for IS have been identified by the 
genetic studies. We summarized the utilization of zebrafish in the functional analy-
sis of these genes in Table 11.1.

The most significantly associated AIS SNP is rs11190870 (Takahashi et  al. 
2011). It is located in the intergenic region, and the nearest genes are LBX1 and 
FLJ41350, which are 7.5  kb upstream and 8.1  kb downstream of rs11190870, 
respectively. The chromosome conformation capture assay reveals that rs11190870 
could contribute to AIS susceptibility by affecting the transcriptional activity of 
LBX1 (Guo et al. 2016). The evidence from Lbx1-null mice indicated that Lbx1 is 
involved in heart development, migration of limb muscle precursors, and dorsal-
ventral patterning of the spinal cord (Brohmann et  al. 2000; Gross et  al. 2002; 
Schäfer et al. 2003). The potential effect of altered LBX1 expression on the patho-
genesis of AIS is demonstrated by a series of experiments using zebrafish (Guo 
et al. 2016). Overexpressing lbx1b transiently or stably in zebrafish caused body 
axial deformity, while loss-of-function (LOF) mutants of lbx1a, lbx1b, and lbx2 did 
not show significant phenotypes. Some transiently transgenic fishes with mild body 
axial deformity could live until adults and develop late-onset scoliosis with or with-
out vertebral malformation (Fig.  11.4). The presented scoliosis phenotypes also 
showed female preference similar to that of human AIS. However, a heritable IS 
model was not established due to the early lethality in the transgenic zebrafish. The 
deformation of the embryonic body axis by lbx1b overexpression was associated 
with defects in convergent extension, which is a component of the main axis-
elongation machinery in gastrulating embryos. Non-canonical Wnt/planar cell 
polarity (PCP) pathway is a known main mechanism regulating the movement of 
convergent extension. Further study indicates lbx1b overexpression caused defects 
in convergent extension by decreasing the expression of wnt5b, a ligand of the non-
canonical Wnt/PCP pathway. The study demonstrates a novel pathological feature 
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of LBX1 and its zebrafish homologs in body axis deformation at various stages of 
embryonic and subsequent growth in zebrafish, suggesting involvement of the non-
canonical Wnt/PCP in the pathogenesis of AIS.

Another AIS-associated GWAS locus is distal to PAX1 (Sharma et  al. 2015). 
Pax1 is a member of the paired box (Pax) family of transcription factors containing 
a paired box domain and a paired-type homeodomain (Dahl et al. 1997). The Pax1/
Pax9 subfamily regulates development of the axial skeleton (Peters et  al. 1999). 
Pax1 mouse mutants recapitulate human spinal anomalies including CS (Adham 
et al. 2005). Sharma et al. hypothesized that Pax1 could contribute to the pathogen-
esis of IS by its roles in the post-somitogenesis development (Sharma et al. 2015). 
They found that a PAX1 enhancer locus is associated with susceptibility to IS in 
females. The allele-specific transcriptional activity of a candidate enhancer named 
PEC7 was detected by transgenesis in zebrafish, although the reporter activity was 
detected in the somatic muscle. PEC7 contains a haplotype of five variants includ-
ing the top-associated SNP rs169311. The risk haplotype completely abolished its 
enhancer activity. This finding suggests that the IS susceptibility haplotype confers 
a loss of function for an enhancer of PAX1.

Patten et al. examined six IS families with possible monogenic transmission by 
genetic linkage analyses combined with WES and identified a rare missense variant 
(p.A446T) of POC5 in a family (Patten et al. 2015). Then, two additional rare mis-
sense variants (p.A455P and p.A429V) were found in several families and individu-
als. POC5, a centrin-binding protein, is localized to the distal portion of human 
centrioles and is recruited to procentrioles for full centriolar maturation and normal 
cell cycle processing (Azimzadeh et al. 2009). Injection of the three variant POC5 
mRNAs resulted in the embryonic body axis defects and scoliosis without vertebral 
malformations (Patten et al. 2015). Given that poc5 is ubiquitously expressed dur-
ing somitogenesis and that Poc5 functions as a centrosomal protein involved in cell 

Fig. 11.4  Modeling 
human scoliosis in 
zebrafish
Micro-computed 
tomography (micro-CT) of 
zebrafish with transient 
lbx1b overexpression 
shows spinal curvature 
mimicking human 
adolescent idiopathic 
scoliosis (AIS) 
demonstrated by X-ray
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division, polarity, and motility, POC5 could play an important role in the early 
phase of body axis development. The left-right axis determination affected by pri-
mary cilia assembled by centrosomal proteins such as POC5 may underlie the 
pathogenesis of IS.

Zebrafish is also used in the functional analysis of several other IS susceptibility 
genes including GPR126, BNC2, and IRX1/2/4. Gpr126 was found to be expressed 
in the cartilage. The knockdown of gpr126 in zebrafish by injection of a morpholino 
antisense oligomer caused delayed ossification of the developing spine (Kou et al. 
2013). Combined with the recent report that chondrocyte-specific conditional 
knockout lacking Gpr126 in the Col2a1-expressing region mice develops IS-like 
spinal deformity at the thoracic level (Karner et al. 2015), GPR126 is considered to 
contribute to the etiology of IS by its unknown roles in cartilage formation and/or 
function.

BNC2 was another susceptibility gene identified by GWAS (Yoji Ogura et al. 
2015). While knockout mice and knockdown zebrafish did not exhibit scoliosis-
associated phenotypes, ubiquitous overexpression of BNC2 by tol2-mediated tran-
sient transgenesis in zebrafish causes severe body axial curvature and somite 
malformation (Yoji Ogura et al. 2015). The dose-dependent effects of BNC2 were 
confirmed by BNC2 mRNA injection into the fertilized zebrafish embryos. Abnormal 
somite formation of BNC2 mRNA injected embryos was evident when 13–20 
somites were present. Thus, increased BNC2 expression would be implicated in the 
etiology of AIS, although the mechanism behind how BNC2 causes AIS remains to 
be examined.

Genome-wide linkage identified a 3.5-Mb region on 5p13.3 containing three 
known genes, IRX1, IRX2, and IRX4 (Justice et al. 2016). rs117273909 was located 
in a conserved intergenic region that is conserved among diverse species and is 
known to function as an enhancer in mice (Visel et al. 2007). To evaluate allelic dif-
ference of the enhancer activity of rs117273909 in zebrafish, transgenesis was per-
formed using zebrafish enhancer detection (ZED) vector with fragments containing 
either allele of rs117273909 (Bessa et  al. 2009; Justice et  al. 2016). There were 
differences in the level of expression and the timing of GFP expression between the 
risk and non-risk alleles of rs117273909, although possibility of the positional 
effects cannot be excluded due to a large variation of expression pattern among 
multiple transgenic lines.

11.5.2  �Phenotype-Based Approach

In the recent decade, the zebrafish has emerged as a popular model system among 
scientists, especially developmental biologists. Several projects were launched to 
generate the large scale of mutant libraries by forward genetic approaches determin-
ing the genetic basis responsible for a phenotype produced by artificial (random) 
mutagenesis such as chemical, radiation-induced, or insertional mutagenesis (Patton 
and Zon 2001). Compared with the traditional screening for mutants with visible 
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embryonic and larval phenotypes within the first 5 days of life, recent studies started 
to focus on the late-onset phenotypes such as neurodegenerative diseases and IS. On 
the other hand, recent progress in reverse genetic approaches analyzing the pheno-
typic effects of specific engineered gene sequences, especially the newly developed 
genome editing technologies, has made it much more efficient and affordable to 
generate mutant lines for genes of interests. Novel zebrafish mutant lines are being 
established much faster than ever before by lots of researchers with different inter-
ests. In these novel lines, unexpected phenotypes including IS have been found.

One of them is Ptk7 mutant. Ptk7 is known as a regulator of both canonical 
Wnt/β-catenin and non-canonical Wnt/PCP signaling pathways and is required for 
vertebrate embryonic patterning and morphogenesis (Lu et al. 2004). Hayes et al. 
reported that maternal-zygotic Ptk7hsc9 generated by using zinc-finger nuclease 
(ZFN) shows defects in axial convergence and extension and neural tube morpho-
genesis, which are related to the disruption of noncanonical Wnt/PCP signaling 
pathway (Hayes et al. 2013). Chimeric maternal-zygotic Ptk7hsc9 mutant can survive 
to adult and display scoliosis with vertebral malformations that mimic human CS 
(Hayes et al. 2014). To some extent, these phenotypes overlap with those of trans-
genic zebrafish with lbx1b up-regulation (Guo et al. 2016). However, zygotic ptk7 
mutant zebrafish develop spinal curvatures that progress rapidly during late larval 
and early juvenile stages, without showing evident embryonic deformities and sig-
nificant vertebral malformations due to maternal effects (Hayes et al. 2014). Such a 
spinal deformity also presents female preference, thus perfectly recapitulating the 
phenotype of human IS.

A further study using the ptk7 mutant line found motile cilia defects in ependy-
mal cell (EC) (Grimes et al. 2016). Motile cilia are microtubule-based organelles 
that project from the cell surface and function in generating the polarized flow of 
extracellular fluid. Cerebrospinal fluid (CSF) within the brain and spinal cord is 
generated by EC cilia motility (Ohata and Alvarez-Buylla 2016). Wnt signaling 
pathway has a known role in ciliogenesis (Choksi et al. 2014). ptk7 zebrafish mutant 
exhibited gross disorganization of EC motile cilia in their brains, hydrocephalus, 
and severe deficiencies in CSF flow. Motile-ciliated cell-specific pkt7 expression 
rescued the IS phenotype in the ptk7 mutant zebrafish (Grimes et al. 2016). These 
studies on the pkt7 mutant zebrafish implicate irregularities in CSF flow as an 
underlying biological cause of IS.

Based on the strong evidence from the zebrafish study, 96 IS patients were 
screened for PTK7 mutations (Hayes et al. 2014). A novel heterozygous missense 
variant (p.P545A) was found in one IS patient and his non-penetrant father. Although 
the variant was determined to be a LOF mutation in zebrafish functional assays, the 
association of PTK7 with IS in human was not established. Further study on the 
mutational burden of PTK7 in a large population is necessary.

A forward mutagenesis screen using an N-ethyl-N-nitrosourea identified a 
zebrafish mutant with recessively inherited scoliosis similar to human IS (Buchan 
et al. 2014). The mutant line named skolios develops a complex, three-dimensional 
spinal curvature. It develops juvenile scoliosis without an increased frequency of 
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structural vertebral malformations. However, in contrast to the female preference in 
human AIS, skolios developed more severe spinal curves in male.

Using meiotic mapping and whole genome sequencing, a nonsense mutation 
(Tyr53*: gw326) in kif6 was identified as the disease gene for the IS-like phenotype. 
Either homozygous kif6gw327 or compound  heterozygous kif6gw328/gw329 frameshift 
mutants generated with transcription activator-like effector nucleases (TALENs) 
recapitulated both the embryonic and post-embryonic skolios phenotypes, confirm-
ing that the loss of kif6 is a cause of skolios. The known association of kif6 with cilia 
suggests a possible involvement of ciliogenesis in the scoliosis formation, although 
no evidence for cilia dysfunction was seen in kif6gw326 mutants. The mechanism that 
LOF of kif6 causes IS-like phenotypes in zebrafish remains unknown; these mutant 
lines would be valuable tools for understanding the etiology and pathogenesis of 
human IS.

STAT3 is an essential mediator of cytokine and growth factor signaling (Levy 
and Darnell 2002). Knockdown studies using morpholino in zebrafish revealed a 
requirement for stat3  in PCP signaling and gastrulation movements (Yamashita 
et al. 2002; Miyagi et al. 2004). Stat3 knockout mice is lethal prior to gastrulation 
(Takeda et al. 1997). However, in zebrafish with null stat3 mutations, both maternal 
and zygotic stat3 mutants of zebrafish show nearly normal embryogenesis except 
for mild delay in extension movements during gastrulation due to the defects in cell 
proliferation and survival (Liu et  al. 2017). Later, the zebrafish mutants present 
excessive inflammation and die by 1.5–2  months of age, which mimic multiple 
human syndromes such as hyper-IgE recurrent infection syndrome caused by STAT3 
mutations (Holland et al. 2007). Interestingly, the stat3 mutants also show scoliotic 
phenotypes with variable structural abnormalities in the vertebrae (Liu et al. 2017). 
Although the pathology and etiology of syndromic scoliosis are usually considered 
to be greatly different from that of IS and CS, the mechanism of STAT3 in scoliosis 
formation is worth studying further.

11.6  �Conclusions

Zebrafish model for scoliosis has just begun. Generally, the  susceptibility gene-
based approach in zebrafish has provided good support for their genetic association 
with scoliosis, especially AIS.  The problem is that the majority of SNPs is not 
within a coding region but in non-coding or intergenic region. Even though the 
associated SNPs are mapped in the gene, establishing an AIS model is difficult due 
to polygenic inheritance of AIS. On the other hand, the phenotype-based approach 
found some good heritable IS in zebrafish mutants; however, most of them lack 
human counterparts. Nevertheless, findings from both types of approaches have 
converged to suggest that Wnt signaling pathway involved in the embryonic axial 
patterning and ciliogenesis could play a crucial role in the etiology and pathogene-
sis of IS, highlighting the advantage of the zebrafish system for understanding and 
modeling human scoliosis. With the advent of large-scale phenotype screening 
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system focusing on the late-onset diseases, more zebrafish IS models are expected 
to be generated. Much larger scale of GWAS and NGS-based genetic studies will no 
doubt identify more susceptibility genes which need to be investigated using in 
vivo models. The precise genome editing technology will allow us to establish more 
accurate zebrafish IS models. Coupled with the known advantage of the zebrafish 
system in high-throughput small molecule screens, zebrafish will give us hopes for 
the discovery and development of new drugs for treating IS.
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Chapter 12
Medaka Fish Model of Parkinson’s Disease

Norihito Uemura and Ryosuke Takahashi

Abstract  Parkinson’s disease (PD) is the most common neurodegenerative move-
ment disorder. PD is pathologically characterized by dopamine (DA) neuron loss in 
the substantia nigra pars compacta (SNpc), accompanied by α-synuclein aggregates 
known as Lewy bodies. Animal models are indispensable for elucidating the patho-
logical mechanisms of diseases and developing new treatments. However, a lack of 
animal model that faithfully replicates PD has been a major barrier to overcoming 
this disease. Here, we present novel animal models of PD in medaka fish. Teleost 
fish have DA neurons that correspond to those observed in humans within the SNpc, 
allowing us to evaluate their phenotypes as PD models. We have developed several 
animal models of PD in medaka fish via toxin or genetic modification. In our mod-
els, we found that dopaminergic neurotoxins caused DA neuron loss and a reduction 
of spontaneous swimming movement, suggesting the potential utility of medaka 
fish as an animal model of PD. Administration of proteasome or lysosome inhibitors 
resulted in DA neuron loss accompanied by ubiquitin-positive cytosolic inclusion 
bodies, suggesting that DA neurons are vulnerable to proteasome or lysosome dys-
function. Several lines of medaka fish with mutations in the causative genes of rare 
familial PD demonstrated that mitochondrial dysfunction and impairment of the 
autophagy–lysosome pathway are involved in the development of PD. In this review, 
we outline PD medaka models we have developed and discuss future perspectives 
on medaka fish as a PD model.

Keywords  Parkinson’s disease · Dopamine neuron · Animal model · Neurotoxin · 
Genetics · Medaka
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12.1  �Introduction

Parkinson’s disease (PD) was first described by James Parkinson in 1817. Today, 
this disease is the second most common neurodegenerative disorder after Alzheimer’s 
disease, affecting ~1% of the population aged >60 years (de Lau and Breteler 2006). 
Clinically, PD is characterized by four cardinal motor manifestations: bradykinesia, 
muscular rigidity, resting tremor, and postural instability (Kalia and Lang 2015). 
Other symptoms may include various non-motor features such as smell loss, consti-
pation, anxiety, depression, and cognitive dysfunction. Pathologically, the diagnos-
tic criteria of PD include dopamine (DA) neuron loss in the substantia nigra pars 
compacta (SNpc) and the presence of α-synuclein (α-Syn) aggregates in the form of 
Lewy bodies and neurites (Dickson et al. 2009) (Fig. 12.1). The resulting DA defi-
ciency in the basal ganglia leads to parkinsonian motor symptoms. DA replacement 
therapy is available for motor symptoms, but no treatments have been shown to halt 
or even slow the neurodegenerative process. In addition, non-motor symptoms are 
frequently difficult to control and lead to distress among patients and caregivers. 
Therefore, there is a strong demand for the elucidation of the pathological mecha-
nisms of this disease and the development of new treatments.

Most cases of PD are sporadic, but a subset (5–10%) of them is familial. Various 
environmental and genetic factors are thought to be associated with the develop-
ment of sporadic PD. Environmental factors include aging, smoking, coffee con-
sumption, dietary habits, physical activity, exposure to heavy metals, head trauma, 
and exposure to pesticides (de Lau and Breteler 2006; Petzinger et  al. 2013). 
Genome-wide association studies have demonstrated that single nucleotide 

Fig. 12.1  Lewy pathology in the substantia nigra pars compacta of a patient with Parkinson’s 
disease (PD). Left panel: hematoxylin and eosin (HE) staining. In humans, dopamine neurons in 
the substantia nigra pars compacta contain the pigment neuromelanin. Right panel: phosphorylated 
alpha-synuclein (p-α-Syn) immunohistochemistry. Lewy bodies (arrows) and Lewy neurites 
(arrowheads). Scale bar, 20 μm
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polymorphisms in several genes are potential risk factors for sporadic PD (Satake 
et al. 2009). In addition, heterozygous mutations in GBA gene were recently identi-
fied as the strongest risk factors for sporadic PD (Sidransky et al. 2009). Meanwhile, 
to date, approximately 20 genes have been implicated in the familial forms of 
PD. They include PARK1 [mutation of alpha-synuclein (SNCA)], PARK2 (mutation 
of Parkin), PARK4 (triplication of SNCA), PARK6 [mutation of PTEN-induced 
putative kinase 1 (PINK1)], and PARK9 (mutation of ATP13A2) (Table 12.1).

Animal models are quite instructive in understanding the pathophysiology of 
brain diseases; they provide the means to study a cellular process in the context of 
functional neuronal circuits and a complex system of neurons and glia. Moreover, 
animal models can be used to develop new therapeutic strategies for treating human 
diseases, including identification and validation of candidate compounds and 
assessment of toxicity and safety. Animals ranging from invertebrates (e.g., nema-
todes, flies) to vertebrates (e.g., rodents, monkeys) have been used as PD models. 
However, there are still no animal models that faithfully recapitulate the clinical and 
pathological features of PD (Dawson et al. 2010). Notably, even Parkin/PINK1/DJ-1 
triple-knockout mice do not show DA neuron loss in the SNpc (Kitada et al. 2009). 
To overcome this limitation, we have aimed to develop a novel animal model of PD 
using medaka fish.

Table 12.1  Classification of familial PD

Symbol Loci Gene Inheritance

PARK1 4q21-22 SNCA AD
PARK2 6q25-27 Parkin AR
PARK3 2p13 ? AD
PARK4 4q21-22 SNCA AD
PARK5 4p14 UCH-L1 AD (?)
PARK6 1p35-36 PINK1 AR
PARK7 1p36 DJ-1 AR
PARK8 12q12 LRRK2 AD
PARK9 1p36 ATP13A2 AR
PARK10 1p32 ? Susceptibility locus
PARK11 2q36-37 GIGYF2 Susceptibility locus (?)
PARK12 Xq21-q25 ? Susceptibility locus
PARK13 2p12 Omi/HtrA2 Susceptibility locus
PARK14 22q13 PLA2G6 AR
PARK15 22q12-13 FBX07 AR
PARK16 1q32 RAB7L1 Susceptibility locus
PARK17 16q12 VPS35 AD
PARK18 3q27 EIF4G1 AD
GBA 1q21-22 GBA Susceptibility locus

AD autosomal dominant, AR autosomal recessive

12  Medaka Fish Model of Parkinson’s Disease



238

12.2  �Catecholamine Systems in Mammals and Teleost Fish

The mammalian catecholamine (CA) neuron groups in the central nervous system 
are numbered in a caudo-rostral order (Kastenhuber et  al. 2010; Bjorklund and 
Dunnett 2007). The mammalian noradrenaline (NA) groups A1, A2, and A4–A7 are 
located in the hindbrain. Among them, NA neurons in the locus coeruleus (LC, A6) 
are the most prominent and have both ascending and descending projections to 
widespread brain regions. Mammalian DA neurons are categorized into A8–A17. 
The major mammalian DA neuron groups are located in the midbrain and include 
the retrorubral area (A8), SNpc (A9), and ventral tegmental area (VTA, A10). These 
midbrain DA neurons project to the striatum and to the limbic/cerebral cortical 
regions (Bjorklund and Dunnett 2007). A9 neurons of the SNpc project to the stria-
tum along the mesostriatal pathway, whereas A10 neurons of the VTA project to the 
limbic/cortical areas along the mesolimbic and mesocortical pathways. A8 neurons, 
forming a dorsal and caudal extension of the A9 cell group, project to both the stria-
tum and the limbic/cortical areas. DA neurons are also located in the diencephalon 
(A11–A15), olfactory bulb (A16), and inner nuclear layer of the retina (A17).

In PD, DA neurons in the SNpc (A9) are particularly vulnerable compared with 
other DA groups and are implicated in the expression of parkinsonian motor symp-
toms. However, Lewy pathology is not only observed in the SNpc but also more 
widely within the central nervous system (Braak et al. 2003). Systematic pathologi-
cal analysis of PD patients and incidental cases suggest that Lewy pathology ini-
tially develops in the olfactory bulb and dorsal motor nucleus of the vagal nerve 
(dmX) and spreads in the brain in a stereotypical fashion. In particular, Lewy pathol-
ogy in the dmX proceeds mainly in a caudo-rostral direction, involving the LC (A6), 
before reaching the SNpc. Severe NA neuron loss in the LC as well as DA neuron 
loss in the SNpc is observed in patients with PD (Del Tredici and Braak 2013).

The CA neuron system of teleost fish has been thoroughly investigated in zebraf-
ish. NA neurons have been located and described in the medulla oblongata and LC 
and as well as DA cell groups in the olfactory bulb, subpallium (ventral telencepha-
lon), retina, preoptic region, pretectum, and ventral diencephalon. DA neurons in the 
ventral diencephalon (DC) have been assigned numbers (DC1–DC7) based on their 
morphology and position along the rostro-caudal axis (Rink and Wullimann 2002). 
Unlike mammals, teleost fish lack DA neurons in the mesencephalon. However, 
some DA neurons located in the posterior tuberculum (DC2 and DC4) have been 
shown to project to the subpallium, indicating that these neurons are equivalent to 
mammalian midbrain DA neurons (Tay et al. 2011; Rink and Wullimann 2001).

To assess the potential for a teleost fish model of PD, we first evaluated the dis-
tribution of DA neurons in the medaka fish via tyrosine hydroxylase (TH) immuno-
histochemistry and DA transporter (DAT) in situ hybridization (unpublished data). 
Anatomically, the DA system of the medaka fish is almost identical to that of zebraf-
ish (Matsui et al. 2009). Therefore, we were able to count the number of DA neu-
rons in the ventral diencephalon (including DC2/DC4 of the posterior tuberculum) 
and NA neurons in the LC to evaluate our experimental PD models in the medaka 
fish (Fig. 12.2).
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12.3  �Toxin-Induced Models

12.3.1  �MPTP and 6-OHDA Models

A couple of neurotoxins have been used to induce PD-like phenotypes in animal 
models. One such neurotoxin is 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), an accidentally produced analog of the narcotic drug meperidine. MPTP 
was initially discovered as a parkinsonism-inducing neurotoxin in the 1980s 
(Przedborski et al. 2001). MPTP crosses the blood–brain barrier and is metabolized 
into MPP+ and is then taken up by DAT. Once inside DA neurons, MPP+ impairs 
mitochondrial respiration by inhibiting complex I of the electron transport chain, 
resulting in increased production of free radicals and induction of DA neuron death 
(Vila and Przedborski 2003). MPTP is frequently used to replicate DA neuron loss 
and resulting motor deficit in animal models. To explore our medaka model of PD 
induced by MPTP, we kept the medaka fish in water containing MPTP (Matsui et al. 
2009). For the measurement of spontaneous swimming movement, medaka fish 
treated with or without MPTP were kept in the circular water tanks, and their images 
were collected by a video camera positioned above the water tanks. We found that 
treatment of medaka larva with MPTP for 2 days induced DA neuron loss in the 
diencephalon and decreased spontaneous swimming movement in a concentration-
dependent manner. Interestingly, among TH-positive neurons in the medaka brain, 

Fig. 12.2  Dopamine neurons in the diencephalon of the medaka fish. Upper panel: schematic of a 
lateral view of the medaka fish brain. Each number signifies a part of the brain: 1, telencephalon; 
2, optic tectum; 3, diencephalon; 4, cerebellum; 5, medulla oblongata. Lower left panel: low-
magnification image of tyrosine hydroxylase (TH) immunohistochemistry. This section is illus-
trated by the vertical line in the upper panel and contains the optic tectum (2) and diencephalon (3). 
TH-positive neurons in the ventral diencephalon (arrow). Scale bar, 200 μm. Lower right panel: 
high-magnification image of the TH-positive neurons in the ventral diencephalon. Scale bar, 40 μm

12  Medaka Fish Model of Parkinson’s Disease
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a specific cluster in the paraventricular area of the middle diencephalon was particu-
larly vulnerable to MPTP toxicity. This finding led us to speculate that this middle 
diencephalic cluster shares a similar vulnerability to the mammalian SNpc.

Another neurotoxin, 6-hydroxydopamine (6-OHDA), has also been used to 
induce PD-like phenotypes in animal models. Given that 6-OHDA does not easily 
cross the blood–brain barrier, 6-OHDA should be directly injected into areas of the 
rodent brain, such as the SNpc, medial forebrain bundle, or striatum (Blum et al. 
2001). Following its injection, 6-OHDA is taken up into DA neurons via DAT and 
gains access to the cytosol, where it generates oxidative stress, leading to DA neu-
ron loss. For the treatment of adult medaka fish with 6-OHDA, we developed a 
method using a glass micropipette coupled with a Hamilton syringe. This method 
allows us to deliver the chemicals directly into the cerebrospinal fluid (CSF) space 
of the medaka fish without damaging the brain parenchyma (Matsui et al. 2010a). 
Three days after administration of 6-OHDA using this method, we observed selec-
tive DA neuron loss in the diencephalon and decreased spontaneous swimming 
movement.

Collectively, we found that classical dopaminergic neurotoxins (MPTP and 
6-OHDA) successfully induced PD-like phenotypes in the medaka fish, indicating 
the potential for the medaka fish to serve as an animal model of PD.

12.3.2  �Proteasome or Lysosome Inhibitor Models

The pathological hallmark of PD is α-Syn aggregates, referred to as Lewy bodies. 
Several lines of experimental evidence show that clearance of α-Syn involves ubiq-
uitin–proteasome and autophagy–lysosome systems. Elevated expression level of 
α-Syn or impairment of these degradation systems leads to aggregation of α-Syn 
(Ebrahimi-Fakhari et al. 2012). In support of this notion, Lewy bodies are immu-
nopositive for ubiquitin, LC3, and p62/SQSTM1 as well as α-Syn. Both LC3 and 
p62/SQSTM1 participate in autophagy. Moreover, recent genetic studies revealed 
that PARK9, a type of autosomal recessive familial PD, is caused by mutations of 
ATP13A2, which encodes a cation transporter-like membrane protein localized in 
the lysosome (Ramirez et  al. 2006). More recently, mutations in GBA, which 
encodes the lysosomal enzyme glucocerebrosidase, were reported to be the stron-
gest genetic risk factors for sporadic PD (Sidransky et al. 2009). These genetic find-
ings also suggest that lysosomal dysfunction participates in the development of PD.

To examine the effects of dysfunction in these degradation systems on DA neu-
rons, we first injected proteasome inhibitors, lactacystin or epoxomicin, into the 
CSF space of the medaka fish (Matsui et  al. 2010a). A single injection of each 
proteasome inhibitor successfully inhibited proteasome activity in the brain after 
1 day postinjection. Histological analysis performed 3 days postinjection revealed 
ubiquitin-positive aggregates throughout the brain. TH-positive neurons also con-
tained cytoplasmic ubiquitin-positive inclusions. Surprisingly, although inclusion 
body formation was not specific to DA/NA neurons, neuronal loss was observed 
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predominantly in DA/NA neurons. Moreover, DA/NA levels were reduced in the 
medaka fish treated with lactacystin without any changes in the levels of serotonin, 
another monoamine. These fish showed decreased spontaneous swimming move-
ment, which may reflect PD-like motor deficits.

Next, we administered a lysosome inhibitor, ammonium chloride, into the CSF 
space of the medaka fish (Matsui et  al. 2010b). Similarly, although ubiquitin-
positive aggregates were observed throughout the brain, neuron loss was observed 
specifically in DA/NA neurons. Interestingly, in this model, we also found that 
synuclein accumulated and co-localized with ubiquitin in the brain.

In summary, these results indicate that DA/NA neurons are particularly vulnerable 
to proteasome and lysosome dysfunction. Administration of inhibitors of these sys-
tems into the CSF space may recapitulate part of the PD phenotype in medaka fish.

12.4  �Genetic Models

12.4.1  �Parkin and PINK1 Mutant Model

Mutations in Parkin were first identified as the genetic cause of autosomal recessive 
juvenile parkinsonism among Japanese families (Kitada et al. 1998). More than 100 
mutations in Parkin have subsequently been reported, accounting for 50% of famil-
ial PD cases and at least 20% of early-onset PD (Lucking et al. 2000). Mutations in 
PINK1, the second most common autosomal recessive mutation following Parkin, 
contribute to almost 2–4% of early-onset PD (Samaranch et al. 2010). Unlike spo-
radic PD, most autopsy cases with homozygous Parkin mutations have revealed DA 
neuron loss in the SNpc, with absent Lewy body pathology (Schneider and Alcalay 
2017). In terms of PINK1, a brain autopsy was available for only one patient with 
compound heterozygous mutations in PINK1. In contrast to cases with Parkin muta-
tions, this autopsy case revealed classical Lewy body pathology.

Parkin functions as an E3 ubiquitin ligase in the cytoplasm and participates in the 
ubiquitin–proteasome system. PINK1 is a serine/threonine kinase localized to the 
mitochondria. Drosophila greatly contributed to clarifying the molecular mecha-
nisms of Parkin and PINK1 (Park et al. 2006; Clark et al. 2006). Knockout of Parkin 
in Drosophila led to muscle degeneration accompanied by morphological abnor-
mality of mitochondria and to infertility due to abnormality of sperm. Interestingly, 
the phenotype of Drosophila lacking PINK1 was similar to that observed in Parkin 
knockouts, and this phenotype was ameliorated by transgenic expression of Parkin. 
However, transgenic expression of PINK1 had no effect on Parkin knockout pheno-
types. This led to the hypothesis that Parkin and PINK1 function in a common 
pathway, in which PINK1 is upstream of Parkin. In line with this notion, additional 
cellular studies showed that Parkin accumulates in damaged mitochondria and pro-
motes autophagic clearance of mitochondria (i.e., mitophagy), together with PINK, 
to maintain mitochondria homeostasis and function (Narendra et al. 2010). On the 
other hand, as mentioned above, even Parkin/PINK1/DJ-1 triple-knockout mice do 
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not show any apparent phenotypes, suggesting that mice have some compensatory 
mechanisms for loss of function of these genes (Kitada et al. 2009).

We generated Parkin nonsense (Y320X) mutant and PINK1 nonsense (Q178X) 
mutant medaka fish by screening the Targeting Induced Local Lesions In Genomes 
(TILLING) library (Matsui et al. 2010c, 2013a). Y320X mutation in Parkin resulted 
in the deletion of IBR and RING2 domains, whereas Q178X mutation in PINK1 
resulted in disruption of the kinase domain. This suggests that both gene mutations 
result in a loss of function. However, even 12-month-old medaka fish with homozy-
gous Parkin or PINK1 mutations show minimal motor deficits and no DA/NA neu-
ron loss. Surprisingly, however, homozygous Parkin/PINK1 double mutant medaka 
fish showed PD-like phenotypes, age-dependent DA/NA neuron loss, and decreased 
spontaneous swimming movement. In addition, homozygous Parkin/PINK1 double 
mutant medaka fish showed decreased activity in mitochondrial complexes and 
morphological abnormality of mitochondria. These results were reproduced with 
mammalian cells—mouse embryonic fibroblasts (MEF). In particular, Parkin/
PINK1 double-deficient MEF showed a further decrease in mitochondrial mem-
brane potential and mitochondrial complex I activity, as well as higher rates of 
apoptosis than Parkin or PINK1 single-deficient MEF. Interestingly, the mitochon-
drial abnormalities observed in Parkin-deficient MEF were compensated by exog-
enously expressed PINK1, but not by disease-related mutants. Based on these 
results, we hypothesized that Parkin and PINK1 in vertebrates work not only in a 
single pathway but also in independent parallel pathways to protect DA neurons by 
maintaining mitochondrial quality. In initial support of our hypothesis, a recent 
study reported that mitophagy can be initiated by PINK1 alone even if the cells lack 
Parkin and that Parkin acts to amplify this process (Lazarou et al. 2015).

12.4.2  �ATP13A2 Mutant Model

ATP13A2 mutations have been linked to an autosomal recessive juvenile form of par-
kinsonism called Kufor–Rakeb syndrome. This atypical parkinsonism includes pyra-
midal signs, supranuclear gaze palsy, and cognitive decline (Williams et al. 2005). 
Brain pathology is not available from any patient diagnosed with Kufor–Rakeb syn-
drome. However, homozygous ATP13A2 mutations were identified in a family diag-
nosed with juvenile neuronal ceroid lipofuscinosis, whose brain pathology is available. 
Pathology showed abundant neuronal and glial lipofuscinosis throughout the brain 
and no visible Lewy bodies (Schneider and Alcalay 2017; Bras et al. 2012).

ATP13A2 is an ATPase belonging to the type 5 P-type family. This protein is 
localized to the endo−/lysosome and putatively functions as a cation transporter. 
Several cellular experiments have demonstrated that overexpression of ATP13A2 
rendered cells more resistant to Mn2+ cytotoxicity, indicating a protective role of 
ATP13A2 against elevated concentrations of Mn2+ (Gitler et al. 2009). In contrast, 
other cellular studies have reported that ATP13A2 acts as a transporter of Zn2+ and 
relieves Zn2+ cytotoxicity (Tsunemi and Krainc 2014). Thus, the true function of 
ATP13A2 remains elusive.
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We found ATP13A2 splicing mutant (IVS13, T-C, +2) medaka in the TILLING 
library (Matsui et  al. 2013b). Homozygous ATP13A2 mutant medaka showed a 
reduction in expression levels of ATP13A2 mRNA in the brain to ~20%. Although 
homozygous ATP13A2 mutant medaka fish did not show motor deficits, they did 
show DA/NA neuron loss at 12 months of age. In addition, we observed decreased 
cathepsin D activity in the brains and fingerprint-like structures in the neurons of 
homozygous ATP13A2 mutant medaka fish. These features (i.e., decreased cathep-
sin D activity and fingerprint-like structures) were replicated using ATP13A2-
knockdown cultured cells. Interestingly, fingerprint-like structures have also been 
described in the neurons of cathepsin D-deficient mice and in human patients with 
neuronal ceroid lipofuscinosis or with sphingolipidoses. These results indicated that 
decreased expression of ATP13A2 results in lysosomal dysfunction. Although 
cathepsin D is known to degrade α-Syn, we did not find any α-Syn accumulation in 
the brains of homozygous ATP13A2 mutant medaka.

Recent research with ATP13A2 knockout mice demonstrated lysosomal abnor-
malities in neurons, lipofuscin deposition, and progressive motor symptoms (Kett 
et al. 2015). Interestingly, however, DA neuron loss and α-Syn accumulation were 
not observed in these mice. Furthermore, α-Syn depletion did not ameliorate the 
phenotypes of ATP13A2 knockout mice, indicating that α-Syn is not involved in the 
pathogenesis of ATP13A2 deficiency.

12.4.3  �GBA Mutant Model

Gaucher disease (GD) is the most common lysosomal storage disease caused by 
homozygous mutations in GBA. GBA encodes glucocerebrosidase, a lysosomal pro-
tein, and mutations in GBA lead to decreased enzymatic activity of glucocerebrosi-
dase (GCase) and result in the accumulation of its substrates, glucocerebroside and 
glucosylsphingosine (Grabowski 2008). GD is classically divided into three sub-
types: a non-neuronopathic form (type 1), an acute neuronopathic form (type 2), 
and a subacute neuronopathic form (type 3). Visceral manifestations of all forms are 
characterized by hepatosplenomegaly, cytopenia, and skeletal disease. Pathologically, 
the accumulation of lipid-laden macrophages, known as Gaucher cells, is observed 
in the affected organs. Neurological manifestations of neuronopathic forms of GD 
include brain stem dysfunction, intellectual disability, seizures, and myoclonic 
movement. Pathological features of neuronopathic forms include neuronal loss, 
astrogliosis, microgliosis, and perivascular accumulation of Gaucher cells (Wong 
et al. 2004). The most severe neuronopathic form is known as the perinatal lethal 
type (Eblan et al. 2005). Common presentations of patients with the perinatal lethal 
type include hydrops fetalis and congenital ichthyosis. Almost no residual GCase 
enzymatic activity is found in these cases. Given that currently available therapies 
are ineffective for neurological manifestations, there is a critical need to elucidate 
pathological mechanisms and develop novel therapies.

Recognition of the association between GBA mutations and PD began in the 
clinic with the identification of some patients with type 1 GD who also showed 
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parkinsonian symptoms (Neudorfer et  al. 1996). Subsequent pedigree analyses 
revealed that relatives of patients with GD, many of whom were obligate heterozy-
gotes (i.e., GD carriers), had an increased incidence of PD (Goker-Alpan et  al. 
2004). Recently, a large-scale genetic study revealed a strong association between 
GBA mutations and PD (odds ratio for PD patients vs. controls, 5.43) (Sidransky 
et  al. 2009). In addition, patients with type 1 GD have been shown to have an 
increased lifetime risk of developing PD (Bultron et  al. 2010). In particular, the 
adjusted lifetime risk ratio of PD among patients with type 1 GD was reported to be 
21.4. PD patients carrying GBA mutations show intraneuronal accumulation of 
α-Syn (i.e., Lewy bodies), the pathological hallmark of sporadic PD (Wong et al. 
2004). Based on these findings, GBA is recognized as one of the most important 
clues to clarify the pathogenesis of sporadic PD.

Several cellular, animal, and postmortem studies have indicated an association 
between GBA mutations and α-Syn accumulation. Deficiency in GCase enzymatic 
activity causes lysosomal dysfunction and α-Syn accumulation (Mazzulli et  al. 
2011). Increase in α-Syn, in turn, induces a vicious cycle by inhibiting the traffick-
ing of GCase to lysosomes, thus leading to further decrease in GCase activity in 
lysosomes. Consistent with this notion, mouse models overexpressing α-Syn and 
postmortem tissue from patients with PD show reduced GCase activity in the brain 
(Gegg et al. 2012; Sardi et al. 2013).

We generated GBA nonsense (W337X) mutant medaka fish that are completely 
deficient in GCase activity (Uemura et al. 2015). In contrast to the perinatal death 
observed in both humans and mice lacking GCase activity, homozygous GBA 
mutant medaka fish survived for months, enabling analysis of the pathological pro-
gression. Homozygous GBA mutant medaka fish displayed abnormal rotating swim-
ming movement at 2 months of age, as well pathological phenotypes resembling 
human neuronopathic GD including infiltration of Gaucher cell-like cells into the 
brains, progressive neuronal loss, and microgliosis. This neuron loss was observed 
not only in DA/NA neurons but also in tryptophan hydroxylase-positive serotonin 
neurons of the raphe nuclei. Detailed pathological findings showed decreased 
cathepsin D staining, morphological abnormality in lysosomes, and p62/ubiquitin-
positive aggregates in the perikarya, indicating impairment of the autophagy–lyso-
some system. Furthermore, α-Syn accumulation was observed in axonal swellings 
containing autophagosomes. To examine the pathological role of α-Syn accumulation 
in this model, we subsequently generated α-Syn deletion mutant medaka fish by 
TALEN and crossed them with GBA mutant medaka fish. Unexpectedly, disruption 
of α-Syn did not improve the life span, formation of axonal swellings, neuronal loss, 
or neuroinflammation in homozygous GBA mutant medaka fish.

Taken together, these data suggest that homozygous GBA mutant medaka are a 
novel viable neuronopathic model of GD with α-Syn accumulation. α-Syn accumu-
lated in their brains presumably due to an impairment in the autophagy–lysosome 
pathway. However, α-Syn accumulation has minimal contribution to the pathophys-
iology in this model.

N. Uemura and R. Takahashi
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12.5  �Conclusions

Here, we summarized findings obtained from toxin-induced and genetic mutant 
medaka fish (Fig. 12.3). Despite in-depth research on PD using various cellular and 
animal models, the pathological mechanisms of PD remain largely unknown. 
Recent development of gene manipulation techniques, such as TALENs and 
CRISPR/CAS9, allows us to generate genetic mutant medaka fish more easily. 
Medaka fish are vertebrate and possess almost all causative genes of familial PD in 
contrast to the invertebrates (i.e., nematodes, flies). In addition, considering the fer-
tility and ease of handling of medaka fish, we assert that medaka models can be a 
powerful tool for genetic studies of PD, such as the studies reviewed here. We hope 
that the medaka fish will contribute to further elucidation of the pathological mecha-
nisms of PD and to the development of new treatments.
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Fig. 12.3  Schematic summary of the pathological mechanisms involved in Parkinson’s disease 
(PD)
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Chapter 13
“Out of the Dark” Cavefish Are Entering 
Biomedical Research

Nicolas Rohner

Abstract  The emergence of cheaper sequencing platforms and more widely appli-
cable genome editing techniques is empowering new model organisms to emerge in 
the field of biomedical science. A promising branch of such organisms are the so-
called evolutionary mutant models. To be covered by this definition, an animal must 
display phenotypes reminiscent of human pathologies, but these phenotypes must 
be part of the animal’s natural condition. In other words, these animals are not con-
sidered sick, but rather they have evolved disease-like traits as part of their strategy 
to survive in the wild. The cavefish Astyanax mexicanus is such an animal species. 
A. mexicanus displays many traits resembling a variety of human pathologies 
including retinal degenerations, diabetes-like phenotypes, and even psychiatric dis-
eases. The study of evolutionary mutant models, such as the cavefish, promises to 
provide important new insights into human pathologies by offering a different per-
spective compared to the classical model systems. Here, I introduce the cavefish 
model system Astyanax mexicanus to the reader and provide an overview of the 
latest efforts to establish this species as a valid member of animal models that are 
successfully used in biomedical research.
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13.1  �Introduction

Most biomedical science relies on only a handful of well-established model organ-
isms, which receive the bulk of biomedical funding (Lauer 2016). There is no doubt 
that classical model organisms are and have been tremendously important for bio-
medical research. Focusing on a few well-established model systems allows efforts 
and resources from many labs and disciplines to be combined. This has substantially 
accelerated the development of molecular tools in these organisms. However, focus-
ing on just a tiny fraction of the diversity in nature (the most commonly used model 
organisms represent only 0.0005% of described animal species in the world) does 
have limitations. In contrast to what one may expect, the classical model organisms 
have not been selected because they present good models for human disease or 
physiology. They were mainly chosen for their rapid generation time and the ease of 
propagation in the laboratory (Perlman 2016). However, evolutionary selection for 
rapid and robust development does favor stronger genetic control during develop-
ment and impedes environmental phenotypic plasticity (Bolker 2012). While this is 
important for reproducibility and the ability to compare results across different labo-
ratories, it may not necessarily reflect the situation in human diseases. Many human 
diseases, especially the ones with a more complex genetic basis, are often dependent 
on environmental contributions. In addition, most research in classical model organ-
isms uses highly inbred lines which again increases robustness of the results but 
disregards a large portion of the genetic and phenotypic repertoire present in natural 
populations. This is relevant to the study of human disease as natural variations 
between human populations are known to significantly influence disease prevalence, 
susceptibility, and treatment options (Lu et al. 2014). Thus, there have been recent 
pleas for harvesting more of this natural variation by extending the repertoire of 
animal model systems (Bolker 2012; Goldstein and King 2016) Given new and 
affordable technologies, such as next-gen sequencing (Goodwin et  al. 2016) and 
CRISPR/Cas9 (Cong et al. 2013) it is now achievable to cross the barrier between 
classical and emerging model systems (Goldstein and King 2016). New model sys-
tems will not only increase the genetic and phenotypic space that can be explored 
but will also allow for the development of new strategies to model and study disease. 
The main approach to artificially model human disease in classical model organisms 
is to make the animal sick. Undoubtedly, this approach has been useful and has 
provided generations of scientists with great insights into human pathology (Fox 
et al. 2007). A complementary approach, however, is to take advantage of naturally 
occurring phenotypes that resemble disease phenotypes but are part of the animal’s 
adaptive strategy. Animals that have such traits have recently been defined as “evo-
lutionary mutant models.” It has been proposed that studying these animals could 
provide fresh new insights into many human diseases (Albertson et al. 2009). Of 
course, this assumes that the mode of action in natural selection is similar to the one 
that contributes to human disease. If true, it would allow not only for the identifica-
tion of novel genes and gene-by-environment interactions implicated in human dis-
ease but also for the identification of strategies to dodge the negative effects 
associated with diseases in humans. A unique advantage of using natural animal 
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models is that, by default, more regulatory mutations affecting multiple different 
loci in the genome will be uncovered, as this is the route evolution preferably uses 
(Wray 2007). Likewise, the genetic architecture of many complex human diseases, 
such as diabetes, is polygenic and driven by regulatory mutations (i.e., a large frac-
tion of the GWAS hits map to noncoding regions (Maurano et al. 2012; Gusev et al. 
2014)). Not surprisingly, as many diseases, diabetes just being one of many exam-
ples, are closely linked to our own evolutionary history. It has been argued that the 
large incidences of certain diseases in modern civilizations are due to a mismatch 
between the current environment and the environment we have adapted to as a spe-
cies (Lieberman 2014). Such diseases are also called “mismatch diseases.” Because 
genes responsible for disease progression were originally under natural selection, 
evolutionary models have the chance of uncovering such evolutionary relevant 
changes by focusing on loci under selection. There are many promising examples of 
such evolutionary model systems. Among them, giraffes have been proposed as a 
model for hypertension, (Zhang 2006) and hibernating animals could serve as a 
natural model for insulin resistance (Wu et al. 2013). However, there are obvious 
practical limitations to studying bears and giraffes. Fish, on the other hand, can 
often be studied more easily. With over 30,000 different species adapted to a wide 
variety of different and extreme environments, fish represent the most diverse class 
of vertebrates. Consequently, fish have been explored as evolutionary model sys-
tems. A famous example is the Antarctic icefish. Living in ice-cold (and oxygen-
rich) water, they have eliminated the need for red blood cells in their circulatory 
system. Having this unique feature makes them a promising model for anemia 
(Braasch et al. 2015). In addition, Antarctic fish may be valuable for the study of 
other diseases as well. Icefish, like many fish adapted to the bottom of the ocean, 
have reduced their swim bladder during evolution. When new environments became 
available and ice fish wanted to explore these niches, they had to find other strategies 
to float. To accomplish this, Antarctic icefish reduced their bone density in a similar 
fashion as is seen in many osteoporosis patients (Braasch et al. 2015).

13.2  �Cavefish: Astyanax mexicanus

Cavefishes are another important evolutionary fish model system entering the arena 
of biomedical research. Cave animals are an interesting evolutionary phenomenon. 
Living their entire lives underground in complete darkness, they have drastically 
changed their morphology, physiology, and behavior compared to their surface 
ancestors. There are many different cave animals across many phyla, but other than 
the occasional salamander or snake, it is again fishes that dominate the cave verte-
brate fauna. Worldwide, more than 150 known obligate cavefish species are found on 
every continent, except Antarctica (Behrmann-Godel et al. 2017). Only a few, how-
ever, possess all the advantages of Astyanax mexicanus, a small tetra species (Gross 
et al. 2015). Most research on cavefish, therefore, has focused on this species, and 
they will also be the focus of this chapter. The most common form of A. mexicanus 
can be found in rivers from Texas to South America and is not built to impress. Small, 
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slender, and not especially colorful or flavorful, the fish do not stand out as particu-
larly interesting for research or trade. But deep inside certain caves in the Sierra del 
Abra, in Northeastern Mexico, some populations of this species have acquired the 
typical cave traits that have fascinated layman and scientists alike (Fig. 13.1).

The most obvious cave traits are the loss of eyes and the reduction in body pig-
mentation. However, cavefish have changed many other morphological, behavioral, 
and physiological traits (Keene et  al. 2016). Many of these traits are relevant to 
biomedical research and will be discussed throughout this chapter. The time of sep-
aration between the cave and surface forms has been long enough for the cave forms 
to adapt to the extreme environment by acquiring drastic phenotypic changes but 
not yet long enough to separate them into different species. Consequently, the sur-
face and cave populations remain accessible for comparative studies and more 
importantly are interfertile. The latter means that they can generate fertile offspring 
in the laboratory, which is imperative when studying the genetic basis of the cave 
traits using quantitative trait loci (QTL) analysis. QTL analysis is a useful method 
for model systems with fertile hybrids and permits identification of genetic regions 
linked to the phenotypes under study. Not only is it possible to identify these genetic 
intervals, it is also possible to dissect the influence of different genetic factors (mul-
tiple genes, epistasis). And when used in different populations, information about 
genetic convergence of the traits can be obtained.

Another advantage of Astyanax mexicanus is that the direction of evolution is 
known (i.e., from surface to cave) and the cave populations can be regarded as 
natural mutants of the ancestral surface forms. Importantly, this has happened in at 
least five independently derived populations known within the region (Gross 2012). 
Such repeatability of evolution is an important aspect of the model system. Many 
natural model systems lack this repeatability, but it is an important feature for 
rigorous scientific study.

The ability to maintain and propagate these fish with relative ease in the labora-
tory is, however, the main reason these fish are so successfully used as a model 
system (Fig. 13.1d). Both fortunately and unfortunately, this has led to the fact that 
many researchers working on these fish never encounter their natural habitat. 
Fortunate, because climbing down the caves, dealing with venomous snakes, scor-
pions, killer bees, and disease carrying bats can be quite challenging. Unfortunate, 
because the research gets uncoupled from the ecological conditions in the natural 
environment, something that has happened extensively for most classical model 
systems. To avoid this, the community of Astyanax researchers make an effort to 
meet at least once every other year in Mexico to discuss the latest scientific advances 
but most importantly to visit a cave or two.

Fig. 13.1  (continued) (b) A researcher staring into the abyss of one of the cave entrances in the 
area. Some of the cave entrance pits can be 100 m deep and the cave systems several kilometers 
long. (Picture: Nicolas Rohner). (c) Surface population (top) and four different cave populations 
of Astyanax mexicanus. (d) Cave and surface populations can be maintained with relative ease in 
the laboratory (depicted is the aquatic facility at the Stowers Institute for Medical Research) which 
makes them a useful system for biomedical research. (Pictures, Zachary Zakibe, Nicolas Rohner)
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Fig. 13.1  Astyanax mexicanus as an emerging model system for biomedical research (a) Map of 
Mexico highlighting the area where the cave populations of Astyanax mexicanus are endemic.  
The surface populations can be found throughout Mexico. (Imagery ©2017 Data SIO, NOAA, 
U.S.  Navy, NGA, GEBCO, Landsat/Copernicus, Map data ©2017 Google, INEGI).  
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The Astyanax model system can compete with other model organisms from a 
technical perspective as well. A fully annotated genome (McGaugh et al. 2014) and 
a large array of other genomic resources and genetic maps are available (Di Palma 
et al. 2007; Gross et al. 2008; O’Quin et al. 2013) Compared to most other vertebrate 
model organisms, the generation time (5 months) may be a bit longer; however, once 
sexually mature, a single female can produce more than 1000 eggs per week and 
remains fertile for over 10 years. As the eggs are externally fertilized, common gene 
perturbation and editing techniques (such as morpholinos (Ma et al. 2014), TALEN 
(Ma et al. 2015), CRISPR (Kowalko et al. in preparation), RNA injection (Yamamoto 
et al. 2004), and transgenesis (Elipot et al. 2014)) are applicable.

13.2.1  �Albinism

Next to eye loss, the loss of pigmentation is the most obvious morphological differ-
ence between cave and surface fish. Almost all obligate cavefish have lost their dark 
pigmentation to some extent. Traditionally, changes in pigmentation is a well-
studied trait in evolutionary genetic model systems, and the genetic basis of altered 
levels of pigmentation is well-defined in many animal systems (Hubbard et al. 2010; 
Massey and Wittkopp 2016). Classical examples include beach mice that evolved a 
lighter coat color to better camouflage on the sandy ground compared to their forest 
living relatives (Mullen et  al. 2009). Another famous example is the increase in 
melanin in the black jaguar that allows them to better blend in with the shapes of the 
jungle (Schneider et al. 2015). The genetic basis of these, and many other examples, 
has been identified and often can be explained by mutations in a handful of typical 
pigmentation genes such as OCA2, MC1R, tyrosinase, or agouti (Reissmann and 
Ludwig 2013). In cavefish, the genetic basis of pigmentation loss has been studied 
extensively, and mutations in the genes oca2 and mc1r have been identified to 
contribute to the phenotype (Protas et al. 2006; Gross et al. 2009; Stahl and Gross 
2015). Importantly, these are the same genes that are mutated in cases of human 
albinism (oculocutaneous albinism – Genetics Home Reference). As these genetic 
disorders in humans have a simple and well-defined genetic basis, there are likely 
better systems than cavefish as a model for human albinism. However, given that the 
genetic basis underlying the similar pigmentation phenotypes in cavefish and in 
human albinism is the same, it may indeed be reasonable to assume that there are 
more cavefish phenotypes that share their genetic basis with human diseases.

13.2.2  �Eye Loss

Eye loss is probably the most striking phenotype of cavefish and has fascinated 
scientists and layman alike. As such, eye loss has been studied extensively in 
Astyanax mexicanus (Krishnan and Rohner 2017). Cavefish start out with relatively 
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normal eye development during the first hours of their life. However, soon afterward, 
the eye and retina rapidly arrest, degenerate, and sink into the surrounding orbit. 
Cavefish eye degeneration has been proposed as a model for human retinal 
degeneration diseases and for blindness in general. Retinal degeneration is a 
complex disease caused and affected by many environmental and genetic factors. 
The most common inherited form is retinitis pigmentosa (RP). RP affects 1 in 3000 
Americans at some point of their life (Bravo-Gil et al. 2017). So far, over 70 genes 
linked to the development of RP have been identified. However, in more than one 
third of the cases, the underlying genetic cause remains unsolved (Daiger et  al. 
2013). Identifying the exact genetic basis of a disease is important. Besides giving 
the patient the comfort of knowing what causes her/his disease, it also opens 
potentially new therapeutic avenues. In contrast to studies using human patients or 
artificially created mouse models, using naturally blind model systems will tap into 
a completely different and new reservoir of genetic variation underlying retinal 
degeneration. Again, Astyanax mexicanus is a promising system to study retinal 
diseases as the retinal degeneration phenotype in the cavefish mimics some of the 
patient’s symptoms (O’Quin et al. 2013). Like mammalian models of RP, cavefish 
are born with eyes, and the degeneration occurs during early development. 
Importantly, the availability of interpopulation crosses and genomic resources 
makes it a suitable genetic model fully capable of identifying new genetic loci and 
pathways underlying retinal degeneration. These can serve as blueprints in the 
search for the missing heritable link in human RP. For people that are born blind or 
have lost their eyesight through different means, Astyanax cavefish may be a helpful 
model for better understanding sensory substitution and compensatory mechanisms 
that develop after vision loss. Cavefish present a unique scenario in which sensory 
substitution has naturally evolved, and methods applicable to study neuronal circuits 
in vivo are in principal like the ones developed for zebrafish. Using these methods, 
it is possible to observe and trace the activity of individual neurons with 
unprecedented precision. Of course, human and fish brains differ in many aspects, 
but the basic concepts of neuronal integration, connectivity, and plasticity are 
surprisingly conserved in vertebrates (Joshua and Lisberger 2015), making cavefish 
a promising model to study certain aspects of human blindness.

13.2.3  �Craniofacial Changes

Cavefish display multiple craniofacial alterations compared to their surface cousins. 
For example, their lower jaw protrudes, they have a larger opercula bone, and gener-
ally two or more maxillary teeth, while a single tooth suffices for surface fish (Keene 
et al. 2016). Their orbital bones display many fusions and fragmentations, many of 
which are likely related to eye regression. However, some of these morphological 
modifications, such as the fragmentation of the third suborbital bone, have evolved 
separately from eye loss (Gross et al. 2014). Many of the craniofacial traits in cave-
fish have been mapped to genomic regions using quantitative trait loci analysis 
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(Gross et al. 2014; Protas et al. 2008). A better understanding of the genetic archi-
tecture of these phenotypes may well provide better insights into human syndromes. 
For example, a protruding lower jaw (prognathism) in humans can affect speech or 
proper mastication, while a cleft palate, one of the most common types of birth 
defects in the USA, stems from a failure to fuse bones during craniofacial develop-
ment. Another rather surprising observation that has come out of morphological 
studies in cavefish is that many cave adapted populations display a substantial 
degree of asymmetry in their skull shape (Gross et al. 2016) (Fig. 13.2). Facial sym-
metry is under strong selection in most species, including strong sexual selection in 
humans as a universal measure of attractiveness. Despite this strong selection, per-
fect facial symmetry is almost never achieved in humans. Craniofacial asymmetries 
underlie a variety of different syndromes that can affect dental function and proper 
joint function and, in extreme cases, even lead to life-threatening breathing impair-
ments. Despite the prevalence of craniofacial asymmetry in humans, very little is 
known about the underlying genetic basis. Astyanax mexicanus, with their strong 
heritable differences in craniofacial asymmetry between surface and cave forms, 
present a unique model system to uncover the genetic basis of facial symmetry and 
the processes that can go wrong while building it (Powers et al. 2017).

13.2.4  �Autism

While at first sight fish may not be considered ideal models for psychosomatic dis-
eases, Masato Yoshizawa, a cavefish researcher from Hawaii, noticed that some of 
the behavioral repertoire in cavefish displays similarities to patients suffering from 

Fig. 13.2  Cavefish skulls are asymmetric. Surface-rendered microCT images of Astyanax mexica-
nus skulls. From left to right: surface fish, dorsal view; Tinaja cavefish, dorsal view; Pachón cave-
fish, dorsal view; Pachón cavefish, frontal view. Note the left side bias in the cavefish skull. 
(Adapted from Powers et al. 2017)
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neurological disorders such as autism. He originally aimed to understand brain evo-
lution by investigating the effects of natural selection on behavior, when he noticed 
that cavefish displayed certain “symptoms” of autism, such as sleeplessness, hyper-
activity, and asocial behavior compared to surface fish (Yoshizawa 2015). Altered 
behaviors such as a solitary live and constant movement in search for food may be 
the best strategy for cavefish to survive in a nutrient-deprived world free of preda-
tors. However, the study of these behaviors in cavefish could provide avenues into 
understanding the molecular underpinnings and how these behaviors are connected 
to each other. In preliminary experiments, Yoshizawa found 90% of the 101 classic 
risk factor genes for human psychiatric diseases to be present in the cavefish genome 
and a large portion of them to be differentially regulated between cavefish and sur-
face fish. In a first step toward validating these findings, Yoshizawa treated cavefish 
with several psychiatric drugs. An earlier study by another research team showed 
that the antidepressant fluoxetine (commonly known as Prozac) reversed some of 
the cavefish-specific behavioral phenotypes. Yoshizawa then could show that the 
antipsychotic clozapine has the same effect (Pennisi 2016). Overall, these drug 
responses in cavefish are very similar to those in human patients and could indicate 
similar mechanistic bases. Despite these findings, there is still a long way to go 
before cavefish will be accepted as a good model for human psychiatric disease.

13.2.5  �Sleep

Sleep is a universal trait. Almost all animals sleep, but the amount of sleep individ-
ual species need can vary dramatically. Some, such as bats, sleep 20 hours a day, 
while others, such as elephants, only need a few hours of sleep (Gravett et al. 2017). 
Likewise, there is considerable variation in sleep times in humans. Some individuals 
sleep for only 5 hours per night, while others regularly need 9 hours or more of sleep 
to perform. The evolutionary reason for these intra- and interspecies differences is 
still subject to debate, but it is known that the amount of sleep can be modulated by 
environmental changes. For example, most animals will increase their sleep as a 
response to limited food availability (Masek et al. 2014). One thing all animals have 
in common is that forfeiting sleep results in illness and the emergence of cognitive 
and behavioral deficits during their waking hours (Rechtschaffen et  al. 1983). 
Humans are no exception to this rule, as we have probably all experienced at some 
point. Indeed, studies have shown that sleep deprivation is linked to many metabolic 
and cardiovascular diseases and an increased mortality rate (Itani et  al. 2017). 
Studying the effects of sleep deprivation in animal model systems is difficult, as 
only few exist that show strong intraspecies differences in sleep pattern and are 
amenable to genetic approaches. Astyanax mexicanus therefore is an excellent 
model to study differences in sleep needs as some cavefish populations have 
decreased their amount of sleep dramatically compared to their surface cousins 
(Duboue et al. 2011). While adult surface fish sleep about 8 hours per day, Pachón 
cavefish sleep only 2 hours per day. Notably, these differences persist even in the 
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laboratory where both populations are kept under the same conditions, which sug-
gests that these differences are hardwired. Sleep is a complex phenotype and can be 
difficult to assess in animals that cannot close their eyes (or even lack them entirely), 
especially as electrophysiological studies are difficult to perform in small animals. 
Studies in Astyanax mexicanus, like studies in zebrafish, have therefore focused on 
behavioral markers of sleep such as prolonged periods of inactivity or elevated 
arousal thresholds (Jaggard et al. 2017). Sleep studies carried out that way in cave-
fish revealed that the sleep phenotype is a convergent trait for most, but not all, cave 
populations (Yoshizawa et al. 2015). Importantly, these genetic studies calculated 
that only a handful of genes with large effect sizes are responsible for the sleep phe-
notype, which makes functional studies of identified candidate genes possible. 
Starvation promotes sleep loss in Pachón cavefish which indicates that, like in other 
species, sleep loss in cavefish is linked to their metabolic state (Yoshizawa et al. 
2015). It has been hypothesized that sleep loss represents a mechanism to increase 
foraging time, which could be a potential explanation for why cavefish have lost 
sleep (Yoshizawa et al. 2015). Another possibility is that sleep has evolved to avoid 
predation and having no known predators, cavefish may as a consequence need less 
sleep. Future studies will be needed to uncover the ecological reason for sleep loss 
in these fish. The neuronal basis controlling sleep homeostasis is conserved between 
fish and humans. Therefore, cavefish represent a unique system for studying the 
molecular mechanism of sleep loss and may lead to the discovery of potential paral-
lels in humans. For example, in a small screen of commonly associated sleep- or 
wake-promoting drugs, it was found that inhibition of noradrenergic signaling and 
glutamate signaling enhanced sleep in cavefish, but not in surface fish (Yoshizawa 
et al. 2015; Duboue et al. 2012). This suggests an involvement of these signaling 
pathways in the sleep loss of cavefish. Taken together, these findings make Astyanax 
mexicanus an exciting model system to study naturally occurring sleep differences. 
Their accessibility also allows for pharmaceutical compound screens to identify 
potential mechanisms that can be substituted for sleep deprivation in other species.

13.2.6  �Circadian Rhythm

Sleep is tightly linked to circadian rhythm, which when disrupted can have a sub-
stantial impact on our well-being including long-term effect on our health. Everyone 
who has experienced jet lag will easily agree. Organisms that live in constant dark-
ness are of particular interest to circadian researchers. As such, Astyanax mexicanus 
has been a prime candidate for the study of the biological clock. As expected, cave-
fish do not show any sign of circadian activity in their natural habitat due to the lack 
of a zeitgeber (the environmental cue that can set the internal body clock) (Beale 
et al. 2013). Using the expression pattern of key circadian genes as a marker for 
circadian periodicity, researchers found that, in a laboratory setting, the cavefish 
populations do not entirely lose their ability to generate a circadian rhythm. Their 
clock still oscillates, but with a rhythm lower in amplitude than the surface fish, 
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which suggests differences in the core oscillator of the biological clock (Beale et al. 
2013). Expression analysis of genes known to be under tight control of the circadian 
rhythm points toward a rather unexpected result. The data, at least from a molecular 
point of view, is consistent with the fish being in constant light rather than in con-
stant darkness. Consequently, cavefish show an increased expression of DNA repair 
genes, which are usually turned on during the day where there is a high chance of 
UV-induced DNA damage. As this was observed both in the laboratory and in the 
wild, it was speculated that an enhanced ability to repair DNA changes could help 
fish survive the harsh cave conditions (i.e., different pH or low oxygen levels could 
induce DNA damage) (Beale et al. 2013). As such, Astyanax cavefish can be consid-
ered a natural overexpression mutant of enhanced DNA repair, a feature that could 
be important to exploit in future cancer studies.

13.2.7  �Regeneration

Fish models have traditionally been strong in the field of regeneration research 
because of their natural ability to regenerate many of their organs and body parts. 
Most fish can regenerate their fins or scales when lost or amputated. Even entire 
organs can regenerate in fish. For example, adult zebrafish can regenerate a heart to 
nearly full function when up to one third is amputated (Arnaout et al. 2014). It did 
therefore not come as a surprise, when British researchers found that the surface 
form of Astyanax mexicanus has similar regeneration capacities. The surprise came 
when the scientists tested the cavefish populations and found that their hearts did 
not regenerate. Instead scar tissues formed, as would in human hearts damaged by a 
heart attack. Studying the molecular mechanisms underlying the cellular 
environment favoring heart regeneration over scarring could help millions of 
patients suffering from heart disease. Cavefish are a powerful and potentially unique 
model because individuals of a single species show differences in their heart 
regeneration capacity. This allows for the use of quantitative trait loci analysis to 
link the ability for heart regeneration directly to the genome. Preliminary results 
indicate that this ability for heart regeneration can be linked to a small number of 
loci containing a limited number of genes (Mommersteeg 2015) making cavefish a 
novel and extremely exciting model for heart disease studies.

13.2.8  �Metabolism

Caves are dark and as such lack photosynthesis-driven primary production. 
Therefore, most cave environments rely exclusively on food chains originating out-
side of the cave. This is also true for the caves of Astyanax mexicanus in which most 
of the energy resources stem from bats or floods during the rainy season that bring 
in organic matter. As these floods occur only a few times in the summer months, 
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cavefish have had to find other means to survive when resources are lacking. 
Cavefish have found several ways to deal with such dire conditions. For one, they 
save energy by exhibiting a lower standard metabolic rate (Hervant and Malard 
2012). Up to one third of their daily energy use is also saved by eliminating a circa-
dian rhythm in their metabolic activity (Moran et al. 2014). A second strategy is to 
eat more when food is available. It has been shown that food restriction increases 
orexin mRNA transcription levels in cavefish brain (Wall and Volkoff 2013), which 
leads to increased food consumption (Penney and Volkoff 2014). Furthermore, we 
found in a recent study that cavefish tend to binge eat when food is available, a 
behavior that is hardwired and can be observed even under ad libitum feedings in the 
laboratory (Aspiras et al. 2015). We showed that mutations in MC4R, a master regu-
lator of appetite control, partly contribute to the overeating phenotype. Interestingly, 
these same coding mutations cause extreme cases of obesity in humans, further 
highlighting the relevance of using evolutionary model systems to study human dis-
ease. As a consequence of this mutation and other changes to the genome, the cave-
fish acquire much higher levels of body fat than the surface fish. We measured up to 
ten times more body fat depending on the populations (Aspiras et al. 2015; Salin 
et al. 2010, PMID: 29883659). Acquiring body fat allows the cavefish to sustain 
leaner times much better than surface fish pointing to the fact that this is presumably 
an adaptive physiological response and not a pathological one. Indeed, when cave-
fish were starved for 2 months, they only lost a fraction of the body weight that 
surface fish lost on the same diet (Aspiras et al. 2015). In part, this can be explained 
by a decrease in locomotor activity of cavefish during fasting, a behavior not present 
in surface fish (Salin et al. 2010) or may simply be explained by the fact that fat tis-
sues can store a higher energy density. This raises the intriguing question whether a 
lifestyle of overeating and fasting has any health consequences on the cavefish, 
especially as cavefish display phenotypes usually associated with the negative health 
effects of overeating in humans, such as fatty liver and diabetes-like conditions 
(Aspiras et al. in preparation, PMID: 29555241) (Fig. 13.3). Yet, cavefish live as 
long as surface fish and molecular markers of disease are not elevated. Possibly, 
these fish have coevolved factors that mitigate the negative health effects typically 
associated with such phenotypes. More detailed genetic studies of metabolism in 
cavefish will give insight into the regulatory pathways underlying their unique (pro-
tective) physiological adaptations. This could have great potential in providing a 
better basis for therapeutic interventions into metabolic disorders in the future.

13.3  �Concluding Remarks

While these studies are all still in their infancies, the Astyanax mexicanus model 
system will help in elucidating important pathways involved in human disease. As a 
genetic system, the power relies on the feasibility of QTL studies. The prospects of 
functional validation in  vivo, in these exciting times of gene editing through 
CRISPR, further substantiate the validity of the system for biomedical research. 
Another important feature, the cavefish system shares with other fish systems, is 
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that it is amenable to large-scale pharmacological screens, which makes gene and 
drug discovery cheaper and easier than in most mammalian systems. Therefore, I 
predict that the emergence of “out of the box organisms,” such as cavefish, has the 
potential to provide novel and exciting insights into biomedical research. The 
general idea follows the so-called Krogh principle, which was famously named 
after the Danish physiologist August Krogh (1874–1949) and states that: “for a 
large number of problems there will be some animal of choice […] on which it can 
be most conveniently studied” (Krogh 1929). For many problems, the animal of 
choice seems to be the cavefish Astyanax mexicanus.
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Chapter 14
Xenotoca eiseni, a Viviparous Teleost, 
Possesses a Trophotaenial Placenta 
for Maternal Nutrient Intake

Atsuo Iida

Abstract  Over 500 species of teleost fish have been identified as live-bearers. 
These fish breed by internal fertilization, and, in some species, the embryo weight 
increases during pregnancy. This indicates that these fish likely possess the specific 
machinery required to absorb maternally derived nutrients. Approximately 170 
viviparous species are included in the order Cyprinodontiformes. This chapter 
focuses on a viviparous teleost species, Xenotoca eiseni, which belongs to the fam-
ily Goodeidae. Members of the family Goodeidae have a unique structure called the 
“trophotaenial placenta,” which is a branching, ribbonlike structure that extends 
from the perianal region of the goodeid embryo. The trophotaenial placenta is a 
hindgut-derived pseudoplacenta that allows the absorption of maternal nutrients 
during the prenatal stage. The trophotaeniae preliminarily regress when the embryo 
is born. Because the offspring can ingest food orally soon after birth, the trophotae-
niae become unnecessary. Immunohistochemistry indicates that caspase-3-activated 
cells with fragmented nuclei are present in the regressed processes of the fry imme-
diately after birth. This finding suggests that the trophotaeniae are rapidly resorbed 
by apoptosis during the last phase of the pregnancy. Such prenatal regression of 
pseudoplacentae has not been reported in other viviparous vertebrates. Therefore, 
the small teleost might be a convenient model for understanding the diversity of 
viviparity in vertebrates.
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14.1  �Introduction: Viviparity in Vertebrates

14.1.1  �Mammal

Many viviparous animals exist among the extant vertebrates (Blackburn 2014). In 
all species of mammals, excluding the monotremes, embryonic growth and devel-
opment happen within the female body, supported by the provision of maternally 
derived nutrients. For nutrient absorption, mammals have a placenta and umbilical 
cord fused to the mother’s body. It is suggested that the common ancestor of the 
extant viviparous mammals obtained the placenta by acquiring the retrotransposon-
derived Peg10 gene, which is essential for placental formation (Kaneko-Ishino and 
Ishino 2012). The gestation period from the implantation of the fertilized egg to 
delivery is exactly regulated by the endocrine secretion of estrogen, progestin, and 
other sex hormones. Furthermore, a current study reported that a particular stem cell 
regulates interfollicular epidermal expansion corresponding to the baby’s growth 
during the pregnancy (Ichijo et al. 2017). Mammalian viviparity is well understood 
as described above in terms of morphology, genetics, endocrinology, and the under-
lying molecular mechanisms from knowledge acquired in rodents, a convenient 
experimental model.

14.1.2  �Nonmammal

Among the nonmammalian vertebrates, viviparous reptiles, amphibians, and fish 
have been identified; viviparous reptiles have morphological homologs to the mam-
malian placenta and umbilical cord (Blackburn and Flemming 2012). There have 
been no reports on nonmammalian animals performing implantation and possessing 
placenta and umbilical cords during viviparous development similar to that in mam-
mals; their fertilized eggs are presumed to progress through embryonic develop-
ment and hatch similar to oviparous or ovoviviparous animals and subsequently 
build a specific compartment for growth in the mother’s body. Various forms of 
pseudoplacenta or hypertrophied hindgut have been reported by morphological 
studies of viviparous fish (Castro 2009; Wourms 1981). In some viviparous amphib-
ians and cartilaginous fish, cannibalism has been reported during embryonic growth 
in the mother’s body (Wourms 1981; Buckley et al. 2007). The genetic background 
or molecular mechanisms underlying viviparous systems in nonmammalian verte-
brates are poorly understood. In mammals, the origin of the viviparity is presumed 
to be a genetic modification that occurred in common ancestor of extant marsupials 
and eutherians; thus, the genomes of monotremes, who are ovoviviparous and form 
an out-group of them, do not include the Peg10 gene. Nonmammalian animals pos-
sess no peg10 orthologous genes, but viviparous species have appeared in several 
phyletic groups. Therefore, diverse viviparous reproduction systems have likely 
evolved independently.
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14.1.3  �Teleost

In teleosts, the eggs are commonly thought to be externally fertilized and developed 
outside the mother’s body. However, over 500 live-bearing teleost species are dis-
tributed throughout 14 orders and 118 genera (Wourms 1981), and these live-bearing 
species include both ovoviviparous and viviparous species. In the ovoviviparous 
species, fertilization occurs internally and embryos hatch in the mother’s body. 
Furthermore, the offspring do not increase their body weight before delivery, and 
thus, it is deemed that the embryos use nutrients only from their own yolk sacs dur-
ing the development and do not receive external nutrients. Such a reproduction sys-
tem involving internal fertilization without nutritional contribution from the mother 
to offspring is similar to oviparity reported in birds or most reptiles. In contrast, 
some teleost species are viviparous and perform internal fertilization, and their 
embryos increase in body weight throughout development similar to that in most 
mammals. Embryo of nonmammalian viviparous species possesses specific con-
duits to absorb maternal nutrients, similar to the placenta or umbilical cords in 
viviparous mammals. In viviparous species of the family Clinidae or Embiotocidae, 
it is thought that the embryo absorbs maternal nutrients via the skin epithelium. 
Viviparous species of the order Cyprinodontiformes are reported to possess specific 
structures for nutrient absorption, such as a follicular pseudoplacenta, hypertro-
phied hindgut, or trophotaeniae (Wourms 1981). The diversity of the reproductive 
system in teleosts is notable for further study of their morphology or evolution.

14.1.4  �The Family Goodeidae

In particular, the order Cyprinodontiformes includes approximately 170 live-bearing 
species in 3 families: Poeciliidae, Anablepidae, and Goodeidae (Turner 1933, 1938, 
1940a, b). This chapter focuses on a viviparous teleost species belonging to the fam-
ily Goodeidae that is a freshwater fish found in the lakes and rivers of the Central 
Plateau of Mexico. Approximately 40 species are included in the family Goodeidae, 
all of which have been identified as viviparous species. These species likely acquired 
their viviparous traits independently from mammals and other viviparous verte-
brates. The goodeid fish have a unique structure, “trophotaenial placenta,” which is 
a pseudoplacenta that functions to absorb maternally derived nutrients (Lombardi 
and Wourms 1985a; Mendoza 1972). Other viviparous species belonging to the 
family Poeciliidae or Anablepidae possess no structures corresponding to the tro-
photaeniae (Turner 1933, 1938, 1940a). A previous study indicated that all vivipa-
rous species that belong to the family Goodeidae, excluding Ataeniobius toweri, 
possess a trophotaenial placenta during their development (Turner 1937; Schindler 
and Hamlett 1993). This chapter describes a morphological change in the pseudo-
placenta during pregnancy using a goodeid species, Xenotoca eiseni.
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14.2  �Xenotoca eiseni: An Experimental Model 
for the Viviparous Teleost

14.2.1  �Maintenance and Breeding

The viviparous species, X. eiseni, belongs to the family Goodeidae and was used as a 
model for my research regarding the trophotaenial placenta (Fig. 14.1a). X. eiseni is 
a popular aquarium fish that is easily obtained from commercial suppliers. Adult fish 
were maintained in freshwater at 27 °C under a 14:10-h light-dark photoperiod cycle. 
Fish were bred in a mass-mating design. The juveniles were fed live brine shrimp 
larvae and a small pellet food, and the adults were fed only a pellet food. To accu-
rately track the pregnancy period, the laboratory-born fish were crossed in a pair-
mating design and the mating behavior was recorded. The duration of pregnancy in 
X. eiseni was approximately 5 weeks (34–39 days) under these breeding conditions.

14.2.2  �Development and Growth in the Mother’s Body

In the goodeid species, including X. eiseni, eggs hatch in the ovary of the mother’s 
body, where the embryos develop until birth (Fig. 14.1b). During early develop-
ment, the embryos absorb nutrients from their own yolk sacs, similar to oviparity 
fish. After depletion of the yolk nutrients, the trophotaeniae develop to allow the 
absorption of extra nutrients for further embryonic growth. This absorption of 

Fig. 14.1  Morphological overview of the viviparous teleost X. eiseni
(a) Morphological comparison of adult female and male X. eiseni. The adult male fish exhibits 
sex-specific characteristics, such as a high arch body and red color in the tail. (b) Sagittal sections 
of pregnant and nonpregnant female fish. The pregnant fish maintains the embryo in the ovary 
(brackets). The blue squares indicate larger images for the unfertilized eggs in the nonpregnant fish 
and the embryo at approximately 3 weeks in the pregnant fish. White arrow, growing follicle; black 
arrow, matured follicle; dashed line, embryo shape; double-headed arrow, body trunk; asterisks, 
brain; arrowheads, eyes
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nutrients via the trophotaeniae allows the offspring to be born at a more advanced 
stage relative to that observed in oviparous and ovoviviparous fish. Figure 14.2a 
shows X. eiseni embryos obtained from females at the 2nd, 3rd, and fourth week 
after mating. The embryos have different degrees of trophotaeniae elongation from 
the perianal region, depending on the stage of embryonic development. The tropho-
taeniae were not fused to the maternal tissues, and no decidual-like structure was 
observed on the ovarian lumen. In past studies using other Goodeid species, these 
trophotaeniae were also reported as hindgut-derived ribbonlike structures that 
extended from the perianal region of the embryo (Turner 1940a). Given that the 
trophotaenia is not fused to the mother’s body, these goodeid embryos likely 
receive maternally derived nutrients provided from the ovarian lumen in a secreted 
form (Lombardi and Wourms 1985b; Schindler 2014). Therefore, my observations 
indicated that the X. eiseni embryo possesses a typical trophotaenial placenta that 
is similar to that of other viviparous species belonging to the family Goodeidae 
(Lombardi and Wourms 1985b; Schindler 2014).

Fig. 14.2  Structure of the trophotaenial placenta
(a) The X. eiseni embryo extracted from the ovaries at the 2nd (top), 3rd (middle), and fourth week 
(bottom). The arrows indicate trophotaenial placenta. (b) Hematoxylin-eosin-stained section of the 
trophotaeniae of a fourth-week embryo. The blue square indicates an enlarged image of the basal 
portion of the trophotaeniae developed from the perianal region. The magenta square indicates 
vasculature and circulated blood cells in the trophotaeniae. (c) Fluorescent immunochemistry to 
visualize the structure of the trophotaeniae in the fourth-week embryo. The panels indicate an 
overview of the terminal structure (top) and an enlarged image focused on the vasculature (bot-
tom). Bd Blood vessel, Ep Epidermal cell layer, Me Mesenchyme
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14.3  �Trophotaenial Placenta

14.3.1  �Structure

Histological analyses of sections of the fourth-week embryos stained using 
hematoxylin-eosin (HE) indicated that the trophotaeniae have a complicated struc-
ture, consisting of an epidermal cell layer, mesenchyme, vasculature, and blood 
cells (Fig. 14.2b). The processes were continuous with the gastrointestinal submu-
cosa or epidermis of the fry. Furthermore, fluorescent microscopy indicated that the 
epidermal cell layer could be labeled using a fluorescent-conjugated phalloidin 
marker, which was found to be associated with filamentous actins. The fibronectin-
rich mesenchyme was surrounded by the epithelial-like component. Globin-positive 
erythrocytes were detected in the lumen of the phalloidin-associated vasculature 
walls (Fig. 14.2c). Live observations indicated that the blood cells and the plasma 
component were circulating in the processes throughout the embryonic body. A 
previous study indicated that the secreted nutrients were absorbed from the epithe-
lial surface of the trophotaenia and supplied to the embryonic body via the blood 
circulation (Hollenberg and Worums 1994). These results indicate that this structure 
is not an organ homologous to the mammalian placenta and umbilical cord, neither 
anatomically nor functionally.

14.3.2  �Prenatal Regression

The role of the trophotaenial placenta indicates that it is only transiently required for 
absorption of maternally derived nutrients during embryonic development in the 
ovary. Because the offspring can ingest food orally soon after birth, the trophotae-
niae become unnecessary. In fact, the trophotaeniae of goodeid embryos start to 
regress at birth and then disappear within a few days (Turner 1933; Mendoza 1965). 
Therefore, the removal machinery for the trophotaeniae begins to function at the 
prenatal stage. Figure 14.3a shows shrunken processes at the perianal region of the 
fry immediately after birth. These are residues of the trophotaeniae. Histological 
observations indicate that the epidermal cell layer and mesenchymal structures are 
lost in the regressed processes. The vasculature displays a snaking pattern and blood 
cells are observed in the vascular lumen (Fig. 14.3b and c). The developmental stage 
of the fry is estimated to begin at approximately the fifth week after fertilization. 
Conversely, fourth-week embryos still have complete processes with no signs of 
regression (Fig. 14.2a). These observations suggest that the trophotaeniae undergo 
rapid regression in the mother’s body during the last phase of pregnancy. Because 
of the important role that the trophotaenial placenta plays for uptake of maternally 
derived nutrients during embryonic development in the mother’s body, prenatal 
regression is likely controlled under a firm regulatory mechanism.
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14.3.3  �Apoptosis

Apoptosis, the process of programmed cell death involving nucleus fragmentation, 
widely contributes to disease development, physiological tissue turnover, and mor-
phogenesis during development (Jacobson et al. 1997; Yaron and Hermann 2011). 
Caspase-3 activation is a major marker of apoptosis-related cell death (Sakahira et al. 

Fig. 14.3  Apoptotic regression of the trophotaenial placenta
(a) Full image of a fry immediately after birth. The blue square indicates an enlarged image of the 
regressed process, a vestige of the trophotaenia in the fry. The white arrowhead indicates circulated 
blood cells. (b) Hematoxylin-eosin-stained section of the regressed processes in the fry. The white 
arrowheads indicate snaking vasculature and blood cells. (c) Confocal microscopy of the fluores-
cent immunochemistry to visualize the structure of the regressed processes. The white arrowheads 
indicate snaking vasculature and blood cells. (d) Fluorescent immunochemistry to detect the apop-
totic cells in the regressed processes. The blue square indicates an enlarged image for apoptotic 
signals visualized by the caspase-3 antibody. (e) Confocal microscopy of fluorescent immuno-
chemistry to detect the apoptotic cells in the regressed processes (top). The white arrowhead indi-
cates the apoptotic cells defined by the caspase-3 antibody and fragmented nuclei (bottom)
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1998). Fluorescent microscopy showed positive active caspase-3 immunoreactivity 
with fragmented nuclei in the regressed processes, indicating the presence of some 
apoptotic cells in the regressed processes of the fry (Fig. 14.3d and e). These cells 
were not detected in the elongated trophotaeniae of the 2nd- or fourth-week embryos 
(Iida et al. 2015). These observations indicate that the trophotaenial placenta of X. 
eiseni prenatally regresses by a process of apoptotic cell death. Conversely, these 
apoptotic cells are not observed in the blood vessels of the trophotaeniae, which sug-
gests that the vasculature and blood cells are less sensitive or more resistant to these 
apoptotic cell death signals than the other types of cells (Iida et al. 2015).

14.3.4  �Biological Significance

What is significance of the fact that the blood circulation system of the trophotae-
niae survives and maintains its function during the regression process? This could 
be a mechanism for hemorrhage prevention during the regression process, which 
would prevent the possibility of necrotic cell death or starvation due to arrest of the 
circulation and nutrient transport. Another possibility is that the surviving cells con-
tribute to vascular rearrangement during the regression process. A previous study 
indicated that vascular networks at the perianal region of a different goodeid fish, 
Skiffia bilineata, were dramatically rearranged during the perinatal stage (Mendoza 
1937). Therefore, our findings suggest that prenatal regression involves not only 
tissue-specific apoptotic disruption of the unnecessary processes but also serves to 
help remodel the vascular networks to form an alternate circulatory pathway at the 
perianal region. However, the specific upstream pathway responsible for apoptosis 
activation has not been identified. One possibility is that an extrinsic signal is trans-
mitted from the mother to the embryo. In this scenario, a direct trigger for apoptosis 
activation is provided in the form of maternal elements. Alternatively, the embryo 
might autonomously regulate apoptosis through an intrinsic and/or extrinsic path-
way. One such candidate is the thyroid hormone (TH), which contributes to amphib-
ian metamorphosis and induces apoptosis in the larval intestine (Ishizuya-Oka et al. 
2010). TH and its receptors are conserved in teleosts, expressed in the embryonic 
stage, and contribute to developmental changes in the gut and other organs (Power 
et al. 2001; Specker 1988). Therefore, these molecules are potent candidates to be 
embryo-autonomous factors of apoptosis induction. However, this hypothesis does 
not rule out the possibility of a maternal contribution. Further studies are required 
to determine the factors that regulate this apoptosis and whether any maternal fac-
tors are involved.
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14.4  �Conclusion

In this study, we presented the goodeid fish species X. eiseni as a small fish model 
for understanding nonmammalian viviparity and elucidated the apoptotic regression 
process for the postnatal removal of the trophotaenial placenta, which is used for 
nutritional absorption in their embryos (Fig. 14.4). To the best of our knowledge 
about vertebrates, including humans, there are no previous reports regarding such 
regression or any positive roles of apoptotic cell death, excluding pathological pro-
cess that could result in placental disorders, in placentae or pseudoplacentae that 
function to absorb maternally derived nutrients (Smith et  al. 1997; Sharp et  al. 
2010). Therefore, the small teleost fish has an organ that is neither anatomically nor 
functionally homologous to that of the mammalian placenta and umbilical cord and 
might be a good model for deepening the understanding of the diversity of repro-
duction systems in vertebrates.
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Chapter 15
Mormyrid Electric Fish as a Model 
to Study Cellular and Molecular Basis 
of Temporal Processing in the Brain

Tsunehiko Kohashi

Abstract  The nervous system must deal with the temporal dynamics of sensory 
inputs to allow animals to adapt and anticipate events happening in the world. The 
mechanisms underlying neural processing of temporal patterns of sensory inputs 
have been difficult to uncover at the subcellular level, primarily due to the lack of an 
in vitro reduced preparation method in which the mechanisms are readily accessible 
yet behaviorally relevant network activity is preserved. In this chapter, I introduce 
the electrosensory pathway of the African mormyrid electric fish as a powerful 
model system enabling us to overcome this difficulty. Mormyrid electric fish com-
municate by varying the intervals between electric pulses (interpulse intervals, or 
IPI) generated in the tail. The timing of each pulse from a neighboring fish is coded 
by peripheral electroreceptors into precisely timed action potentials. Within the 
midbrain posterior exterolateral nucleus (ELp), the temporal patterns of afferent 
spike trains are filtered to establish selectivity to IPI (IPI tuning) at the level of sin-
gle neurons. Recent studies have developed a series of in vitro preparations of this 
pathway in which IPI tuning of ELp neurons can be reproduced by direct stimula-
tion of afferent inputs with behaviorally relevant temporal patterns. By taking 
advantage of this striking possibility, studies have revealed some of the key mecha-
nisms that shape IPI tuning of the ELp circuit, such as temporal dynamics of excit-
atory and inhibitory synaptic inputs, neuronal microcircuits, and membrane 
excitability.
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15.1  �Introduction

The dynamic nature of our external environment combined with the temporal nature 
of animal communication has provided strong evolutionary and ecological pressure 
for the nervous system to process temporal information (Goel and Buonomano 
2014). Many sensory circuits in the central nervous system contain neurons that 
exhibit selective responses to particular temporal structures in sensory stimuli 
(Baker et  al. 2013; Edwards et  al. 2002; Edwards and Rose 2003; Goel and 
Buonomano 2014; Grothe 1994; Huetz et al. 2011; Kostarakos and Hedwig 2012; 
Pluta and Kawasaki 2010; Rose and Fortune 1999).

A variety of synaptic mechanisms have been suggested to be involved in this 
selectivity (Baker and Carlson 2014; Baker et al. 2013; Edwards et al. 2007, 2008; 
Fortune and Rose 2001; George et al. 2011; Goel and Buonomano 2014; Grothe 
1994; Klyachko and Stevens 2006; Rose et al. 2011; Schoneich et al. 2015; Zucker 
and Regehr 2002). Intrinsic properties of postsynaptic membranes can also contrib-
ute to temporal filtering of synaptic inputs (Ashida and Carr 2011; Carlson and 
Kawasaki 2006; Ellis et  al. 2007; Fortune and Rose 1997, 2003; Golding 2012; 
Hutcheon and Yarom 2000; Mehaffey et  al. 2008; O’Donnell and Nolan 2011; 
Ponnath and Farris 2010; Trussell 1999).

In vitro slice preparations are particularly suitable for investigating the mecha-
nisms of these temporal processing circuits in detail. For instance, fewer physical 
obstacles and exposed recording sites in these slice preparations greatly help in 
performing dual-cell recording, or even in accurately positioning multiple elec-
trodes at different locations in a single cell. Rapid and precisely located drug deliv-
ery to the slice at an accurate concentration allows finely designed pharmacological 
experiments as well. However, it is quite challenging to link information processing 
occurring in  vivo with the synaptic and cellular mechanisms revealed in  vitro 
(Abbott and Regehr 2004). This is because of the preparation method’s fundamental 
inability to reveal whether the network activities observed within the reduced net-
work in vitro are the same as, or at least similar to, those occurring in the intact 
circuit in vivo. To this end, we first need to ensure that the direct, artificial activation 
of presynaptic inputs to the recorded neurons in vitro successfully replicates the 
temporal patterns of the inputs evoked by sensory stimulation in vivo.

In this chapter, I introduce the midbrain circuit of pulse-type weakly electric 
mormyrid fish from Africa (Fig. 15.1) as a powerful model system enabling us to 
overcome this difficulty and thus progress further in our understanding of the cel-
lular mechanisms underlying temporal pattern processing in the central nervous 
system. The precise timing of the patterns in mormyrids’ electric communication 
signals is preserved by afferent spike trains along the central electrosensory path-
way until a midbrain nucleus where neurons exhibit temporal selectivity to the pat-
tern (Baker et al. 2013). This unique feature of the mormyrid electrosensory pathway 
allows us to reproduce neuronal temporal selectivity in a behaviorally relevant man-
ner, even using in vitro preparations, and thus to directly relate cellular mechanisms 
revealed in vitro to the temporal filtering performed by the intact circuit in vivo.

T. Kohashi



281

15.2  �Sensory Pathway Dedicated to Electric Communication

Mormyrids produce weak electric organ discharges (EODs) to communicate and 
actively sense their environment (Carlson 2006; von der Emde 2006). Communication 
in mormyrids involves two primary components: the waveform of each pulse of 
EOD (Fig. 15.1b) and interpulse intervals (IPIs) (Fig. 15.1c). The EOD waveform is 
species-specific, and in some species, it provides additional information about iden-
tity such as sex, maturity, and dominance status (Carlson 2002). EOD waveform can 
vary in polarity, number of phases, duration, and overall shape across closely related 
species (Hopkins 1999). Signaling fish also vary their IPIs, ranging from slightly 
under 10  ms to several seconds, to communicate their behavioral state, such as 
dominance, submission, aggression, and courtship (Carlson 2002; Hopkins 1986). 
Several patterns of IPI sequences are identified across species: irregular random 
patterns, regularized patterns, pauses in discharging called cessations, and bursts of 
short-interval pulses (Carlson 2002).

Electric organ discharge
(EOD)

Brienomyrus brachyistius

0.5 ms

Electric
organ

100 ms
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Interpulse intervals (IPIs) KO
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Fig. 15.1  Electric signaling behavior and the sensory pathway for electric communication in 
weakly electric mormyrid fish
(a) Brienomyrus brachyistius, a model mormyrid species used to study temporal processing of 
communication signals in the brain. Mormyrids generate electric communication signals from an 
electric organ located at the base of the tail. (b, c) The two basic components of electric 
communication are the waveform of the electric organ discharge (EOD) (b) and interpulse inter-
vals (IPIs) (c). Signals are recoded with a pair of electrodes placed near the fish in the aquarium 
tank. The EOD waveform is displayed in the head-positive polarity. (d) Dorsal view of the brain 
of B. brachyistius. Knollenorgan (KO) primary afferents project ipsilaterally to the nucleus of the 
electrosensory lateral lone lobe (nELL) in the hindbrain via the posterior lateral line nerve (pLL). 
Neurons in the nELL project bilaterally to the anterior exterolateral nucleus (ELa) in the midbrain, 
which projects ipsilaterally to the adjacent posterior exterolateral nucleus (ELp). Note that the 
ELa and ELp are exposed on the side of the brain so that the structures are easily accessible for 
recording. Val, valvula of the cerebellum; Tel, telencephalon; OB, olfactory bulb.
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To detect electric signals, mormyrids have three types of electroreceptors in their 
skin: mormyromasts are used for active sensing that relies on reception of the fish’s 
own EOD (von der Emde 2006), ampullary receptors for passive electroreception 
that respond to low-frequency signals originating from animate and inanimate 
objects (Wilkens and Hofmann 2005), and knollenorgans (KOs) for communication 
(Xu-Friedman and Hopkins 1999). In the following, I will review studies on KO 
electroreceptors and their downstream sensory pathway called the KO pathway. I 
will specifically focus on studies from one mormyrid lineage known as “clade A” 
(Carlson et  al. 2011), which constitutes most of one of the two subfamilies 
(Mormyrinae) in the family Mormyridae. This is worth noting because recent stud-
ies have found that species from the other subfamily, the Petrocephalinae, show 
striking differences in KO pathway anatomy and physiology, even from the level of 
KOs (Baker et al. 2015; Carlson et al. 2011; Velez and Carlson 2016).

Figure 15.1d illustrates the schematic overview of the principal KO pathway. 
KO afferents project ipsilaterally to the hindbrain nucleus of the electrosensory 
lateral line lobe (nELL), where corollary discharge inhibition plays its role to block 
the pathway’s response to the fish’s own EOD (Bell and Grant 1989; Zipser and 
Bennett 1976). The axons of nELL neurons project bilaterally through the lateral 
lemniscus to the midbrain torus semicircularis (Szabo et al. 1983). The main pro-
jection from the nELL is the anterior exterolateral nucleus (ELa) within the torus, 
in which KO spike information from different parts of the body is first merged for 
processing the temporal structure of an EOD waveform (Xu-Friedman and Hopkins 
1999). Output neurons in the ELa project exclusively to the adjacent posterior 
exterolateral nucleus (ELp) (Haugede-Carre 1979), in which processing for IPIs 
first takes place (Carlson 2009).

Three lines of evidence suggest that the KO pathway is used exclusively for com-
munication. First, KOs have a high sensitivity, or low threshold, and their frequency 
response properties match the spectrums of the species’ own EOD (Arnegard et al. 
2006; Hopkins 1981; Lyons-Warren et al. 2012). Second, selective lesions of the 
exterolateral nucleus in the KO pathway abolish some communication behaviors 
(Moller and Szabo 1981). Finally, sensory response of the KO pathway is strongly 
inhibited, at the level of the hindbrain nELL, by the efference copy of the motor 
command for EOD (corollary discharge inhibition) (Bell and Grant 1989; Zipser 
and Bennett 1976). Thus, KOs and their primary afferents respond to the fish’s own 
discharge, but this response can never pass the hindbrain, making the fish “deaf” to 
its own discharges while specializing the pathway for detecting and processing 
EOD signals from neighboring fish. These characteristics make the KO pathway an 
ideal model system to study sensory processing of communication signals because 
everything that occurs within this pathway can be directly associated with the fish’s 
communication.
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15.3  �Physiology of Knollenorgan Sensory Pathway to Code 
Electrocommunication Signals

KO electroreceptors are scattered over the body surface (Carlson et al. 2011; Harder 
1968). KOs in clade A species generate spike-like potentials in response to electro-
sensory stimuli. The response is unidirectional to the stimulus polarity: KOs only 
spike in response to positive changes in voltage across the skin, or inward current 
(Bennett 1965; Hopkins and Bass 1981; Lyons-Warren et  al. 2012). Due to this 
rectification property, a brief pulse of electrical current, either an artificial square 
pulse or an EOD, activates KOs on one side of the body at the onset and activates 
those on the opposite side of the body at the offset. Therefore, fish can analyze the 
temporal structure of a stimulus by comparing the temporal pattern of spikes from 
KOs.

The ELa is the first step in EOD waveform analysis (Lyons-Warren et al. 2013; 
Xu-Friedman and Hopkins 1999). There are two distinct cell types within the ELa, 
small cells and large cells, and axons from the nELL terminate on both cell types 
with mixed chemical and electrical synapses (Mugnaini and Maler 1987). Small 
cells are excitatory projection neurons, and large cells are local, GABAergic inhibi-
tory interneurons that synapse onto the small cells (Friedman and Hopkins 1998; 
Mugnaini and Maler 1987). The nELL axons synapse onto large cells shortly after 
entering the ELa, while the axons follow long winding paths before synapsing onto 
small cells (Friedman and Hopkins 1998). In a sharp contrast to nELL axons, large 
cell axons project fairly directly to small cells (Friedman and Hopkins 1998).

This circuit architecture inspired a computational model of ELa circuitry in 
which the small cell serves as a time comparator of KO spike times coming from 
different parts of the body to detect the duration of stimulus pulses (Friedman and 
Hopkins 1998; Xu-Friedman and Hopkins 1999): small cells receive delayed synap-
tic excitation due to the long winding nELL axons activated by stimulus onset, as 
well as non-delayed synaptic inhibition from the large cells activated by stimulus 
offset; thus, small cells fire upon excitation only with a delay which is long enough 
not to collide with the inhibition. This “delay-line anticoincidence” model predicts 
that small cells are “long-pass tuned” to pulse duration: individual small cells 
increase the number of spikes, which eventually reaches a plateau, as the duration 
of the stimulus pulse, i.e., the time difference between stimulus onset and offset, 
becomes longer than a certain length determined by the conduction delay of the 
nELL axon. This model was recently confirmed experimentally by extracellular 
single-unit recording from individual small cell axons: a majority of small cells are 
indeed long-pass tuned to pulse duration, as predicted (Lyons-Warren et al. 2013).

Small cells are the sole output neurons in the ELa and project only to adjacent 
ELp, so that all of the information processed within the ELa is transferred to the 
ELp. Extracellular single-unit recording suggested that stimulus pulse duration pro-
cessed in the ELa is represented differently by two cell types within the ELp 
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(Amagai 1998). Type I cells are long-pass tuned to pulse duration. Type II cells, 
meanwhile, are band-pass tuned (or, they respond the best to pulses with an inter-
mediate duration but less responsive to short or long pulses) and more sensitive to 
stimulus polarity and amplitude than type I cells are. The sensitivity of ELp neurons 
to stimulus pulse duration, amplitude, and polarity proves that the information for 
identifying as well as locating the signaling fish is sufficiently embedded in the 
spike timing of KOs.

In addition to the pulse waveform, most ELp neurons are also tuned to IPIs, as 
first reported by Carlson (2009) (Fig. 15.2). Low-pass ELp neurons respond selec-
tively, with large synaptic depolarizations and resulting action potentials, to long 
intervals but are less responsive to short intervals (thus the neurons “pass” informa-
tion to their postsynaptic neurons only when the pulse repetition rate is “low”). On 
the contrary, high-pass ELp neurons show preference to short intervals but not to 
long intervals (thus the neurons selectively “pass” the “high-frequency” informa-
tion). Band-pass neurons exhibit preference to intermediate intervals and band-stop 
neurons to short and long but not intermediate intervals. In addition to their prefer-
ence for a constant IPI sequence, ELp neurons are also responsive to the direction 
of IPI changes, resulting in selective responses to different burst patterns that are 
used in different behavioral contexts (Carlson 2009). Overall, the above in  vivo 
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Fig. 15.2  ELp neurons exhibit selective response to pulse intervals
IPI tuning of three different ELp neurons (low-pass, high-pass, and band-stop neuron) in response 
to electrosensory stimulation in vivo. Intracellular recordings show responses to stimulus trains 
with 100, 50, and 10 ms IPIs (from left to right, bottom trace of each panel). On the far right, tuning 
curves show the normalized average spike rate and amplitude of postsynaptic potentials (PSPs) as 
a function of stimulus IPI. (Adapted from Baker et al. 2013)
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studies have revealed that the population of ELp neurons carries information about 
both components of communication signals – EOD waveform and IPI sequence – at 
the same time, as a result of sequential conversion of KO spike times first by ELa 
circuitry and then by ELp circuitry (Baker et al. 2013).

15.4  �In Vitro Preparation to Study Cellular Mechanisms 
of IPI Tuning in the ELp

ELp neurons are multipolar and exhibit large, spiny dendritic arborizations (up to 
200 μm in diameter) that branch widely throughout the nucleus (George et al. 2011; 
Ma et al. 2013; Xu-Friedman and Hopkins 1999). In addition to their extrinsic pro-
jections, the axons of ELp neurons also branch extensively within the nucleus 
(George et al. 2011; Xu-Friedman and Hopkins 1999). Furthermore, the ELp con-
tains a number of inhibitory GABAergic interneurons (George et al. 2011). These 
anatomical observations indicate that the ELp is the site of intense local processing 
within the nucleus.

Indeed, the IPI selectivity of the ELp essentially arises within the activity of the 
local ELp circuitry itself because sensory stimulation and direct electrical stimula-
tion of the ELa with identical IPI patterns give rise to similar IPI tuning in the same 
ELp neuron (Carlson 2009). In other words, only the ELa, not any of the earlier steps 
in the KO pathway (Fig. 15.1d), is required to essentially reproduce IPI selectivity 
in the ELp. This finding encouraged the researchers to develop a series of in vitro 
reduced preparation to further investigate the synaptic and cellular mechanisms 
involved in the IPI tuning of ELp neurons (George et al. 2011; Kohashi and Carlson 
2014; Ma et al. 2013), which I will review in the following sections. The technical 
advantages of in vitro preparations over in vivo preparations are as follows:

	1.	 Freedom of physical access: In in vivo preparations, the arrangement of devices 
for purposes other than recording and stimulation (e.g., those for fixation and 
those for sustaining life) greatly limit the approach to the recording site. For 
instance, access to unexposed parts of the brain, multielectrode recording, and 
visually guided recording from subcellular structures with the aid of high-
magnification optics, which are critical to study neuronal circuits at the subcel-
lular level, are often limited.

	2.	 Precisely and rapidly controlled pharmacology: Drug concentration is difficult to 
control in vivo due to diffusion into body fluids. In addition, difficulty in physi-
cally securing the brain may destabilize electrophysiological recordings during 
drug application.

Taking advantage of the technical superiority of in vitro preparations, a series of 
in vitro whole-cell recordings has revealed a generalized view about how IPI selec-
tivity is established in ELp neurons: overall tuning category (high-pass, low-pass, 
band-pass, and band-stop) is largely determined by the temporal dynamics of 
excitatory and inhibitory synaptic responses, and the shape of the tuning curve is 
fine-tuned by intrinsic membrane properties.
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15.5  �Synaptic Mechanisms Underlying IPI Selectivity

A variety of synaptic mechanisms such as temporal summation of synaptic responses 
and short-term synaptic plasticity as well as relative timing of excitation and inhibi-
tion including time windows of post-inhibitory rebound excitation have been sug-
gested to establish single-neuron selectivity for temporal intervals (Baker and 
Carlson 2014; Baker et  al. 2013; Buonomano 2000; Edwards et  al. 2007, 2008; 
Fortune and Rose 2001; George et al. 2011; Grothe 1994; Klyachko and Stevens 
2006; Rose et al. 2011; Schoneich et al. 2015; Zucker and Regehr 2002). Temporal 
summation and short-term synaptic plasticity will give rise to a rate-dependent (i.e., 
inverse of intervals between synaptic inputs) increment or decrement of synaptic 
potentials during successive stimulations (see Fig.  15.3). These mechanisms by 
themselves could act as high-pass or low-pass filters for intervals. Integration of 
these responses, with their relative timing differences, would set a variety of interval-
selectivity windows. However, even without rate-dependent changes in synaptic 
strength, timing differences in excitatory and inhibitory synaptic inputs could solely 
set an IPI selectivity by interference between synaptic responses evoked by preced-
ing and following stimuli.

The first attempt to reveal the synaptic mechanisms underlying IPI selectivity of 
ELp neurons was performed by whole-cell membrane potential recordings of ELp 

a b c

ELa

High-pass Low-pass
(Major type)

Stimulus

Inhibition

Excitation

Summed
response

ELp

Small cells

Fig. 15.3  Synaptic mechanisms contributing to interval tuning of ELp neurons
(a) An ELp neuron (black empty circle) receives excitatory inputs (black) from ELa small cells and 
from other ELp neurons, as well as inhibitory inputs (gray) from other ELp neurons. (b, c) 
Schematic drawings of PSPs that create IPI tuning of ELp neurons. Up, depolarization; down, 
hyperpolarization. (b) High-pass tuning is associated with excitation (middle, black traces) which 
depresses less effectively than inhibition (middle, gray traces) does, leading to more temporal sum-
mation of excitation than inhibition. Responses elicited by the first stimulus pulse alone are indi-
cated by dotted lines. The summed response (top) is the result of adding excitatory and inhibitory 
traces, showing a gradual increase in depolarization amplitude during high-frequency stimulus 
train (bottom). (c) The majority of low-pass neurons exhibit excitation which depresses more than 
inhibition does. In addition, onset inhibition lasts longer than onset excitation does. Thus, succes-
sive high-frequency stimuli do not elicit significant depolarization in the summed response. 
(Adapted from Baker and Carlson 2014. Reprinted with permission from the Society for 
Neuroscience)
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neurons from an in vitro slice preparation in which synaptic inputs to ELp neurons 
were activated by direct stimulation of the ELa (George et al. 2011). By isolating 
excitatory synaptic responses with inhibitory neurotransmission blockers, temporal 
summation of excitation and inhibition was suggested to play a major role in estab-
lishing the IPI selectivity of ELp neurons (George et al. 2011): temporal summation 
of excitation can cause increased responses to short intervals, whereas temporal 
summation of inhibition can cause decreased responses to short intervals. In addi-
tion, computational modeling demonstrated that this one mechanism can establish 
all major classes of IPI tuning (George et al. 2011).

George et al. (2011) also revealed that a small subset of ELp neurons may be 
influenced by short-term synaptic depression. In a later study, however, this synaptic 
mechanism actually turned out to be more dominant in vivo (Baker and Carlson 
2014). Instead of using a pharmacological agent to block excitatory or inhibitory 
neurotransmission, this in  vivo study computationally estimated excitatory and 
inhibitory synaptic responses from whole-cell membrane potential recordings. The 
analysis suggested that, in addition to temporal summation of synaptic responses, 
short-term depression and a large synaptic inhibition at the onset of stimulus train 
(onset inhibition) are also prominent in establishing IPI tuning of ELp neurons 
(Fig. 15.3) (Baker and Carlson 2014).

Figure 15.3 depicts a model of how these multiple mechanisms interact in shap-
ing two of the most major classes of IPI tuning, high-pass and low-pass (Baker and 
Carlson 2014). In either class, the difference in the amount of temporal summation 
between excitatory and inhibitory inputs, which results from the difference in the 
degree of short-term synaptic depression, serves as a key determinant. During high-
frequency (or short-interval) stimulation, a high-pass neuron receives diminishing 
inhibition (due to strong synaptic depression) and summating excitation (but exhib-
its weak synaptic depression), which overall result in a gradually developing depo-
larization (Fig.  15.3b). In the majority of low-pass neurons, on the other hand, 
excitation and inhibition show reversed kinetics (Fig. 15.3c). A subset of low-pass 
neurons indeed exhibits less depression of excitation than inhibition (Baker and 
Carlson 2014). Even in this case, however, a long, large onset inhibition is sug-
gested to effectively counteract the ongoing excitation (Baker and Carlson 2014).

The short-term synaptic depression revealed in vivo (Baker and Carlson 2014) 
comes at least partially from a local network among ELp neurons (Ma et al. 2013), 
and the disruption of this network could explain why this synaptic mechanism was 
not clearly observed in the slice preparation. This fundamental issue with the in vitro 
preparation was circumvented by the development of a novel whole-brain prepara-
tion in which the ELp circuitry remains intact (Ma et al. 2013).

The whole-brain preparation enables us to analyze the network structure of intact 
ELp circuitry. Dual whole-cell recording from neighboring (located within 50 μm 
between soma) ELp neurons revealed excitatory connections between as much as 
17% of recorded pairs, and the excitatory connections exhibited clear short-term 
depression (Ma et al. 2013), suggesting that the extensive excitatory connections 
among ELp neurons could serve as one of the major sources of the synaptic depres-
sion that shapes IPI tuning as observed in  vivo (Baker and Carlson 2014). 
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Interestingly, similarly tuned neurons share an excitatory synaptic connection more 
often and more strongly than differently tuned neurons do (Ma et al. 2013). This 
finding suggested a general model for the ELp local excitatory network (Ma et al. 
2013): strong synaptic connections from similarly tuned neurons reinforce their 
own tuning type together but also contribute to variation in the shapes of tuning 
curves. Weak synaptic connections from differently tuned neurons modify the tun-
ing curve shapes without changing the basic patterns of tuning.

15.6  �Membrane Excitability Regulating IPI Tuning

ELp neurons recorded from whole-brain preparations often fire action potentials in 
response to ELa stimulation (Kohashi and Carlson 2014), unlike those recorded 
from slice preparations in which network connections are severely damaged by slic-
ing. This fact provides an opportunity to investigate how synaptic filtering for IPI 
interacts with intrinsic properties of postsynaptic neurons to eventually generate 
IPI-selective spiking responses that are sent downstream of the sensory pathway.

In addition to the classes of IPI tuning, ELp neurons are classified into two types 
according to their firing properties in response to a prolonged suprathreshold depo-
larization (Kohashi and Carlson 2014). One type is named tonic neurons because 
they repetitively fire action potentials throughout depolarization. The other type is 
named phasic neurons and is characterized by a strong spike frequency adaptation 
to stop firing shortly after the onset of depolarization.

One major mechanism of spike frequency adaptation is Ca2+-activated K+ (KCa) 
channels expressed on the neuronal plasma membrane (Sah 1996; Sah and Faber 
2002). These K+ channels are opened by a rise in cytosolic Ca2+, especially resulting 
from Ca2+ influx via voltage-gated Ca2+ (Cav) channels active during action poten-
tials, and thus mediate outward, hyperpolarizing (or “inhibitory”) K+ currents. There 
are three broad families of KCa channels identified biophysically and pharmacologi-
cally. They are called, based on the single channel electrical conductance (i.e., ion 
permeability), SK (small conductance), IK (intermediate conductance), and BK 
(large conductance) channels (Sah and Faber 2002). Pharmacological manipula-
tions during membrane potential or membrane current recording of ELp neurons 
suggested that, among the KCa subtypes, a fast BK current is more highly expressed 
in tonic neurons than in phasic neurons (Fig. 15.4a). Detailed analysis of the BK 
current and spike waveform further suggested that the current promotes tonic firing 
by accelerating action potential repolarization and indirectly slowing accumulation 
of inactivated Na+ channels which cause spikes to adapt (Kohashi and Carlson 
2014).

The above membrane model potentially explains observed relationships between 
firing pattern and IPI selectivity as well (Kohashi and Carlson 2014) (Fig. 15.4b). 
Postsynaptic potentials (PSPs), as a result of IPI filtering by synaptic mechanisms, 
should eventually be converted into spike outputs. This PSP-to-spike conversion is 
more faithful in tonic neurons than in phasic neurons; in other words, PSP amplitude 
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correlates better with spike numbers in tonic neurons (Fig. 15.4b, left) (Kohashi and 
Carlson 2014). This effect is particularly prominent at short IPIs where PSPs easily 
summate and result in large prolonged depolarizations that cause strong spike adap-
tation in phasic neurons. Furthermore, the subthreshold BK current activated by 
excitatory PSP may also explain why phasic neurons are more sharply tuned to IPIs 
than tonic neurons are (Fig. 15.4b, right) (Kohashi and Carlson 2014). Pharmacological 
analysis also revealed that ELp neurons express a Cav current that can be activated 
even by synaptic depolarization below spike threshold. This Cav current is suggested 
to activate the BK current. The voltage-dependency of the subthreshold Ca2+ influx, 
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Fig. 15.4  Membrane model for the role of BK channels in shaping interval tuning
(a) Left, ELp neurons express voltage-gated Ca2+ (Cav) channels and large-conductance Ca2+-
activated K+ (BK) channels. The Ca2+ influx through the Cav channels in turn activates the BK 
channels (bent arrow). When the BK channels are highly expressed, the fast BK current activated 
during action potentials accelerates the membrane repolarization, limits inactivation of voltage-
gated Na+ (Nav) channels, and thus suppresses spike frequency adaptation resulting from accumu-
lation of inactivated Nav channels (dotted lines). Right, tonic ELp neurons are able to fire action 
potentials continuously due to high BK current expression (top). On the other hand, phasic ELp 
neurons express only a low BK current density and show strong spike frequency adaptation that is 
characterized by diminishing action potentials (bottom). (b) BK current regulates IPI tuning. Left, 
large BK current allows tonic neurons (top, black trace) to follow stimulus trains (bottom) with 
spikes by suppressing spike frequency adaptation. Right, BK channels are activated even by sub-
threshold PSPs in a depolarization-dependent manner, due to Cav influx during synaptic depolar-
ization as well as voltage-sensitivity of BK channels themselves. Thus, the larger the synaptic 
excitation is, the more the resulting PSP is attenuated by the BK current (arrows) so that the overall 
shape of the tuning curve is flattened. This effect is more prominent in tonic neurons (black curve) 
than in phasic neurons (gray curve)
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together with the voltage-sensitivity of the BK channels themselves, provides ELp 
neurons with a hyperpolarizing K+ current that increases as the neurons become 
more depolarized by synaptic excitation. Thus, membrane depolarization is counter-
acted in a depolarization-dependent manner by the subthreshold BK activation. This 
voltage-dependent dampening effect could be strongest at the peak of IPI selectivity, 
giving the IPI tuning curves of tonic neurons a more flattened appearance compared 
to those of phasic neurons. Overall, tonic neurons can faithfully encode an incoming 
stimulus train but are not sharply tuned to IPIs. By contrast, phasic neurons are 
sharply tuned to IPIs but cannot encode long-lasting stimulus trains, particularly at 
short IPIs. Here is a systematic trade-off between accuracy of IPI detection and capa-
bility of long-term encoding. The heterogeneity of tonic and phasic neurons in the 
ELp may maximize mormyrids’ capability of detecting complex EOD patterns that 
convey social context.

Among KCa channel subtypes, the function of SK channels has been extensively 
studied in temporal processing such as frequency tuning (Ellis et al. 2007; Mehaffey 
et al. 2008) and amplitude-modulation (AM) frequency tuning (Ponnath and Farris 
2010). By contrast, this study was the first to suggest a role for BK channels in the 
temporal processing of sensory input at the levels of integrating synaptic inputs into 
PSPs and of the PSP-to-spike conversion. Subcellular localization of the BK chan-
nels is also of interest to further investigate this membrane model because, for 
instance, dendritic BK channels (Johnston and Narayanan 2008) can shape local 
dendritic computations, which in turn dramatically increases the degree of freedom 
for subcellular processing.

15.7  �Future Directions

The unique features of the mormyrid KO pathway have made the ELp an excellent 
model system to study neuronal processing of temporal patterns seamlessly from 
the subcellular level to the behavioral level, i.e., the ultimate consequences of the 
circuit function. However, our current understanding of the ELp circuit is mostly 
limited to single-cell electrophysiology. Many basic questions about temporal pro-
cessing within the ELp still remain to be elucidated. How does a population of ELp 
neurons with diverse filtering properties code for the variety of communication sig-
nals? How is local subcellular computation achieved for temporal filtering? What is 
the molecular basis underlying the computation?

Recently, Baker et al. (2016) demonstrated, by computationally pooling single-
cell electrophysiological responses of ELp neurons obtained individually in vivo, 
that a population of ELp neurons can detect minute variation in EOD sequences with 
millisecond precision. Large-scale Ca2+ imaging of the neuronal population (Carrillo-
Reid et al. 2017), in either in vivo or in vitro preparations, will be a promising way 
to further push this frontier forward. Cell assembly activated by different IPI pat-
terns will be one immediate topic to investigate in this regard. Ca2+ imaging of sub-
cellular structures (Grienberger and Konnerth 2012) such as presynaptic terminals, 
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dendrites, and dendritic spines will also provide essential information about how 
local computations are integrated to eventually establish single-neuron temporal 
filters.

The recent expansion of available genomic information about electric fish includ-
ing mormyrids (Pitchers et al. 2016) should not only improve our understanding of 
the molecular basis of temporal processing but also expand our ability to dissect 
network functions. Especially, CRISPR/Cas9 (or simply CRISPR)-mediated 
genome editing has been performed successfully in a wide variety of animal spe-
cies, including many teleost fishes (Barman et al. 2017; Ceasar et al. 2016). The 
generation of CRISPR-based transgenic mormyrids that express light-sensitive 
exogenous proteins in ELp neurons will allow researchers to use optical approaches 
in both monitoring (Knopfel 2012; Lin and Schnitzer 2016) and manipulating 
(Yizhar et al. 2011) network activities.

The development of mormyrid ELp preparations in which IPI tuning can be 
reproduced in vitro in behaviorally relevant ways has opened a wide range of pos-
sibilities for unveiling the cellular mechanisms of temporal pattern processing. 
Thanks to the direct link between the temporal patterns of sensory stimulus and 
those of presynaptic inputs from the ELa, data obtained in vivo are immediately 
testable in vitro or vice versa. This advantage allows researchers the freedom of 
comfortably switching between in vivo and in vitro preparations to investigate spe-
cific aspects of their questions. Combining this unique advantage of the ELp with 
the state-of-the art techniques that have been developed in other model organisms 
will accelerate our understanding of neuronal processing of temporal information.
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Chapter 16
Chemosensory Systems in the Sea Catfish, 
Plotosus japonicus

Takanori Ikenaga and Sadao Kiyohara

Abstract  The gustatory system of the Japanese sea catfish Plotosus japonicus is 
highly developed. P. japonicus has four pairs of barbels around its mouth that act as 
gustatory organs, and taste buds are distributed along the entire length of the bar-
bels. The density of taste buds in barbels is higher at the tip than proximally and is 
also higher in rostral areas than in caudal areas. Taste bud-rich regions on barbels 
are more likely to come into frequent contact with environmental substrates, so 
uneven distribution of the taste buds would seem to benefit effective food searching. 
The taste buds are also distributed in the fins and trunk. The taste buds contain disk-
shaped serotonin-immunopositive cells in their basal regions. The function of these 
basal cells and the associated serotonin regarding taste information transduction is 
currently unknown.

Gustatory information is transmitted from taste buds to the brain via one of the 
three cranial nerves, including the facial, glossopharyngeal, and vagus nerves. The 
facial nerve innervates taste buds of body surface and the rostral-most region of the 
mouth, whereas the other two nerves innervate those of the posterior oropharyngeal 
region. The primary gustatory center in the medulla protrudes dorsally as a pair of 
longitudinal columns, of which their anterior and posterior regions are termed the 
facial and vagal lobes. The facial lobe has five distinct lobules, four of which receive 
topographical inputs from facial nerve fibers innervating corresponding barbels.

Nerve fibers innervating barbels respond to some amino acids, including betaine, 
glycine, L-alanine, and L-proline; betaine has been shown to elicit feeding behavior. 
In addition to amino acid responses, nerve fibers innervating barbels also respond to 
slight (≦ 0.1) transient declines in the pH of ambient seawater. Behavioral experi-
ments suggest that P. japonicus can detect cryptic prey due to minute pH declines in 
the surrounding seawater that result from an accumulation of respiratory by 
products.

Olfactory neurons also respond to several amino acids, including L-leucine and 
L-methionine, which may serve as feeding cues. The formation of schools is 
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mediated by the olfactory sense as well, and recognition of schooling odor is gov-
erned by the mixing pattern of the specific phosphatidylcholine molecular species.

Keywords  Catfish · Gustatory sense · Taste bud · Barbel · Innervation · Facial 
lobe · pH sensing · Olfactory sense

16.1  �Introduction

Catfish (order Siluriformes) are a diverse group of actinopterygians, or ray-finned 
fish, that comprise one of the largest orders with over 2800 species (Nelson 2006). 
Most catfish are freshwater fish; only about 117 species from the families Ariidae 
and Plotosidae are found in the ocean. Marine eeltail sea catfish are popular around 
the main island of Japan (Honshu Island) and are widely used in many physiologi-
cal, behavioral, and anatomical studies. This Japanese eeltail catfish has been given 
the names Plotosus anguillaris or Plotosus lineatus in previous research articles. 
Eeltail sea catfish identified as Plotosus anguillaris or Plotosus lineatus originally 
were described from the Indian Ocean near mainland India (Yoshino and Kishimoto 
2008). Recently, Yoshino and Kishimoto (2008) identified the eeltail sea catfish that 
is distributed from Honshu Island to the Ryukyu Islands in Japan as Plotosus japon-
icus and as a separate species from Plotosus lineatus, which is widely distributed in 
the Indo-West-Pacific region, including north to the Ryukyu Islands.

Adult P. japonicus are benthic nocturnal feeders (Kasai et al. 2009). These fish 
use a unique ball-shaped schooling behavior that begins at approximately 4 days 
after hatching (Moriuchi and Dotsu 1973). It is believed that this school organiza-
tion is composed of brood fish (Kinoshita 1975). Adult fish do not form a ball-
shaped school but still swim in a small group size.

P. japonicus has a depressed head with large mouth and an elongated and com-
pressed body with a tapered tail. Two to three narrow yellow longitudinal stripes run 
along the length of the body, and two of the three extend all the way to the head 
(Fig. 16.1; Yoshino and Kishimoto 2008). This fish has a pair of pectoral fins and a 
single dorsal fin containing a sharp spine that is serrated with fine teeth on both 
edges. The caudal fin shows a lanceolate shape, extending rostrally in both dorsal 
and ventral sides, where it fuses with the anal fin, forming a continuous medial 
confluent fin. The body surface is covered with mucus and is without scales, except 
for a row of minute tubular scales that are embedded under the skin (Yoshino and 
Kishimoto 2008). P. lineatus also shows a similar morphology, so that these two 
species closely resemble; however, they can be distinguished because P. japonicus 
has fewer anal-fin rays, fewer dorsal procurrent caudal-fin rays, fewer total rays in 
the confluent median fin, fewer gill rakers, and fewer free vertebrae (Yoshino and 
Kishimoto 2008).

P. japonicus has four pairs of barbels around its mouth, as seen in other catfish 
species, such as the channel catfish (Fig. 16.1). As discussed later, these barbels 
function as a sensory organ, particularly for gustation. Since P. japonicus also has a 
sensitive olfactory system, this fish has been used for many studies regarding its 
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chemical senses. In this chapter, we review the mechanisms of the gustatory and 
olfactory senses of P. japonicus, including its peripheral and central anatomy, physi-
ology, and behavior.

16.2  �Distribution of Taste Buds and Their Innervation

Taste buds, the sensory end organs for the gustatory sense, have been identified in 
all vertebrates except hagfishes, the most ancestral species of vertebrates (Northcutt 
2004; Barreiro-Iglesias et al. 2008). Catfish have many taste buds, not only on the 
barbels and the mouth cavity but also across the entire body surface, from the lips to 
caudal fin (Atema 1971; Northcutt 2005). P. japonicus also has taste buds in many 
of its organs, a phenomenon seen in other types of catfish as well.

16.2.1  �Barbel

P. japonicus has four pairs of barbels that are all roughly the same in length and 
structure (Kiyohara et al. 1996). They are referred to as the nasal, maxillary, lateral 
mandibular, and medial mandibular barbels (Sato 1937, Fig. 16.1). These barbels 
cannot be moved by the fish actively and are usually maintained passively extending 
forward during swimming, as they have no intrinsic musculature (Sakata et  al. 
2001). Taste buds are distributed throughout the epidermis of the barbels along their 
entire length and density, with higher concentrations in distal areas than in proximal 
areas (Sakata et al. 2001). The surface of the barbels is subdivided into three longi-
tudinal parts, defined as the rostral, intermediate or lateral, and caudal regions. The 
rostral surface of each barbel faces the lips when the barbel is extended anteriorly 
away from the animal. The density of taste buds is higher in this rostral region and 

Fig. 16.1  Dorsal view of 
the head of P. japonicus 
showing the distribution of 
four pairs of barbels. LM 
lateral mandibular barbel, 
MB maxillary barbel, MM 
medial mandibular barbel, 
NB nasal barbel
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moderately high in the caudal region, while the intermediate portion of a barbel has 
the lowest density of taste buds (Fig. 16.2a, b; Sakata et al. 2001). The taste bud-rich 
regions of the barbels are more likely to come into frequent contact with environ-
mental substrates, including foods, so the uneven distribution of taste buds would 
seem to be beneficial for effective food searching.

The taste buds on barbels are innervated by peripheral rami, containing both the 
trigeminal and facial nerve fibers (Kiyohara et al. 1996). The ramus enters from the 
caudal region of each barbel at its base and sends many nerve bundles to the rostral 
side as it runs toward the barbel tip (Sakata et al. 2001). Distribution of these fibers 
was examined by a tract-tracing experiment with DiI (Sakata et al. 2001) and immu-
nofluorescence with an anti-acetylated tubulin antibody (Nakamura et al. 2017). In 
both cases, the labeled nerve fibers within the bundles could be followed along the 
entire length of the barbel. These fibers form networks under the epidermis in a 
polygonal shape where the taste buds are distributed (Fig. 16.2c). Fascicles of these 

Fig. 16.2  Confocal microscopic images of the taste buds and nerve fibers in barbels, labeled by 
immunofluorescence. (a) Surface view of small area of the barbel with calretinin-immunoreactive 
taste buds (green). Left is rostral and right is caudal. (b) Merged image combining (a) with trans-
mitted light. Note that more taste buds are distributed in the rostral area than caudal area. (c, d) 
Images showing the distribution of the neural fibers labeled with an anti-acetylated tubulin anti-
body (magenta, c) and its correlation with calretinin-immunoreactive taste buds (green, d). 
Swellings of acetylated tubulin-immunoreactive nerve terminals show bright signals, and all of 
them associate with taste buds. Scale bar, 500 μm (a, b), 100 μm (c, d). (Modified from Nakamura 
et al. 2017)
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nerve fibers originate from the network extending toward the surface where they 
terminate as bushy swellings within the basal regions of the taste buds (Fig. 16.2d). 
Some single fibers or thin fiber bundles emerge from the networks and are distrib-
uted as extragemmal fibers that are not associated with the taste buds. The networks 
are most abundant in the rostral surfaces, moderate in the caudal surfaces, and 
sparse in the intermediate surfaces of the barbels, corresponding to the density of 
taste buds (Sakata et al. 2001).

16.2.2  �Oral and Branchial Cavity

The surface morphologies of the upper oral cavity and branchial cavity of P. japoni-
cus are different. The surface of the dorsal oral cavity is relatively smooth, while 
that of dorsal branchial cavity contains numerous bulges, similar to the palatal organ 
of goldfish and carp (cyprinid fish). The distribution and density of taste buds are 
different between these two cavities. The taste buds in the lateral region of oral cav-
ity are aligned along the anterior-posterior axis (Fig. 16.3a). In contrast, taste bud 
distribution is more sparse in the medial region of the oral cavity. In the lateral 
region of the oral cavity, large nerve bundles are aligned under taste buds where they 
branch into 1–3 thinner fascicles (Fig. 16.3b). These fascicles then turn toward the 
surface and terminated within the taste buds (Fig. 16.3c). Free-nerve endings in the 
surrounding epithelium are distributed throughout the oral cavity. In the branchial 
cavity, some taste buds are localized on each epithelial bulge (Fig. 16.3d). The nerve 
bundles enter from the base of these bulges and ramify superficially into 2–3 sepa-
rate branches, each with finely ramified tips (Fig. 16.3e). The taste buds are always 
situated at these ramified tips of nerve fascicles (Fig. 16.3f), meaning that each taste 
bud group on a single bulge is innervated by nerve strands that originate from a 
single large nerve bundle. This suggests that the taste bud cluster on each bulge 
forms a functional unit and a gustatory two-point discrimination threshold would be 
determined by the distance between neighboring bulges in the branchial cavity. 
Thinner nerve strands with free-nerve ending-like structures are also distributed in 
the bulges (Fig. 16.3f).

16.2.3  �Fins and Trunk

In addition to the barbels and orobranchial  cavity, typical gustatory organs, P. 
japonicus also possesses taste buds throughout the epithelium of the entire body, 
including the fins and trunk. Taste buds are aligned between fin rays of the pectoral, 
dorsal, and caudal fins (arrowheads in Fig. 16.4a, b, e, f). The density of taste buds 
is highest at the edges of these fins compared to other regions of them (arrows in 
Fig.  16.4a, b, e, f) because contact with food sources would be greater at these 
edges, similar to what has been observed with the barbels. Therefore, these patterns 
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of distribution of the taste buds in the fins are also an adaptation for effective food-
exploring behavior. In the pectoral fins, fiber bundles run parallel to the fin rays 
(Fig.  16.4a, b). Branches emerge from these fiber bundles to terminate near the 
surface with fine densely branched tufts. These tufts are located in the basal regions 
of the taste buds (Fig. 16.4c, d). In the dorsal and caudal fins, larger fiber bundles 
also run along the axis of the fin rays with short nerve strands branching from them. 
Tufted swellings are observed on the tips of these strands, where the taste buds are 
distributed. This distribution pattern of nerve fibers suggests that the aligned taste 
buds within the fins work as a functional unit.

In the trunk region, the taste buds are distributed without any regularity 
(Fig.  16.4i, j). Nerve fibers are observed in broad areas of the trunk region 
(Fig.  16.4k), including larger fiber bundles with terminal tufts with taste buds 
(Fig. 16.4l).

Fig. 16.3  Distribution of the taste buds and nerve fibers in the upper surface of the oral and bran-
chial cavities. (a, d) Confocal microscopic images of the calretinin-immunoreactive taste buds 
(green) in oral cavity (a) and branchial cavity (d). White arrows in (a) indicate taste buds distrib-
uted longitudinally in the lateral region of the oral cavity. In the branchial cavity, clusters of some 
taste buds are situated on each epithelial bulge. Top, rostral; bottom, caudal; left, medial; right, 
lateral. (b, c, e, f) Confocal microscopic images showing neural innervation of taste buds in the oral 
cavity (b, c) and branchial cavity (e, f). (b, e) Images of the acetylated tubulin-immunopositive 
nerve fibers (magenta). (c, f) Images simultaneously showing nerve fibers in (b and e) and 
calretinin-immunoreactive taste buds (green), respectively. White arrows indicate examples of 
free-nerve ending-like structures. Scale bar, 500 μm (a, d), 100 μm (b, c), 200 μm (e, f). (Modified 
from Nakamura et al. 2017)
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16.3  �The Structure and Synaptic Transmission of Taste Buds

Teleost fish, including Plotosus, have taste buds that are pear-shaped and organized 
from clusters of elongated cells that include supporting cells and gustatory cells. 
The supporting cells, or dark cells, have many small microvilli on their apex, while 
the gustatory cells, or light cells, have only one thick microvillus extending in the 
“taste pore” (Jakubowski and Whitear 1990; Reutter 1992; Reutter and Witt 1993; 
Hansen et al. 2002;). In addition to these elongated cells, disk-shaped cells lie along 
the basal regions of taste buds in teleost fish, and these cells are referred as basal 
cells (Toyoshima et al. 1984; Jakubowski and Whitear 1990; Reutter and Witt 1993). 
In mammals, immature cells are located in the basal regions of taste buds and are 
termed “basal cells” (Miura et al. 2014), but these are distinct from basal cells in 
teleosts. Teleostean basal cells are also referred as Merkel-like cells according to 
their morphology (Zachar and Jonz 2012). Antibody against serotonin labels basal 
cells in some teleost fish (Varatharasan et al. 2009; Zachar and Jonz 2012; Kirino 
et al. 2013). Recently, our study using a whole-mount immunofluorescence tech-
nique revealed that serotonin-immunopositive cells are distributed widely on the 
barbels of P. japonicus (Fig.  16.5a, b) and are associated with all taste buds 
(Fig. 16.5d, Nakamura et al. 2017). The shape of these cells from a surface view is 
irregular, being roundish but with some concavities (Fig. 16.5c). Each taste bud in 
the barbels contains only a single serotonin-immunoreactive cell (Fig. 16.5c). In the 
lateral view, the serotonin-immunopositive cells have an oval shape and are located 
in the basal portion of the taste buds (Fig. 16.5e, f).

Other parts of P. japonicus, including the oral and branchial cavities, pectoral fin, 
dorsal fin, caudal fin, and trunk, similarly contain serotonin-immunopositive basal 
cells in their taste buds. Figure 16.6a and c are representative images showing that 
taste buds and serotonin-immunopositive cells are colocalized in the oral and bran-
chial cavities. The morphology of these serotonin-immunoreactive basal cells from 
a surface view is slightly different between organs. Serotonin-immunopositive cells 
of the oral and branchial cavities show similar morphologies to those in barbels, 
including irregular circumferences with multiple concavities (Fig. 16.6b, d). In the 
fins, the concavities are smaller, so the circumferences are smoother, compared with 
the above organs (Fig. 16.6e). Serotonin-immunopositive basal cells of the trunk 
region do not show significant concavities, so their morphology is nearly round 
(Fig. 16.6f). Except for the branchial cavity and trunk, all taste buds contain only a 
single serotonin-immunoreactive cell. Some taste buds in the branchial cavity have 
been observed with two serotonin-immunoreactive cells (Fig.  16.6d), while no 
serotonin-immunoreactive cells are seen in 20% of the taste buds in the trunk region 
(Nakamura et al. 2017).

An electron microscopic study showed that the basal cells in teleosts contain 
several vesicles (Toyoshima et al. 1984), suggesting that basal cells release sero-
tonin as a neurotransmitter. This is also true for the basal cells in Plotosus (Reutter 
1992). In amphibians, it has been suggested that Merkel-like basal cells release 
serotonin and modulate the responses of taste cells (Delay et al. 1997). In larval 
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zebrafish, serotonergic cells work to direct and maintain taste receptor cells during 
taste bud formation (Soulika et al. 2016); however, in adult teleost fish, the roles of 
basal cells and released serotonin in signal transduction remain unknown.

While serotonin-immunoreactive basal cells have been reported in teleostean and 
amphibian taste buds (Barlow et al. 1996; Zachar and Jonz 2012; Kirino et al. 2013), 
these types of cells have never been described in mammals; however, another class 
of serotonin-immunoreactive cells exists. Mammalian serotonin-immunoreactive 
cells are elongate taste cells, known as Type III cells, that form conventional syn-
apses with the afferent nerves (Yee et al. 2001). Mammalian “basal cells” are imma-
ture, non-serotonergic cells situated in the basal region of the taste buds (Miura 
et al. 2014). Thus far, the existence of serotonin-immunoreactive cells in avian and 
reptilian taste buds is unknown. Among anamniote vertebrates, lampreys have no 
serotonin-immunopositive basal cells in their taste buds; however, elongated cili-
ated cells in lampreys show serotonin immunoreactivity, more similar to the mam-
malian situation (Barreiro-Iglesias et al. 2008). An electron microscopic study of 
elasmobranchs indicates the existence of basal cells in taste buds (Whitear and 
Moate 1994), but there have been no studies of serotonin immunohistochemistry for 
cartilaginous fishes. There is also no information available regarding 

Fig. 16.5  Confocal microscopic images showing the distribution of serotonin-immunoreactive 
cells in the taste buds of the barbels. (a) Lower magnification image of serotonin-immunoreactive 
cells on the surface of barbel (magenta). (b) Image combining fluorescent signals in (a) and a 
bright-field image. Left is rostral and right is caudal. The density of serotonin-immunoreactive 
cells is higher at rostral. (c) Higher magnification image of the surface view of a serotonin-
immunoreactive cell in a barbel. (d) Merged image of the surface view of calretinin-immunopositive 
taste bud (green) with (c). (e, f) Lateral view of a serotonin-immunoreactive cell from a histologi-
cal section of a barbel. (f) is a merged image with (e) and a calretinin-immunopositive taste bud. 
Upper is surface of the barbel. Scale bar, 200 μm (a, b), 20 μm (c–f). (Modified from Nakamura 
et al. 2017)
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serotonin-immunoreactive cells and basal cells in the taste buds of ancestral ray-
finned fishes, including sturgeons and bichirs. Analysis of serotonin-immunoreac-
tive cells in the taste buds of these taxa is necessary for understanding the diversity 
and origin of serotonergic taste bud basal cells in anamniotes.

Fig. 16.6  Confocal microscopic pictures showing serotonin-immunoreactive cells in multiple 
organs. (a, c) A merged image of the surface view of calretinin-immunoreactive taste buds (green) 
and serotonin-immunoreactive cells (magenta) in the oral (a) and branchial cavities (c). (b, d) A 
single-channel image of the serotonin-immunoreactive cells in the same surface view as (a and c), 
respectively. The arrowhead in (d) indicates two serotonin-immunoreactive cells in a single taste 
bud. (e, f) Surface view of serotonin-ir cells in the pectoral fin (e) and trunk (f). Scale bar, 10 μm. 
(Modified from Nakamura et al. 2017)
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Unlike olfactory receptor cells, vertebrate taste bud receptor cells have no axons 
and make synaptic connections with gustatory nerves via chemical neurotransmit-
ters. It has been suggested that Type II receptor cells utilize ATP as a neurotransmit-
ter in mammalian taste buds (Finger et al. 2005). An enzyme histochemical study to 
reveal ecto-ATPase activity in P. japonicus showed that synaptic transmission from 
the gustatory cells to the sensory nerves also is mediated by ATP (Kirino et  al. 
2013), as occurs in mammals (Finger et al. 2005).

16.4  �Gustatory Sensory Nerves

The gustatory information detected by taste buds is transmitted to the medulla via 
one of the three gustatory nerves: the facial (VII), glossopharyngeal (IX), or vagus 
(X) nerves (Finger 1983). Peripheral distribution of the primary gustatory nerve 
terminals indicates specific topographical organization. The facial nerve innervates 
taste buds of the rostral area of the mouth and body surface, while the glossopharyn-
geal and vagus nerves innervate the branchial cavity and pharynx in a rostro-caudal 
manner (Finger 1997a). The cell bodies of these primary gustatory neurons are 
located in the peripheral ganglia of these cranial nerves.

As mentioned above, the facial nerve innervates taste buds in extra-oral regions, 
including the barbels, fins, and trunk, and it is separated into eight rami: superficial 
ophthalmic, palatine, upper lip, lower lip, maxillary barbel, mandibular barbel, hyo-
mandibular, and recurrent (Fig. 16.7a). Six of the rami, not including palatine and 
recurrent, contain both the trigeminal and facial nerves and emerge from the ante-
rior ganglion (Fig.  16.7b). This ganglion contains cell bodies of the trigeminal, 
facial, and lateral line neurons. The facial nerve innervating taste buds of the fins 
and trunk organizes the recurrent ramus. The ganglion of this ramus is known as the 
recurrent ganglion and is independent from the anterior ganglion (Fig.  16.7b). 
Sensory neurons of the recurrent ganglion show a typical bipolar morphology, 
where a thick process emerges from the caudal pole and a thin process emerges 
from the rostral pole of the cell bodies of recurrent facial neurons (Fig.  16.7c). 
Except for their initial segments, both types of processes are myelinated (Denil 
et al. 2013). The recurrent ramus has two major branches: the trunk branches to 
innervate taste buds along the whole trunk surface and the pectoral fin branches to 
innervate taste buds across the pectoral fin (Fig. 16.7a). When two neural tracers 
with different fluorescent dyes were applied simultaneously to the central stump of 
these two recurrent branches, retrograde-labeled cell bodies with different colors in 
the recurrent ganglion were not distributed into distinct topographical populations, 
meaning that no somatotopical organization was evident in this ganglion (Denil 
et al. 2013).

The glossopharyngeal and vagus nerves provide innervation for taste buds in the 
oropharyngeal region. In channel catfish, the glossopharyngeal nerve projects to the 
first gill arch and to the floor of the oral cavity (Kanwal and Caprio 1987). The 
vagus nerve innervates the second, third, and fourth gill arches and corresponding 
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portions of the oral cavity. Separated branches of the vagus nerve also innervate the 
palatal organ, the roof structure of the pharyngeal region. Posterior branches turn 
caudally to innervate visceral organs (Kanwal and Caprio 1987). Similar innerva-
tion patterns of the glossopharyngeal and vagus nerves can be seen in P. japonicus 
by anatomical observation.

16.5  �Primary Gustatory Center

The three primary gustatory sensory nerves (facial, glossopharyngeal, and vagus) 
project to a pair of visceral sensory columns in the medulla in all vertebrates, includ-
ing teleost fish (Finger 1983). In some teleost fish, including catfish and carp, the 
primary gustatory center extraordinarily protrudes dorsally and shows very distinct 
structure in the dorsal medulla. These large primary sensory centers for the facial 
and vagus nerves are known as the facial lobe and the vagal lobe, respectively. Some 
catfish species, including P. japonicus, possess both the facial and vagal lobes 
(Finger 1978; Kanwal and Caprio 1987; Hayama and Caprio 1989; Kiyohara et al. 
1996; Fig. 16.8a). The facial lobe is larger than the vagal lobe in the catfish to reflect 

Fig. 16.7  (a) Lateral view of P. japonicus illustrating the distribution of facial lami. 1, superficial 
ophthalmic; 2, palatine; 3, upper lip; 4, maxillary barbel; 5, lower lip; 6, mandibular barbel; 7, 
hyomandibular; 8, whole recurrent; 8a, trunk recurrent; 8b, pectoral fin recurrent. (b) Enlarged 
photograph of dorsolateral view of the brain around the optic tectum (TeO), corpus cerebelli, 
(CCe), and facial lobe (FL) and showing the position of the anterior ganglion (AG) and the recur-
rent facial ganglion (RG). AG and RG are encircled with dotted lines. Left, rostral; right, caudal. 
NVIII, octaval nerve. (c) Neurons in the recurrent ganglion labeled by rhodamine-conjugated dex-
tran amine. Arrows indicate thick peripheral fibers, and arrowheads indicate thin central fibers. 
Scale bar, 1 mm (b), 40 µm (c). (Modified from Denil et al. 2013)
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the morphological and functional significance of the facial gustatory system in the 
external peripheral organs including barbels. In contrast, goldfish and related carp 
have more hypertrophied vagal lobes. During feeding, these fish first scoop up mate-
rials, both food and mud, from the bottom substrates, which are transported to the 
oropharyngeal region and sorted there with the palatal organ and gill arches. 
Acceptable food particles are transferred toward the chewing organ for swallowing. 
Nonfood particles are ejected from the mouth. There are numerous taste buds 
around the palatal organ and gill arches that are innervated by the vagus nerve 

Fig. 16.8  (a) Dorsal view of the isolated brain of P. japonicus. Arrow indicates approximate level 
of the transverse section of facial lobe (FL) shown in (b). Top is rostral and bottom is caudal. Huge 
facial lobe is located in the caudal portion of the brain. The vagal lobe (VL) is situated in just 
caudal to the facial lobe. CCe, corpus cerebelli; S, spinal cord; T, telencephalon; TeO, optic tectum. 
(b) Image of a transverse section of the facial lobe. Facial lobe has five lobes: the medial mandibu-
lar barbel lobule (MML), the lateral mandibular barbel lobule (LML), the maxillary barbel lobule 
(MXL), the nasal barbel lobule (NBL), and the trunk-tail lobule (TTL). FLM medial longitudinal 
fascicule, LL lateral-line lobe, TGS ascending secondary gustatory tract. (c) Transverse section 
showing topographic projections of neural fibers of the trunk (red) and pectoral-fin branch (green) 
in the right TTL. Left is lateral and right is medial. (d) Schematic representation of the somatotopic 
map in the facial lobe. Top, rostral; bottom, caudal; left, medial; right, lateral. Scale bar, 1 mm (b), 
500 μm (c). (a–c: Modified from Denil et al. 2013)
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(Lamb and Finger 1995; Finger 1997a). Reflecting the functional significance of 
oropharyngeal food-sorting behavior, the palatal organ and vagal lobe are well 
developed in goldfish and related carp. The vagal lobe of these fish has a complex 
laminated structure (Finger 1997a; Ikenaga et al. 2009).

The facial lobe of P. japonicus has five distinct lobules that are separated by fas-
cicles of nerve fibers (Fig. 16.8b): the medial mandibular barbel lobule (MML), the 
lateral mandibular barbel lobule (LML), the maxillary barbel lobule (MXL), the 
nasal barbel lobule (NBL), and the trunk-tail lobule (TTL). These lobules are named 
based on both histological and electrophysiological evidences for topographical 
projections of nerve fibers from each barbel or other body surface. For example, 
when neural tracer is applied to one of the four barbel rami (Fig. 16.7a), the single 
corresponding barbel lobule is labeled (Kiyohara et al. 1996). Sensory fibers of the 
facial nerve enter the facial lobe from the rostral portion; therefore, labeled fibers of 
individual barbel rami are observed from the rostral tip of each barbel lobule to the 
caudal end, where the lobules become obscure. These barbel lobules extend rostro-
caudally and occupy approximately the anterior two-thirds of the facial lobe 
(Kiyohara et al. 1996). Electrophysiological experiments indicate that the neurons 
in each barbel lobule respond to stimulation by corresponding barbels, and the 
proximal-distal axis of each lobule is represented in the posterior-anterior axis of 
each lobule (Marui et al. 1988). Another sea catfish, Arius felis, has three pairs of 
barbels with different lengths. Neural tracer application to the nerves of each barbel 
labeled fibers and terminals somatotopically in three distinct lobules (Kiyohara and 
Caprio 1996). In the channel catfish, Ictalurus punctatus, the facial lobe has four 
barbel lobules, each of which receives input from one of the four barbels, and the 
proximal-distal axis of each barbel is also represented in the posterior-anterior axis 
of the lobules (Hayama and Caprio 1989). The lengths of the four barbel lobules in 
P. japonicus are approximately equivalent, reflecting that the lengths of the four 
barbels are also nearly the same (Kiyohara et al. 1996). In Ictalurus punctatus and 
Arius felis, the lengths of the barbel lobules differ, correlating to the differences in 
the lengths of the barbels (Hayama and Caprio 1989; Kiyohara and Caprio 1996).

The terminal field of the recurrent ramus is distributed in the TTL (Denil et al. 
2013). In contrast to the organization of the sensory ganglion, the trunk and pectoral 
fins in P. japonicus are represented separately in the TTL. For instance, simultane-
ous application of two different fluorescent dyes to the trunk and pectoral  fin 
branches of the recurrent ramus shows that the fibers of the trunk branch are distrib-
uted in rostral and lateral regions of TTL and those of the pectoral-fin branch are 
distributed in the caudal and medial regions (Fig.  16.8c). Similar topography of 
TTL is observed in other catfish species as well (Hayama and Caprio 1989; Kiyohara 
and Caprio 1996). Branches of the facial nerve innervating taste buds in the upper 
lip and lower lip also project topographically to the most posterior areas of the facial 
lobe. This topographical representation of the facial lobe is shown in Fig. 16.8d.

As shown in Fig. 16.8a, the vagal lobe of P. japonicus is located caudally to the 
facial lobe. In contrast to the facial lobe, the vagal lobe has no obvious lobules. Both 
the glossopharyngeal and vagus nerves project to the vagal lobe. In channel catfish, 
Ictalurus punctatus, the sensory fibers of the glossopharyngeal nerve enter the 
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brainstem separately from the vagus nerve, and some of the fibers terminate in the 
anterior region of the ipsilateral vagal lobe (Kanwal and Caprio 1987). In addition, 
extra fibers project to the ipsilateral intermedius nucleus of facial and vagal lobes. 
These nuclei are situated ventrally to the facial and vagal lobes, respectively, along 
the fourth ventricle. The vagus nerve also may project to the brain stem, and 
branches of them innervating the gill arches and palatal organ terminate into the 
ipsilateral vagal lobe. Furthermore, terminals of the posterior branch of the vagus 
nerve innervating visceral organs may be distributed ipsilaterally in the nucleus 
intermedius of vagal lobe and bilaterally in the general visceral nucleus (Kanwal 
and Caprio 1987).

16.6  �Chemosensation by the Gustatory System

The teleost fish uses multiple sensory systems, including vision, audition, mechano-
reception, lateral line, electroreception, olfaction, and gustation, to locate and detect 
appropriate prey. As described above, large numbers of taste buds are distributed not 
only in the orobranchial cavity but also in extra-oral regions in P. japonicus; there-
fore, P. japonicus could detect and locate the prey using its gustatory senses. In 
behavioral experiments, P. japonicus spent more time in a partition of the aquarium 
containing a U tube that emanated a 10−6–10−3 M betaine solution than when control 
seawater was released. P. japonicus often bit the tube, releasing the betaine solution 
(Caprio et  al. 2015). Olfactory nerves of Plotosus also respond to betaine, but 
responsiveness to 10−4 M betaine is weaker compared to other amino acids, includ-
ing L-alanine (Theisen et al. 1991). In behavioral experiments using other species 
of freshwater catfish, anosmic treatments did not affect behaviors regarding orienta-
tion to feeding cues (Bardach et al. 1967) and the threshold of behavioral responses 
to amino acids (Holland and Teeter 1981). Therefore, betaine-induced feeding 
behavior is likely mediated by the gustatory sense in P. japonicus, as well as in other 
catfish.

Nerve fibers teased from the facial/trigeminal complex that innervates the maxil-
lary barbel respond not only to betaine but to other amino acids including glycine, 
L-alanine, and L-proline (Caprio et al. 2015). All four amino acids are found in rela-
tively high concentrations in the tissues of many marine organisms (Carr et  al. 
1996), some of which are primary prey for sea catfish. According to the specificity 
of responses, nerve fibers can be classified into two types. The first nerve fiber is 
highly responsive to L-proline and betaine, while the other is most responsive to 
glycine and L-alanine. In both types of fibers, the L-isomers appear to be more 
stimulating than the D-enantiomers. Other amino acids (e.g., L-cysteine, L-glutamic 
acid, and L-histidine) do not seem to stimulate as well as the four amino acids dis-
cussed above (Caprio et al. 2015). Nerve fibers innervating the lips also respond to 
NaCl, quinine, and acid, but not to sucrose, and these fibers also do not respond to 
extracts from marine worms (Konishi et al. 1966). Therefore, the worm-sensitive 
fibers may respond to above amino acids and betaine. In addition to chemical 
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stimulation, some nerve fibers that innervate the barbels respond to tactile stimuli as 
well as passive bending of the barbel (Konishi et al. 1966).

16.7  �Mechanisms of pH Sensing for Prey Detection

In addition to amino acids, recent studies with electrophysiological and behavioral 
experiments have revealed that P. japonicus can detect the respiration of cryptic 
prey (polychaetes) that results in a slight (≦ 0.1) decline in pH due to the respiratory 
by products of ambient H+/CO2 occurring adjacent to the prey (Caprio et al. 2014). 
Extracellular recordings from the specific fibers of the facial or trigeminal nerve 
complexes that innervate the maxillary barbel reveal that slight transient declines in 
the pH of ambient seawater applied to the barbel elicit action potentials in these 
fibers. Although the decrease is less than 0.1 pH unit, responses of the nerve fibers 
are observed. Larger drops in pH also can elicit responses of these nerves. If the pH 
of seawater for bathing the barbels is lowered to <pH 8.0 and maintained at that 
level for several minutes, a greater drop in pH is required to activate the same fibers, 
or the fibers became inactivated (Caprio et al. 2014).

Because P. japonicus are nocturnal benthic feeders (Kasai et al. 2009) and their 
stomach contents typically contain polychaete worms (Clark et al. 2011), it could be 
expected that a function of their highly sensitive H+/CO2 systems is to detect poly-
chaete worms which live in semipermanent U- or Y-shaped burrows in coastal 
marine sediments and release punctate amounts of H+/CO2 into surrounding waters 
during respiration. The pH measured by electrode at the outflow end of grass U tube 
containing a single worm is transiently lowered by 0.15–0.25 (Caprio et al. 2014). 
In behavioral experiment, P. japonicus spent significantly more time in the partition 
of aquariums containing U tubes that emitted seawater with lower pH (pH 7.8–7.9) 
than if U tubes released control seawater (pH  8.1–8.3). P. japonicus also would 
frequently bite the end of the U tubes releasing lower-pH seawater, and this behav-
ior was never observed with the control seawater (Caprio et al. 2014). These results 
indicate clearly that an elevation in ambient H+/CO2 alone is sufficient for P. japoni-
cus to detect the worm prey.

So far the receptor cells for this extraordinary sensitivity to lower pH are 
unknown, although some candidates exist. Taste bud cells innervated by the facial 
nerve are a potential option. The solitary chemosensory cells that are scattered 
across the surface of organs and are innervated by the trigeminal or facial nerve 
(Finger 1997b) and a free-nerve ending of the trigeminal nerve are also candidates. 
The facial nerve that innervates taste buds in the head makes a complex with the 
trigeminal nerve, and the current electrophysiological experiment could not deter-
mine whether recorded nerves responding to lower-pH stimulation were from the 
facial or trigeminal nerves. The receptor molecule for this pH-sensing activity and 
the manner in which the central nervous system corresponds to process and inte-
grate such minute changes in the ambient seawater are also unclear.
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16.8  �Olfactory System

Olfaction is another chemosensory system in vertebrates. The pair of olfactory 
organs of P. japonicus is situated anteriorly in the snout, and each of them is associ-
ated with both the incurrent and excurrent nostrils. The incurrent nostril is situated 
in front of the nasal barbel, while the excurrent nostril is located posterolaterally to 
the nasal barbel (Fig. 16.9). Ambient water enters the incurrent nostril and exits the 
excurrent nostril through the nasal cavity. The olfactory rosette lies in the rostral 
area of the nasal cavity and consists of approximately ten lamellae arranged longi-
tudinally (Theisen et al. 1991). Electron microscopy indicates that there are at least 
two kinds of receptor cells in Plotosus olfactory lamellae: microvillous and ciliated 
receptor cells (Theisen et al. 1991). The channel catfish, Ictalurus punctatus, not 
only has these two receptor cells, but crypt cells are present as well (Hansen et al. 
2003). The olfactory nerve, a bundle of axons of the olfactory neuron, arises from 
lamellae and extends caudally to connect with the olfactory bulb. The olfactory bulb 
is not fused to the rostral tip of the forebrain, unlike in many teleost fish, and the 
olfactory tract, connecting the olfactory bulb and the forebrain, is long and anatomi-
cally visible. The olfactory tract is separated into medial and lateral tracts and enters 
the rostral forebrain from the ventral section.

Olfactory physiology has been well investigated in the channel catfish. Research 
has shown that they respond to various classes of olfactory stimuli, including amino 
acids, nucleotides, and bile salts (Nikonov and Caprio 2001; Hansen et al. 2003; 
Nikonov et al. 2005). There are clear odotopic maps in the olfactory bulb and the 
forebrain. Reponses to amino acids are recorded in the rostral, ventral, and dorsolat-
eral regions of the olfactory bulb (Nikonov and Caprio 2001), where ciliated cells 
project predominantly (Hansen et al. 2003). In the lateral portions of the forebrain, 
amino acid-responsive neurons are situated (Nikonov et  al. 2005). Nucleotide-
responsive neurons are distributed in the caudo-lateral region of the dorsal olfactory 
bulb (Nikonov and Caprio 2001). In the telencephalon, nucleotide-responsive units 
are situated in the lateral half of it near the amino acid-response zone but lay more 
dorsal, caudal, and medial than the amino acid units (Nikonov et  al. 2005). The 

Fig. 16.9  Dorsolateral 
view of the rostral portion 
of the head showing the 
position of the incurrent 
nostril (in) and excurrent 
nostril (ex). MB maxillary 
barbel, NB nasal barbel. 
Scale bar, 5 mm
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microvillous olfactory receptor cells project predominantly toward the nucleotide 
unit area in the olfactory bulb (Hansen et  al. 2003). Responses to bile salts are 
recorded primarily from the medial area of both the ventral and dorsal olfactory 
bulb (Nikonov and Caprio 2001) and from the medial area of the forebrain (Nikonov 
et al. 2005). Electrophysiological experiments have indicated that the olfactory neu-
rons of Plotosus also respond to several amino acids; L-leucine and L-methionine 
are most effective, while betaine and D-alanine are least effective (Theisen et al. 
1991). Amino acid information via the olfactory system of Plotosus may be utilized 
as feeding cues as shown in the channel catfish (Valenticic et al. 1994).

One of the unique behaviors of P. japonicus is the formation of a ball-shaped 
school during their younger stages (Moriuchi and Dotsu 1973). Plotosus does not 
show this schooling behavior under dark conditions, suggesting importance of the 
visual sense for schooling (Sato 1937). Although typical P. japonicus are attracted 
to seawater holding their own school, as opposed to seawater of other schooling fish 
(Kinoshita 1975), anosmic fish cannot discriminate between the two (Hayashi et al. 
1994), suggesting that the olfactory sense mediates this social behavior as well 
(Kinoshita 1975; Hayashi et al. 1994). Phosphatidylcholine from skin mucus has 
been identified as a signaling molecule for this schooling behavior (Matsumura 
et al. 2004, 2007). Each school of Plotosus contains the same set of phosphatidyl-
choline molecular species, but not the same specific phosphatidylcholine molecular 
species. The mixing pattern of these phosphatidylcholine molecular species is 
highly heterogeneous across different schools. These findings suggest that recogni-
tion of a specific school odor is governed by a pattern of mixed phosphatidylcholine 
molecular species (Matsumura et al. 2004, 2007).

16.9  �Conclusion

Since the chemical senses and related organs of the catfish including P. japonicus 
are highly developed, many studies regarding the chemical senses are carried out 
with these fish. Some teleosts including catfish possess the taste buds in the fins and 
trunk in addition to the mouth. Such distribution of the taste buds is not observed in 
all teleost fish. As described in this review, structure of the central nervous system 
relating to the gustatory sense is also well specialized. The facial lobe which is the 
primary facial gustatory center has topographical map representing each peripheral 
organ. Detailed molecular mechanisms to organize such uncommon peripheral and 
central structures are unclear. To address these subjects will give us a piece of clue 
for understanding how sensory systems of animals are optimized to their own eco-
logical niches. In addition, one remarkable feature of P. japonicus is an extraordi-
nary sensitivity to pH decline of ambient seawater. As mentioned above, receptor 
cell and molecule for this pH sensing are unknown, and identifying them is impor-
tant for a comprehensive understanding of this interesting sensory system of P. 
japonicus. Transcriptome analysis of the receptor molecules expressing on the 
receptor cells by next-generation sequencing must be effective to solve such 
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questions. Since this unique sensory system is observed only in the P. japonicus so 
far, this fish and its unique sensory system are good model for investigating the 
integration of different gustatory information in the vertebrate nervous systems.
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