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FIGURE 13.1 Photograph of adult zebrafish—male top and female bottom.
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Objectives
● This chapter aims to provide sufficient background information to enable a novice 

to begin to use zebrafish as a model of development or disease.

INTRODUCTION

Zebrafish (Danio rerio)

Zebrafish are small teleost freshwater fish of the carp family, named after the 
five horizontal blue stripes extending from gills to caudal fin tip. Zebrafish are 
native to the Southeastern Himalayas and thought to originate from the Ganges. 
In the wild they inhabit clear, shallow slow-moving bodies of water with silt and 
well-vegetated bottoms.

Males are torpedo-shaped, with gold stripes between the blue; females 
have larger, whitish bellies and silver rather than gold stripes (Fig. 13.1). Adult 
females also have a small genital papilla anterior to the anal fin. Zebrafish grow 
to around 4 cm in captivity, with a lifespan of upto five years in ideal conditions.
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USE AS A RESEARCH ORGANISM

The popularity of zebrafish as a research organism has grown rapidly over the 
past two decades (Fig. 13.2).

This trend is largely due to increasing recognition of opportunities to apply 
invertebrate-style genetic techniques to a vertebrate with many biological sim-
ilarities to humans. The zebrafish genome was fully sequenced in 2013 and 
contains homologues of around 70% of human genes, including 80% of those 
implicated in disease [1]. Many of their organs and tissues bear considerable 
similarity to those of humans. Rapid ex-uterine development with translu-
cent embryonic and early larval stages makes zebrafish very amenable to live 
imaging, while genetic tractability initially made this organism attractive for 
developmental biology studies. More recently, these attributes have established 
zebrafish as a model organism for human disease. Furthermore, fish are rela-
tively economical and easy to house and breed.

As an example of the value of the zebrafish model organism, Len Zon and 
colleagues have utilized it to elucidate the developmental basis of hematopoie-
sis [2]. This work led to direct clinical application with the use of prostaglan-
din E2 to expand hematopoietic stem cells in umbilical cord blood transplants. 
The same laboratory also created a transgenic zebrafish model of melanoma, 
identifying a novel gene (SETDB1) associated with progression to aggressive 
disease. Zebrafish were then used to screen for putative pharmacological agents, 
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FIGURE 13.2 Number of zebrafish-based publications by year 1985–2013.
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resulting in identification and clinical trials (without the need for mouse studies) 
of the drug leflunomide, which blocks neural crest development, as a promising 
therapy for metastatic melanoma [3].

Attributes

● High fecundity (several hundred eggs per female per week).
● Short generation time (three to four months).
● Rapid development and external embryogenesis.
● Translucent embryos (and potentially adults) enabling good imaging.
● Easy maintenance.

IN PRINCIPLE

Zebrafish have many anatomical and physiological similarities to higher verte-
brates that makes them an excellent model organism for studies of development 
and disease. Their other major benefits are translucency, which makes them 
amenable to live imaging, and their genetic tractability.

REPRODUCTION

The generation time for zebrafish is approximately three months. A male must 
be present for ovulation and spawning to occur. Females are able to spawn every 
two to three days, laying hundreds of eggs in each clutch. Male zebrafish respond 
preferentially to pronounced markings on females, but in a group will mate with 
whichever females they can find. What attracts females is not currently under-
stood. Embryogenesis begins immediately but stops after the first few cell divi-
sions if sperm are absent. Fertilized eggs become transparent, which facilitates 
experimental manipulation by microinjection and is subsequently very useful 
for imaging studies.

DEVELOPMENT

Time Post Fertilization Stage

0–72 hours Embryo

3–13 days Early larva

14–29 days Late larva

Metamorphosis

30 days to 3 months Juvenile

3 months + (sexually mature) Adult
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The zebrafish embryo develops rapidly (Figs. 13.3–13.8), with precursors 
of all major organs present by 36 hours post fertilization. A single large ferti-
lized egg cell attached to the yolk undergoes division to form a cap of cells that 
subsequently sweeps over the sides of the yolk (epiboly) during gastrulation. 
An elongated body axis with an obvious head and tail then develops. The yolk 
shrinks as it is used for nourishment until the fifth or sixth day when the larva 
becomes self-feeding.

Early larvae are negatively buoyant lying largely immobile on the bottom, 
with only occasional tail flicks. Around day 5 they swim to the surface and gulp 
air to inflate their gas bladders. After this they are neutrally buoyant and capable 
of continuous swimming as well as becoming self-feeding.

Metamorphosis occurs at around one month post fertilization and involves loss of 
the larval fin fold, remodeling of intestinal and nervous systems as well as acquisition 
of scales and secondary sexual characteristics. After around three months, growth 
slows as the adult fish reaches reproductive maturity and gametogenesis begins.

FUNCTIONAL ANATOMY

The following section gives a brief overview of zebrafish functional anatomy 
and highlights tissues and organ systems that have already shown promise for 
translational research.

FIGURE 13.3 Zebrafish reproductive cycle.
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FIGURE 13.4 16-cell zebrafish embryo (1.5 hpf).

FIGURE 13.5 Cap-stage embryo (2.5 hpf).



Zebrafish as a Research Organism Chapter | 13 241

FIGURE 13.6 Cells migrating over the yolk during gastrukation (3.3 hpf).

FIGURE 13.7 Body plan and major organs are now established (24 hpf).

Brain and Specialized Sensory and Endocrine Organs

Neurulation in the zebrafish is similar to other vertebrates [4]. The cerebel-
lum processes information related to proprioception and equilibrium. The dor-
sal corpus cerebelli receives proprioceptive afferents, while the vestibulolateral 
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lobe receives otolith and lateral line organ stimuli. The lateral line organs con-
tain stereocilia that sense water movement to assist in detecting predators and 
prey. Studying lateral line development in the zebrafish has provided insight 
into cell migration, proliferation, and signaling, and is a potential model for 
peripheral nerve repair regeneration [5].

The mesencephalon contains the optic tectum and the tegmentum, respon-
sible for processing visual stimuli [6]. The zebrafish eye is similar to other ver-
tebrates, but has a relatively flat cornea compared with terrestrial animals. The 
lens is spherical and protrudes through the iris to afford a wide-angle view. 
The telencephalon is responsible for olfaction, color vision, memory, reproduc-
tive, and feeding behavior. It is connected by the olfactory bulb to the olfactory 
organ, through which water flows during swimming [7].

The diencephalon is subdivided into epithalamus, thalamus, and hypothala-
mus. The epithalamus surrounds the photosensitive pineal gland, projecting from 
the roof of the telencephalon. As in mammals, this secretes indolamine, mela-
tonin, and neurotransmitters. It appears to control diurnal and seasonal rhythms, 
regulating reproduction, growth, and migration [8]. The pituitary gland is simi-
lar to that of mammals [9]. Isotocin and arginine vasotocin, are produced by the 
pars nervosa, but their exact function is unknown. Prolactin and corticotrophic 
hormone are synthesized in the rostral pars distalis, and thyroid-stimulating hor-
mone in the proximal pars distalis. The pars intermedia contains melanotrophic 
cells that secrete α-MSH, β-endorphin, and β-hypotrophic hormones.

Cardiorespiratory System

The zebrafish heart is much used as a model of perfect myocardial regeneration 
following tissue damage [10]. It is situated just posterior to the gills and ventral 
to the esophagus. It is not four chambered as the mammalian heart. Rather, 
venous blood enters the atrium via the thin-walled sinus venosus and sino-atrial 
valve. Atrial contraction forces blood into the thicker-walled ventricle via the 
atrioventricular valve. Ventricular contraction pumps blood into the bulbus arte-
riosus via the ventricular-bulbar valve. The bulbus arteriosus has a thick fibroe-
lastic wall that dampens the systolic pulse pressure. The ventral aorta distributes 
blood to the gills via the afferent branchial arteries.

FIGURE 13.8 Larva at four days post fertilization.
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The gills are essential for oxygenation, acid–base balance, osmoregulation, 
and excretion of waste products [11]. Water is drawn through the mouth, over 
the gills, and out through the opercula by alternate expansion and contraction 
of buccal and opercular chambers. Blood flows via the afferent filament arteries 
of the primary lamellae into the blood spaces of the secondary lamellae, where 
oxygen and carbon dioxide exchange takes place. The secondary lamellae con-
sist of one layer of epithelial cells, supported, and separated, by pillar cells. 
Oxygenated blood leaves the secondary lamellae via lamellar arteries into the 
dorsal aorta, from where it is distributed to all other tissues.

Hematopoietic Tissue and Blood

The zebrafish is a well-established model for studying hematopoiesis, with 
good conservation of human lineages and genes [12]. A number of hematologi-
cal diseases including malignancies have been modeled. Larval hematopoiesis 
begins by 48 hours post fertilization in tissue around the ventral wall of the dor-
sal aorta. In the adult, hematopoiesis occurs primarily in the renal interstitium 
and splenic stroma. Hematopoietic stem cells reside within reticuloendothelial 
stroma, similar to mammalian bone marrow.

Erythrocytes and Thrombocytes
Zebrafish erythrocytes are oval, nucleated, and use aerobic metabolism to gen-
erate adenosine triphosphate. Thrombocytes are nucleated cells and serve simi-
lar functions to mammalian platelets.

Innate Immune Cells
Neutrophils are the most abundant leukocyte, with morphology and function 
similar to mammalian neutrophils [13]. They originate at 24 hours post fertili-
zation from axial tissue near the yolk sac and can be seen in the circulation at 
34 hours post fertilization.

Macrophages originate from the rostral lateral plate mesoderm anterior to 
the heart at around the 13 somite-stage, entering the circulation once estab-
lished. Monocytes are similar to their mammalian counterparts and develop into 
mature macrophages under appropriate conditions. Zebrafish eosinophils have 
small, nonsegmented, peripherally located nuclei. Their function is not clear, 
but may span those of mammalian eosinophils and mast cells.

Adaptive Immunity
Functional equivalents of antigen-presenting cells, natural killer cells, and B 
and T lymphocytes are found in zebrafish. Lymphopoiesis occurs in the thymus, 
pancreas, and kidney [12]. T-cells can be identified in the thymic region at three 
days postfertilization, with B-cells identified at four days post fertilization.
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Musculoskeletal System

A portion of adaxial cells adjacent to the notochord migrate to the lateral surface 
of newly formed somites and differentiate into slow muscle fibres. The remain-
der differentiate into muscle pioneer cells, thought to act as targets for motor 
axon growth cones. Lateral, nonadaxial muscle precursor cells in the segmental 
plate differentiate into fast muscle cells [14]. Ribs articulate with transverse 
processes of the main body vertebrae and skeletal muscles insert to ribs and 
skin, generating a propulsive force on contraction.

Skin

Zebrafish are covered with mucous membrane except for small areas of kerati-
nized epithelium on the jaw and fins. Larvae have a bilaminar epithelium with 
numerous goblet cells [15]. Overlapping scales covered by dermal fibroblasts 
and a multilayered epidermis develop during metamorphosis. Basement mem-
brane separates epidermis and dermis and a thin layer of subdermal adipose 
tissue covers the underlying muscle.

Thymus, Thyroid, and Ultimobranchial Glands

The thymus is a paired organ in the dorsomedial branchial cavity that contains 
maturing lymphocytes and other immune cells, mainly macrophages. Thyroid fol-
licles, distributed along the ventral aorta, produce hormones that regulate metabo-
lism. A pair of ultimobranchial glands, in the transverse septum between heart 
and abdomen, produce calcitonin, and are analogous to parathyroid glands [16].

Kidney

The zebrafish kidney has distinct head and trunk regions. Initially, two nephrons 
form the embryonic kidney (pronephros). Hundreds then form from 10 days post 
fertilization to constitute the adult kidney (mesonephros). Nephron structure 
and function is similar to mammals. Hematopoietic cells are found in the paren-
chyma, while endocrine interrenal and chromaffin cells are distributed along 
larger blood vessels in the rostral kidney. Interrenal cells are analogous to the 
mammalian adrenal cortex and produce corticosteroids. Cortisol in particular 
is an important mediator of the zebrafish stress response [17]. Chromaffin cells 
synthesize catecholamines similar to the mammalian adrenal medulla. The cau-
dal kidney contains corpuscles of Stannius, which secrete hypocalcin, to block 
calcium uptake by the gills, raise blood pressure, and affect osmoregulation.

Spleen

Teleosts do not have lymph nodes, with the kidney and spleen instead perform-
ing reticuloendothelial roles. The spleen lies adjacent to the liver, consisting 
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mainly of erythrocytes and thrombocytes (red pulp). Periarterial sheaths of 
macrophages and reticular cells form ellipsoids at the termination of splenic 
arterioles that trap pathogens and defective blood cells.

The Gastrointestinal System

The mouth is lined by mucoid epithelium with goblet cells and taste receptors. 
The esophagus contains a pharyngeal pad and teeth, with enamel, dentine, and 
a neurovascular pulp. The intestine narrows caudally, folding twice in the abdo-
men. There is no distinct stomach, small or large intestine, but the epithelial 
morphology varies. Columnar absorptive enterocytes are the most numerous 
cells, followed by goblet cells [18]. The liver has three lobes that lie along the 
intestinal tract and has similar functions to the mammalian liver [19].

The biliary system develops from intracellular canaliculi that join to  
form bile ducts. The bile ducts fuse to form the gall bladder, connected to the 
intestine via the common bile duct. Pancreatic tissue is scattered diffusely  
along the intestinal tract with an acinar structure very similar to that of mam-
mals. The cells have a very dark, basophilic cytoplasm with large numbers of 
bright eosinophilic, secretory granules during feeding. Brockman bodies are the 
equivalent of Islets of Langerhans and have been used to model regeneration and 
diabetes [20].

Gas Bladder

The gas bladder is derived embryologically from the upper digestive tract and 
regulates buoyancy. Located ventral to the kidney, it comprises two compart-
ments of columnar, surfactant-producing epithelium. Rodlet cells, found in 
many teleost fish, are most prevalent within the gas bladder, gills, intestine, 
bile ducts, and bulbus arteriosis. Once postulated to be parasites, they are more 
commonly viewed as similar to mammalian mast cells or eosinophils with roles 
against parasitic infection. The pneumatic duct connects the bladder to the 
esophagus, allowing filling by gulping air.

Reproductive System

The gonads are lateral, paired organs. Testes contain tubules lined with spermat-
ogenic epithelium [21]. Spermatogenesis occurs in cysts formed when cytoplas-
mic projections of one or two Sertoli cells surround a single spermatogonium. 
In contrast to mammalian spermatogenesis, a given Sertoli cell is in contact 
with only one germ cell clone. Mature spermatozoa leave the genital orifice via 
two ducti deferens that merge caudally. Ovaries contain eggs at different stages 
of development. A short oviduct conducts the eggs to the outside.
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IN PRACTICE

The Use of Zebrafish for Scientific Research

In most countries where zebrafish studies are undertaken, there will be reg-
ulation and licenses required for their use as an experimental model. In the 
United Kingdom, their use from five days post fertilization is regulated 
under the Animals (Scientific Procedures) Act 1986 (https://www.gov.uk/
research-and-testing-using-animals).

FISH HUSBANDRY

Fish are generally housed in dedicated aquaria with tanks arranged in rack-
ing systems (Techniplast systems, for example). A single rack houses around 
50 tanks with each tank holding up to 20 fish. Optimal environmental condi-
tions promote health and reproduction as indicated by clutch sizes (200+ eggs), 
embryo survival rates (80–95%), and steady growth (1.0–1.5 cm by 21 days post 
fertilization).

Water Quality and Stocking Density

Water quality is vital for maintaining healthy, disease-free fish. Oxygen 
(6.0 ppm), temperature (28.5°C), pH (6.8–7.5), and salinity levels need to be 
closely monitored and controlled. Stocking density should be limited and filtra-
tion adequate to prevent build-up of toxic excretory products (ammonia and 
nitrate). Crowded conditions also increase cortisol levels, reduce egg produc-
tion, and retard development.

Appropriate lighting reduces stress and facilitates breeding. Light triggers 
spawning and periods of darkness are important for rest. Larvae reared in con-
stant light show behavioral and visual deficits, while constant darkness retards 
development. A cycle of 14 hours light, 10 hours dark is commonly used. Some 
facilities have separate cohorts on opposing cycles to provide freshly laid eggs 
more than once a day. Zebrafish appear to habituate to their surroundings, 
including vibrations such as water pumps, but react strongly to sudden noise 
and vibration, which should be avoided.

Feeding

Zebrafish are omnivorous, feeding on small crustacea, insect larvae, and algae. 
Larvae largely hunt prey (Paramecia) visually and darkness impairs this. 
Juveniles onward should be fed mornings and evenings, with no more food 
than is consumed in 10 minutes. During early larval stages and metamorphosis, 
more frequent feeding may be beneficial. Adults tolerate a few days without 
food but require daily feeding for optimal egg production. Crushed flake food 
is suitable, but alternating this with brine shrimp maintains breeding efficiency 

https://www.gov.uk/research-and-testing-using-animals
https://www.gov.uk/research-and-testing-using-animals
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(https://zebrafish.org/documents/protocols/pdf/Fish_Feeding/Schedules_and_
Suppliers/Feeding_Schedule.pdf).

Transportation

Relevant international, EU, and UK laws govern animal welfare during trans-
portation. Responsibility usually falls on the researchers and institute from 
which the fish originate. http://www.fao.org/docrep/009/af000e/af000e00.HTM

In most countries authorization is required to import live fish. In the United 
Kingdom, licensing is administrated by the Fish Health Inspectorate https://
www.gov.uk/government/groups/fish-health-inspectorate.

Newly arrived fish should be health-checked and quarantined for three to 
four weeks to avoid potential infection of established lines.

Note: To avoid all contact, new fish can be mated, and the embryos surface-
sanitized with bleach solution (35 mg/L sodium hypochlorite for five minutes) with 
only these bleached embryos subsequently introduced into the main aquarium.

PROCEDURES ON FISH

Surgery and Anesthesia

Zebrafish embryos and larvae are best kept in Danieau’s medium (58 mM NaCl, 
0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 2.5 mM HEPES, pH 7.6). 
Larvae and adults can be anesthetized relatively easily for imaging, genotyping, 
or surgical procedures by addition of tricaine methanesulfonate (50 mg/L) to 
the water. Fish should be kept under anesthesia for as short a time as possible 
and placed in clean aerated water for recovery. An effective concentration of 
anesthesia should be maintained throughout the procedure.

Note: Careful titration of anesthetic concentration is required for longer 
periods of anesthesia in adult fish.

HUMANE KILLING

Zebrafish should be culled by immersion in a fatal concentration of anesthetic 
solution (tricaine 500 mg/L pH7) for 10 minutes following the cessation of 
opercular movements. Death should be confirmed by decapitation or physical 
destruction of the brain.

GENETIC MANIPULATION

Crossing Lines of Fish

In healthy fish that breed well, crossing lines is a simple mechanism for combin-
ing the desired genes of two different lines. A plastic mating box with a mesh 
or slotted bottom is placed inside a slightly larger tank (around 1 L). Breeding 

https://zebrafish.org/documents/protocols/pdf/Fish_Feeding/Schedules_and_Suppliers/Feeding_Schedule.pdf
https://zebrafish.org/documents/protocols/pdf/Fish_Feeding/Schedules_and_Suppliers/Feeding_Schedule.pdf
http://www.fao.org/docrep/009/af000e/af000e00.HTM
https://www.gov.uk/government/groups/fish-health-inspectorate
https://www.gov.uk/government/groups/fish-health-inspectorate
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pairs or small groups of fish are added in the evening. Spawning is triggered by 
light in the morning and fertilized eggs fall through the mesh of the inner box, 
which prevents them being cannibalized.

Note: Fertilized eggs can be collected and washed by pouring the spawning 
tank water through a small plastic sieve.

Microinjection

Microinjection is probably the most frequently employed technique in zebrafish-
based research and is required for the methods described in the following sec-
tions. Synthesized DNA, RNA, proteins, drugs, or microbes are injected at early 
stages of embryogenesis with fine glass needles controlled by micromanipula-
tors (Figs. 13.9 and 13.10). With experience, a few hundred embryos can be 
injected in one hour.

Note: Addition of a small amount of phenol red to the injected material helps 
to visualize successful injection.

FIGURE 13.9 Schematic of transgenic construction.
Transposase mRNA is coinjected with a transposon donor plasmid containing a Tol2 construct, 

promoter for the target tissue (e.g., spinal cord) and gene for integration (e.g., GFP) into eggs at the 
single-cell stage.

The construct is excised from the donor plasmid and integrated into the genome of the founder fish.
The founder is crossed with wild-type fish to produce an F1 generation of nontransgenic and 
heterozygous transgenic fish.
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Morpholinos

Morpholinos are synthetic antisense oligonucleotides (around 25 nucleotides) 
designed to bind and block the translation initiation complex of messenger RNA 
(mRNA) sequences. This technology has been used to test the role of specific 
genes by transient blocking, particularly during development. The morpho-
line ring that the nucleotides are arranged on is not recognized by nucleases or 
immune cells and is therefore stable and nonimmunogenic.

● ATG morpholinos block initiation of protein translation at the ribosome, 
thereby rendering embryos devoid of a particular protein.

● Splice blocking morpholinos interfere with RNA splicing resulting in trun-
cated proteins and can be used to study the function of a particular protein  
domain.

● Target protector morpholinos block specific endogenous microRNAs 
(miRNA) and therefore stabilize specific mRNA transcripts.

Morpholinos are precise and efficient at interfering with genes or miRNA 
function, but have several potential drawbacks. They are normally injected into 
the yolk and affect every cell in the embryo, so may compromise normal devel-
opment if the disrupted protein is required ubiquitously. The effects also only 
last up to five days, making them unsuitable for studying gene function at later 
stages of development. Morpholino effects do not always correspond to the  

FIGURE 13.10 Microinjection apparatus in use.
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observed phenotype of true mutants [22] and therefore, in part because of  
the development of CRISPR technology (see below), morpholino use has 
decreased in recent years.

http://www.gene-tools.com

TRANSGENIC CONSTRUCTION

Transgenic fish can be created by injecting bacterial artificial chromosomes 
(BACs) or plasmids containing the desired DNA into single-cell embryos. 
Including sequences with recognition sites for DNA-modifying enzymes allows 
the DNA to insert randomly into the genome. Most commonly, the Tol2 trans-
poson is used in zebrafish (Fig. 13.11). Successful integration of DNA results 
around half of the embryos dying compared with noninjected controls over 
24 hours. Integration can be confirmed in the surviving embryos, often by a 
fluorescent marker (e.g., red heart). After three months, adult fish are screened 
for transgene integration. Germline transmission is confirmed by breeding and 
genotyping the offspring. Genotyping is best performed by polymerase chain 
reaction (PCR) analysis of 2–3 mm of caudal fin tip excised from an anesthe-
tized fish using a sterile razor blade.

GENE ACTIVATION

Synthesized mRNA can be injected to cause transient (for up to three days) 
over-expression of the encoded protein. The function of the encoding gene can 
be determined by observing the resulting phenotype. To achieve expression 
throughout the organism, mRNA encoding the protein of interest can be injected 
into one-cell embryos. Alternatively, mosaic expression can be achieved by 
injecting single blastomeres at the eight-cell stage or later.

FIGURE 13.11 Close-up of microinjection. The glass microinjection capillary tube on the right 
is loaded with genetic material and phenol red tracer. The tip is inserted into one of a row of eggs 
lined up against a glass slide.

http://www.gene-tools.com
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CRISPR-BASED GENOME EDITING

CRISPR (clustered regularly interspaced short palindromic repeats) are 
thought to be part of a prokaryotic adaptive immune response to the exogenous 
DNA of plasmids and bacteriophages. This system is currently the most com-
mon method used to permanently alter the zebrafish genome. There are two dis-
tinct components: a guide RNA and an endonuclease—the CRISPR-associated 
nuclease (Cas9).

Genes can be disrupted by creating double-stand breaks (DSBs), which 
are then repaired by nonhomologous end joining (NHEJ). During this process, 
small insertions or deletions (indels) often lead to loss-of-function mutations in 
the target gene.

CRISPR can also be used to introduce specific nucleotide modifications at 
within the target sequence. While NHEJ repair is imperfect and often results 
in disruption of the open reading frame of the gene, cells can utilize the less 
error-prone homology-directed repair mechanism (HDR). A DNA repair tem-
plate containing the desired sequence must be present for HDR and is normally 
transfected into the cell along with the guide RNA and Cas9. If the template has 
a high degree of homology to the sequence immediately upstream and down-
stream of the Cas9-induced DSB, HDR can accurately introduce specific nucle-
otide changes at this location.

PHYSICAL MANIPULATION

Transplantation and other types of surgery are some of the more classic tech-
niques employed in developmental biology. Cells are removed from a donor 
embryo and introduced into a recipient embryo by micropipetting. This tech-
nique can show whether a gene function is cell autonomous or not. Mutant cells 
are transplanted into a wild-type embryo and vice versa and the phenotypes are 
compared. Transplantation can also be used to study the effect of diffusible fac-
tors, such as growth factors on neighboring cells [23].

Transplantation may be useful when a morpholino injection is lethal. Cells 
from the morpholino-injected embryo are transplanted at early stages of devel-
opment into a wild-type embryo to determine the effect of the protein knock-
down on the cells in a wild-type environment.

GENETIC SCREENS

Forward Genetic Screens

Zebrafish are ideal vertebrates for forward genetic screens (Fig. 13.12). 
Exposure of male fish to mutagens such as ethylnitrosourea (ENU) generates 
hundreds of point mutations in their premeiotic germ cells (four-to-six weekly 
one-hour exposures to 3–3.5 mM ENU). These males are subsequently crossed 
with wild-type females to produce F1 heterozygous progeny.



FIGURE 13.12 Schematic summarizing forward genetic screens and TILLING.
Addition of ethylnitrosourea to the tank water creates point mutations in the genome of adult 

male zebrafish. These mutagenized fish are outcrossed to create an F1 founder population with a 
high density of mutations.

In forward-genetics the F1 fish are incrossed through two generations to produce mutants in 
one-quarter of the F3 embryos. Screening can be performed by transgenes that express fluorescent 
proteins in specific tissues or by phenotype analysis. Disease models are identified by similarity to 
human pathology.

Alternatively, males of the F1 founder population can be used to create linked DNA and sperm 
libraries. These libraries can be used to target the screening of individual loci by TILLING (target-
ing induced local lesions in genomes), a reverse-genetic process. This method uses PCR to amplify 
exons of a specific disease gene of interest from individual or pooled DNA from the F1 DNA library. 
The fish corresponding to the DNA library can either be a living library or stored as a library of 
frozen sperm. Mutations are identified by heteroduplex-detecting methods or direct sequencing. The 
pedigree carrying the mutation is recovered by breeding directly from the corresponding fish in a 
living library or by thawing the corresponding frozen sperm to use in vitro fertilization. The result-
ing fish are intercrossed to generate heterozygous and homozygous mutants for the disease gene.
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The F1 fish are then in-crossed with siblings to create an F2 generation, half 
of which are heterozygous for a specific mutation (m) and the other half are 
wild-type. F2 siblings are crossed, and the resulting F3 progeny are 25% wild-
type (+/+), 50% heterozygous (+/m) and 25% homozygous (m/m) for a reces-
sive mutation.

Together, the large-scale Boston and Tübingen screens, began with around 
300 ENU-treated males, raised more than 5,000 F2 families, analyzed over 6,000 
mutated genomes and selected more than 2,000 new developmental mutants for 
characterization [24].

Haploid Screens
To avoid the need for screening thousands of fish for recessive mutations in 
conventional screens, recessive mutations can be revealed in a single genera-
tion by taking advantage of the zebrafish’s ability to survive for several days as 
haploid organisms. Female F1 fish (from crossing wild-type females and ENU-
exposed males as above) are squeezed gently to release their eggs, which are 
then fertilized with ultraviolet (UV)-treated sperm to generate haploid embryos. 
UV treatment destroys the parental DNA, without affecting its ability to activate 
the egg. A haploid clutch derived from a heterozygous female will contain 50% 
mutant and 50% wild-type embryos.

Targeting Induced Local Lesions in Genomes (TILLING)

Forward genetic screens in zebrafish have been very successful at identifying 
genes important in development and disease through examining phenotypes. 
TILLING is a reverse genetics approach whereby rare mutations in genes of 
interest can be identified irrespective of the phenotype they cause (Fig. 13.12). 
First a “library” of F1 progeny is created from ENU-mutated fish (as described 
previously). Kept either as living fish or their cryopreserved sperm and corre-
sponding genomic DNA, this library can be screened by PCR for specific muta-
tions in a gene of interest. Once F1 fish with mutations in the gene of interest 
have been identified in the library, F2 heterozygotes are created by crossing or 
in vitro fertilization (depending whether the library is live or cryopreserved). 
In-crossing this generation allows the F3 mutant phenotypes to be studied. 
Ongoing TILLING projects still have many genes to screen and will accept 
requests to screen particular genes:

http://www.sanger.ac.uk/Projects/D_rerio/mutres/
http://www.zfishtilling.org/zfish/

The series of point mutations generated during TILLING can more accu-
rately mirror those seen in human congenital disease compared with standard 
homologous recombination that also often leaves a complex genomic footprint. 
TILLING can also create mis-sense and gain-of-function mutations that are 
informative when investigating gene function [25].

http://www.sanger.ac.uk/Projects/D_rerio/mutres/
http://www.zfishtilling.org/zfish/
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APPLICATIONS

Developmental Biology

The ex-utero development and optical clarity of zebrafish allows the production 
of high-resolution developmental fate maps by injecting cells of interest with 
fluorescently labeled dextrans. Alternatively, transgenic fish can be constructed 
that express fluorescent proteins in the cell, tissue or organ of interest. The effects 
of genetic or physical manipulation on development can then be observed.

Genetic Screening

Quick breeding, ease of housing large numbers, and optical clarity give zebrafish a 
huge advantage over other vertebrates, particularly for large-scale genetic screens. 
Disease phenotypes can be identified by simple microscopy, assisted by trans-
genic expression of fluorescent proteins in specific tissues and organs if necessary.

Disease Modeling

Once a zebrafish orthologue related to human disease has been identified 
through genetic screening or TILLING, a fish model of the disease can poten-
tially be created. Disease-related developmental, cellular, and even molecular 
defects can be identified due to the ease of genetic and physical manipulation of 
embryos and ability to perform in vivo imaging at a cellular level. For example, 
the zebrafish mutant sapje suggested the myotendinous junction as a possible 
site of pathophysiology in muscular dystrophy (Bassett et al., 2003).

Of course, many human diseases have a complex polygenic etiology such 
as heart disease and cancer. In these cases, the zebrafish can be used to perform 
genetic suppressor and enhancer screens in the presence of already identified 
disease-related genes. Gene knock-out or overexpression via morpholino or 
mRNA injection, respectively, can be used to explore genetic interactions that 
affect disease severity or penetrance, and for assessing the therapeutic effects of 
removing or adding selected gene products [25].

Wound Healing and Regeneration

There has been great interest in exploring the mechanisms underlying heal-
ing and regeneration using the zebrafish due to their incredible regenerative 
potential [15]. Cardiac and neural tissue, in particular, heal without scarring 
in contrast to mammals. These processes can be analyzed in vivo at cellular, 
molecular, and genetic levels.

Immunology and Inflammation

Zebrafish have innate and adaptive immune systems similar to mammals 
[26] and are susceptible to infection by bacteria, mycobacteria, protozoa, and 
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viruses. In vivo analysis of the integrated immune response has been facilitated 
by the use of transgenic zebrafish with green fluorescent protein (GFP)-labeled 
macrophages, neutrophils, and endothelia, and of transgenic pathogens express-
ing GFP [13]. This response can be observed in the context of an experimentally 
induced wound, infection, or neoplasm.

Drug Screening

The zebrafish is the ideal vertebrate for large-scale screening of molecules with 
therapeutic potential, particularly when zebrafish disease models are employed. 
Using whole-organisms assesses bioavailability and toxicity too, in contrast 
to in vitro or biochemical screens. Furthermore, without presumption of the 
molecular mechanisms involved, previously unsuspected target proteins and 
pathways may be identified.

SCENARIO—THE INNATE IMMUNE RESPONSE TO CANCER 
RESECTION

The immune system is involved in surveillance and killing of oncogene- 
transformed cells within tissues, but is also believed to contribute to tumor  
progression of established cancers. This raises questions about the effects that 
acute inflammation triggered by biopsy or surgery may have on residual tumor. 
A zebrafish model of cancer surgery has been developed to investigate this 
relationship.

Transgenic Construction

A zebrafish model of melanoma is ideal due to the reliability of tumor devel-
opment and ease of identifying the tumors macroscopically (i.e., heavily pig-
mented tumors arising on the surface of the animal). The fish we used expresses 
the oncogene HRAS in melanocytes driven by the melanocyte specific mitfa 
promoter [27]. Larvae show ectopic hyperpigmentation and develop melanoma 
that correlates well with human melanoma in terms of histopathology, immu-
nology, and epigenetics. Inclusion of GFP in the genetic construct also means 
that the tumors fluoresce, aiding detection and imaging (Fig. 13.13).

To enable identification and live-imaging of innate immune cells respond-
ing to tumor and surgery, this fish is crossed with lines that express fluorescent 
proteins in macrophages Tg(mpeg:FRET) and neutrophils Tg(Lysc:dsRed). The 
resulting tri-cross line is reared to adulthood and observed for tumor development.

Surgery

Adult fish developing tumors and with appropriately labeled cells are anesthe-
tized in tricaine (50 mg/L) and checked for expression of fluorophores, obtain-
ing images using a dissecting microscope and fluorescent light source. A sterile 
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surgical punch is used to remove tissue at the tumor margin leaving a wound 
with edges that are part tumor and part healthy tissue (Fig. 13.14).

Live-Imaging and Immunohistochemistry

The surgical punch wound can be imaged daily (by confocal or multiphoton 
microscopy with the anesthetized fish mounted by the tail in 1.5% agarose) to 
determine the time course of innate immune cell influx and efflux. Comparison 
can be made between the healthy tissue and tumor wound edges. After five days, 
the fish are culled and immunohistochemistry is performed to compare prolif-
eration rates in the wounded tumor and the non-wounded tumor.

These experiments can be repeated in the presence of beclamethasone  
to inhibit neutrophil migration and with morpholino knockdown of mac-
rophages or neutrophils to determine the contribution of these cells to tumor 
proliferation [28].

KEY LIMITATIONS

A Novel Model Organism

The zebrafish is a relatively new research organism, which means that back-
ground data and resources are fewer by comparison with more established mod-
els. Genetic techniques are not yet as refined as for classic invertebrate model 
organisms such as C. elegans and Drosophila, while antibody availability is 
currently not yet as good as for the mouse.

FIGURE 13.13 GFP expressing tumor (melanoma) in the caudal fin of an adult kita:RasG12VeGFP; 
LysC:dsRed transgenic zebrafish.
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Genetic Considerations

Zebrafish are excellent vertebrate research organisms, but obviously do not 
possess homologues of all human genes or organs. In addition, the zebrafish 
genome contains duplications of genes and chromosomal segments, thought to 
be the result of a genome-wide duplication in the ray-fin fish lineage around 
400 million years ago. This means that many human genes will have two ortho-
logues in the zebrafish. The phenotype may therefore not be as expected after 
knockout of one of these genes due to some degree of genetic redundancy.

Aquatic Environment

An aquatic environment demands specialized equipment, particularly when 
using large numbers of fish. Drug delivery can be easier, but can also have 
inherent problems; some small molecules require a carrier solvent that would 
reach toxic levels before solubility is achieved, while immersion in other agents 
can affect organs other than the desired target.

FIGURE 13.14 Photograph immediately after a 1 mm surgical punch (*) has been taken at the 
margin of the tumor. This will allow study of how the acute inflammatory response to tissue damage 
might impact on subsequent tumor growth.

Problem Potential Solutions

Slow development of fish 
to adulthood and sexual 
maturity

Careful husbandry promotes healthy fish that develop 
and breed well. Regular delivery of age-appropriate 
feed will facilitate growth, but care must be taken to 
avoid uneaten food leading to dirty tanks and infection.

TROUBLESHOOTING
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CONCLUSION

The zebrafish is a powerful tool for investigating development, wound heal-
ing, inflammation, and cancer biology. It is ideally suited to genetic screening, 
disease modeling, and pharmacological screening. There have already been a 
number of fish tank to clinic success stories and there is huge potential still to 
be exploited.

Problem Potential Solutions

Low numbers of eggs  
during matings

Fish are unlikely to lay large numbers of eggs if mated 
too frequently—generally no more than every three 
days.

Failure of fish to  
lay eggs

Check if you have sexed the fish to be crossed correctly. 
Spawning may be encouraged by tanks with shallow 
sloping bottoms that mimic the shore, natural light 
cycles, and plastic plants.
Usually two to three males and one or two females are 
placed in the breeding tank at the end of the preceding 
day and then kept dark so that mating is triggered by 
light in the morning.

Difficulty with  
microinjection

At room temperature, fertilized eggs remain at the one-
cell stage for around 40 minutes. Injecting is easiest 
when the cell rounds in the final 20 minutes prior to 
division.
Clear dividers between males and females to be crossed 
can be removed in the morning to optimize timings for 
microinjection.
Eggs can be lined up against the edge of a glass slide or 
in a groove scored in an agar plate with the animal pole 
aligned toward the injector.
Care should be taken to avoid eggs drying out as they 
lose turgor, which makes needle penetration of the 
chorion more difficult.
Gently tapping the microinjector can help advance 
the tip of the needle through the chorion and cell 
membrane.

Failure to recover from 
anesthesia

Achieving a stable level of anesthesia can be tricky in 
adults and will vary between individual fish.
The concentration of tricaine often needs fine titration 
with respiratory rate.
Minimizing handling reduces stress and promotes 
recovery. A recovery tank placed in a quiet, darkened 
area is also helpful. Respiratory activity can often be 
regained in overanesthetized fish by infusing tank water 
over their gills using a Pasteur pipette.
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GLOSSARY

BAC (bacterial artificial chromosomes) A DNA vector created from bacterial F’ 
plasmids used in nature to transfer genetic material between some bacteria.

Clustered regularly interspaced short palindromic repeats (CRISPR) A prokaryotic 
defense system against foreign genetic elements such as plasmids and phages. They 
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recognize and excise this exogenous genetic material and have therefore been adapted to 
use as genetic tools, particularly in the zebrafish.

Double-stranded breaks (DSB) Highly toxic genetic lesions due to breakage of both 
strands of the DNA. Defective DSB repair is associated with various developmental, 
immunological, and neurological disorders, and is a major driver in cancer.

Endonuclease An enzyme that cleaves DNA.
Epiboly Thinning and spreading of a sheet of cells during gastrulation.
Gastrulation An early event in embryogenesis when the single-cell layer blastula 

organizes into a trilaminar gastrula (ectoderm, mesoderm, and endoderm).
Metamorphosis In the zebrafish, the point of change from larval to adult fish. Larval 

features such as the fin fold are lost, remodeling (e.g., gut and nervous system) occurs, 
and adult features including scales are acquired.

Micro RNA (miRNA) Highly conserved 22 nucleotide long RNA sequences found 
in plant and animal genomes that regulate the expression of genes by binding to the 
3ʹ-untranslated regions (3ʹ-UTR) of specific mRNAs.

Morpholino A synthetic antisense sequence of nucleic acids bound to morpholine rings 
rather than ribose or deoxyribose and nonionic phosphorodiamidate linkages instead of 
the anionic phosphates of DNA and RNA. Used to block specific RNA target sequences.

Neurulation Initial development of the spinal cord and brain by folding of neural plate 
ectoderm.

Nonhomologous end joining (NHEJ) The predominant and evolutionarily conserved 
DNA double-strand break repair pathway in eukaryotic cells.

Orthologue Genes in different species that evolved from a common ancestral gene by 
speciation and usually retain the same function.

Plasmid Self-replicating extra-chromosomal DNA found in many bacteria that can be 
used as vectors for amplification or insertion of sequences.

TILLING (targeting induced local lesions in genomes) A high-throughput reverse 
genetics technique to detect single basepair mutations using endonucleases that cleave 
heterodimers formed by PCR of the DNA in the target region. The resulting fragments 
are analyzed by gel electrophoresis.

Tol2 transposon A transposon or transportable element is a small sequence of DNA 
that is able to insert itself into another point in the genome. The Tol2 transposon is an 
autonomous transposon, meaning that it encodes a functioning transposase enzyme 
capable of identifying, excising, and reinserting the DNA element defined by its inverted 
terminal repeats (ITR) or other elements with the same ITRs.
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