
Biomedical research depends on the use of animal mod-
els to understand the pathogenesis of human disease at 
a cellular and molecular level and to provide systems 
for developing and testing new therapies. Mammalian 
models, such as the mouse, have been pre-eminent in 
modelling human diseases, primarily because of the 
striking homology between mammalian genomes and 
the many similarities in aspects spanning from anatomy 
to cell biology and physiology. Sophisticated transgenic 
approaches using dominantly acting disease-causing 
transgenes have allowed the creation of mouse models 
that accurately recapitulate the pathology of human 
diseases, a noteworthy example being the generation 
of cancer models through the tissue-specific expression of 
oncogenes. Furthermore, the generation of specific allelic 
modifications through gene targeting by homologous 
recombination has made the mouse the most widely used 
model of human disease.

However, a range of factors must be considered in 
addition to evolutionary proximity and anatomical simi-
larity when selecting an animal disease model (TABLE 1). 
For example, larger mammals such as rats or sheep can 
have a physiologies and organ sizes that are more similar 
to humans, which are advantages when developing sur-
gical therapeutic interventions. On the other hand, the 
surprising degree of functional conservation in basic cell-
biological processes between mammals and invertebrates 
suggests that diseases that result from the disruption of 
these conserved cellular processes can be accurately 
modelled at a genetic and molecular level in flies and 
worms. In this regard, the large-scale ‘forward-genetic’ 

mutagenic strategies that are available in invertebrate 
systems have been extraordinarily successful in deter-
mining gene functions, providing considerable insight 
into how orthologous human disease genes function in 
similar processes.

Despite these advantages, invertebrates lack many 
structures and organ systems that are involved in human 
disease pathogenesis, and their role in modelling 
human disease will therefore be limited. Conversely, 
although forward-genetic screens1–4 and random-
mutagenesis-based reverse genetics5,6 are feasible in the 
mouse and are currently underway, they cannot be done on 
a scale that is possible in invertebrates because they require 
considerable staff and infrastructure support. Hence, such 
approaches in mice are limited to a few large projects, 
often operating as screening consortia. In this context, the 
zebrafish (Danio rerio) has come to attention recently as a 
genetically tractable vertebrate model system. As early as 
the 1930s, the zebrafish was being used as a classical devel-
opmental and embryological model. Early studies drew 
on the unique combination of the optical clarity of the 
embryos and larvae (allowing the in vivo visualization of 
cell-biological events) and embryological manipulability 
to make several important observations (reviewed in 
REF. 8). Through the 1980s, the development of zebrafish 
genetic techniques, such as ‘cloning’9, mutagenesis10–13, 
transgenesis14 and mapping approaches15, underpinned 
the use of zebrafish to apply invertebrate-style forward 
genetics to questions of vertebrate development. The iden-
tification of thousands of early developmental zebrafish 
mutants through genetic screens that were carried out in 
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Abstract | Despite the pre-eminence of the mouse in modelling human disease, several 

aspects of murine biology limit its routine use in large-scale genetic and therapeutic 

screening. Many researchers who are interested in an embryologically and genetically 

tractable disease model have now turned to zebrafish. Zebrafish biology allows ready 

access to all developmental stages, and the optical clarity of embryos and larvae allow 

real-time imaging of developing pathologies. Sophisticated mutagenesis and screening 

strategies on a large scale, and with an economy that is not possible in other vertebrate 

systems, have generated zebrafish models of a wide variety of human diseases. This 

Review surveys the achievements and potential of zebrafish for modelling human 

diseases and for drug discovery and development.
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Shotgun and minimum tiling 
path sequencing
Two approaches to whole-

genome sequencing. Shotgun 

sequencing refers to the 

random acquisition of 

sequence. Minimum tiling 

path sequencing refers to the 

collection of sequence in an 

ordered, directed manner, such 

as the systematic sequencing 

of an entire BAC clone from 

one end to the other.

the 1990s16–18, established the zebrafish as a mainstream 
model in developmental biology (BOX 1).

Recently, the same attributes that have propelled the 
rise of zebrafish in developmental biology research have 
also prompted the increased use of this organism as a 
model for several human diseases. Although there are 
obvious differences in the physiology of fish and humans 
(TABLE 2) that might affect the phenotypic outcome of 
diseases in zebrafish models, the zebrafish offers sev-
eral advantages that make it an important complement 
to mouse models of disease. Many zebrafish models of 
monogenic human genetic disease have already been 
generated through forward-genetic screens19, allowing an 
enhanced understanding of the basic cell-biological pro-
cesses that underlie the disease phenotype beyond that 
gained from existing models. Several zebrafish transgenic 
approaches have also been used in modelling acquired 
diseases (reviewed in REF. 20); for example, by marking 
cell types involved in infection and inflammation to 
facilitate the study of the processes that underlie disease 
progression. The ability to examine the onset and course of 
a pathological process in vivo and in real time is a particular 
strength of zebrafish models. Furthermore, zebrafish biol-
ogy has established a new paradigm in therapeutics, that 
of whole-animal, high-throughput screening for small-
molecule chemical modifiers of disease pathogenesis 

and severity, firmly establishing a role for zebrafish in the 
field of pharmaceutical drug discovery.

This Review discusses the recent progress in using 
zebrafish for modelling human disease. It surveys the 
methods that are available to zebrafish researchers to 
generate models of both genetic and acquired human 
diseases. Although not all types of disease and pathol-
ogy are covered here, the following discussion and the 
examples in TABLE 3 outline a range of zebrafish models 
that highlight the breadth of their current and potential 
contributions to disease modelling. Finally, this Review 
examines the expanding area of zebrafish chemical genet-
ics, which takes advantage of zebrafish disease models 
to identify new compounds with therapeutic potential.

Zebrafish models of genetic disease

The twin attributes underpinning the use of zebrafish as a 
model system are the ability to apply efficient invertebrate-
style genetics to vertebrate-specific questions, and the 
optical clarity of embryos and larvae, which allow easy 
visualization of developmental processes. External fer-
tilization, high fecundity, rapid development and high 
stocking densities mean that zebrafish are particularly 
genetically tractable. Furthermore, considerable genomic 
resources exist for zebrafish, including several high-
density genetic maps for mapping induced mutations 
and the ongoing sequencing of the zebrafish genome. 
Both shotgun and minimum tiling path sequencing are being 
combined to generate a high-quality genome resource for 
zebrafish research (see The Danio rerio Sequencing Project 
web site), which has greatly facilitated the identification 
and characterization of disease-causing mutations.

Forward-genetics approaches. The main tool-of-trade for 
zebrafish biologists is a cadre of mutants — generated by 
random mutagenesis and selected on the basis of a com-
mon phenotype — that can be used to dissect a particular 
process of interest16,17 (FIG. 1). To generate mutants, male 
fish are exposed to the mutagen ethylnitrosourea (ENU), 
which typically induces point mutations. Zebrafish are 
relatively resistant to ENU toxicity, allowing higher levels 
of mutagenesis and specific locus hit rates than can be 
achieved with other vertebrate models16,17,21,22. Random 
mutagenesis has also been successfully carried out in 
zebrafish using retroviral methods18,23. Although lower 
in efficiency than chemical mutagens, this method has 
the advantage of tagging each insertion event, greatly 
facilitating the identification of the mutated gene and 
circumventing the laborious positional cloning that is 
required with other forward-genetic approaches.

Zebrafish forward-genetic screens are facilitated by 
the transparency of embryos and larvae, attributes that 
increase the ease of phenotypic screening, allowing this 
to be done on a large scale without sophisticated infra-
structure or equipment. The ease of phenotype accessment 
is an often overlooked facet of the design of forward-
genetic screens, and it is here that the zebrafish excels as a 
model system. These features provide an advantage over 
other vertebrate genetic systems, including the mouse, 
in which aspects of organogenesis and disease pathology 
cannot be examined without interventions such as 

Table 1 | Attributes of some key animals used to model human disease

Attribute of disease model Model organism

Fly Zebrafish Mouse Rat

Practical issues

Husbandry infrastructure $ $ $$$ $$$

Cost per animal per year $ $ $$$ $$$

Characterized inbred strains + - ++++ +++

Outbred laboratory strains + +++ ++ ++

Anatomical similarity - + ++ ++

Molecular or genetic similarity + ++ +++ +++

Pathological similarity - ++ +++ +++

Storage; for example, freezing sperm No Yes Yes Yes

Molecular biology tools

Transgenesis* ++ ++ ++ ++

Targeted gene modification* + - ++++ +

Transient in vivo assays* ++ ++++ + +

Allelic series from TILLING* +++ ++++ ++ +

Feasibility of large-scale screens‡ ++++ +++ ++ +

Affordability of large-scale screens‡ ++++ +++ + -

Sequencing progress§ +++ ++ +++ ++

Annotation progress§ ++ ++ ++++ ++

Cell-biology tools

Cell lines and tissue culture ++ + ++++ +

Antibody reagents ++ + ++++ ++

*Reverse-genetics approach; ‡forward-genetics approach; §genome sequence; -, not relevant, 
or not a strength; $, $$, $$$ and +, ++, +++, relative cost ($) and strength (+) of the model in 
each category; ++++, outstanding strength of the model; TILLING, targeting induced local 
lesions in genomes.
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6th version of the Zebrafish Genome Assembly released.

MilestoneZebrafish publications

7th International Zebrafish Meeting, 1000 participants.

1st Strategic Conference of Zebrafish Investigators.

1st chemical genetic screen published.
European 6th Framework funds zebrafish models.
1st zebrafish transgenic model of a human cancer.

1st zebrafish TILLING report published.
1st Zebrafish Genome Assembly released.

Sanger Centre initiates Zebrafish Genome Sequencing.

Efficient germline transgenesis using transposons.

Results of the first insertional mutagenesis published.

1st zebrafish mutations cloned by positional cloning, linkage map established.
Zebrafish International Stock and Resource Centre (ZIRC) established.
Zebrafish web site resource ZFIN fully established.
Trans-NIH Zebrafish Initiative established.

Results of the large-scale Tübingen and Boston mutagenic screens published.

Developmental Staging Series published.

1st International Zebrafish Meeting, 300 participants.
1st zebrafish mutant cloned by candidate gene approach.

1st zebrafish laboratory manual published.

Large-scale mutagenesis initiated in Tübingen and Boston.

Genome Project first discussed.
Fate map of the early embryo established.

Small-scale mutagenesis.
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Candidate gene approach
Characterizing mutants by 

focusing attention on 

individual genes that, based 

on some prior information, 

might plausibly underlie the 

mutant phenotype, as 

compared to a systematic 

positional cloning strategy.

Hepatoerythropoietic 
porphyria
A congenital syndrome that 

is characterized clinically by 

light-sensitive dermatitis and 

biochemically by high urinary 

uroporphyrin excretion, 

due to defects in the gene 

encoding uroporphyrinogen 

decarboxylase.

Erythropoietic 
protoporphyria
A congenital syndrome that 

results from overproduction 

of protopophyrin due to a 

defect in the haem-synthesis 

enzyme ferrochelatase. It is 

characterized by light-sensitive 

dermatitis, mild anaemia 

and occasionally liver 

dysfunction and neuropathy.

DiGeorge syndrome
A syndrome that combines 

craniofacial, aortic, cardiac, 

thymic and auditory 

developmental defects, 

many of which are attributable 

to haploinsufficiency of the 

TBX1 gene. 

surgery or post-mortem examination. By contrast, dis-
ease phenotypes in zebrafish can often be determined by 
simple optical microscopy that can be further assisted 
by transgenic approaches that drive the expression of 
fluorescent proteins in specific tissues and organs.

Utilising these attributes, large-scale forward-genetic 
screens16,17 have recovered numerous zebrafish muta-
tions in genes that are orthologous to those causing 
human congenital disease, and which result in clear 
phenotypic similarities (recently reviewed in REF. 19). 
These screens have collected recessive mutants with 
lethal developmental phenotypes that usually repre-
sent the most severe form of the corresponding human 
syndrome. In some instances, the mutant phenotypes 
have been sufficiently similar to the disease pathology 
in humans to allow the mutation to be identified by a 
candidate gene approach. In these instances, the identifi-
cation of a zebrafish mutant as a model for a particular 
human disease has been relatively straightforward. For 
example, the cellular pathology of zebrafish muscle 
degeneration mutants presented superficial similarities 
to human muscular dystrophies. One of these mutants, 
sapje, carries a defect that impairs the zebrafish dystrophin 

gene24, which is homologous to the human gene that 
is affected in Duchenne muscular dystrophy, the most 
common form of human muscular dystrophy. Similarly, 
photosensitive erythrocytes and altered porphyrin profiles 
led to the characterization of the anaemic mutants yquem 
and dracula as models of hepatoerythropoietic porphyria 
and erythropoietic protoporphyria, respectively25,26. 
Phenotypic similarities between Tbx1 mutant mice 
and the zebrafish van gogh mutant also implicated 
TBX1 in the human DiGeorge syndrome, identifying 
van gogh as a model of this disease27.

Once a zebrafish disease model is generated, the 
ease of embryo manipulation enables further investiga-
tion of the molecular and cellular basis of the disease. 
Time-lapse analysis of disease progression is often used 
to define the onset and nature of in vivo pathology at 
cellular resolution. Most analyses can be carried out 
in the context of the whole organism, allowing rapid 
assessment of the phenotype. Often, this has resulted 
in the formation of new hypotheses about disease-
gene function, even when a well-studied mouse 
model exists for the same disease gene. In the case of 
muscular dystrophy, the zebrafish mutant sapje drew 

Box 1 | A historical perspective of zebrafish genetic research

The past decade and a half has seen a rapid uptake in the use of zebrafish as a model. Building on landmark 
embryological studies of the previous decade, the large-scale mutagenic programmes of the mid-1990s and the 
sequencing of the zebrafish genome by the Sanger Centre have fuelled a 40-fold rise in the number of zebrafish 
publications listed in PubMed. The number of mouse publications has risen 2.5-fold in the same period. TILLING, 
targeting induced local lesions in genomes.
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Table 2 | Comparative zebrafish biology for modelling human disease

Characteristics Key similarities to humans Key differences and unknowns

General biology 

Genome 
structure

Diploid; essentially contains the full vertebrate repertoire of genes Gene duplication resulting from ancestral whole-genome 
duplication, resulting in subfunctionalization and 
neofunctionalization

Anatomy Vertebrate body plan Aquatic adaptations include streamlined body plan and 
different locomotor strategies 

Diet and 
metabolism

Omnivorous Poikilothermic, grows optimally at 28.5°C 

Growth Growth is determinate (that is, proceeds to a limited maximum 
adult size); exhibits a saltatory growth pattern (for example, in fin 
regeneration)

Significant capacity for regeneration of many tissues and 
organs, for example, heart, fin, retina

Lifespan Juvenile and adult phases of growth around the point of 
reproductive maturity; evidence for age-related physiological 
changes, for example, in cognitive function

Lifespan of 3–5 years; generation time of 3 months

Systematic biology

Embryology Stages and processes of cleavage, early patterning, gastrulation, 
somitogenesis, organogenesis are all represented

Very rapid; non-placental, occurs ex vivo; influence of 
maternal transcripts; involves hatching

Skeletal system Complex ossified skeleton comprising cartilage and bone Lack long bone, cancellous bone, and bone marrow; 
joints are not weight-bearing

Muscle Axial and appendicular muscle groups; skeletal, cardiac and 
smooth muscle cell types; fast and slow skeletal muscle fibres

Fast- and slow-twitch muscle are topographically separate; 
tail-driven locomotion depends on alternating contraction 
of myotomal muscle; appendicular muscle bulk is 
proportionately small 

Nervous system 
and behaviour

Representative anatomy: fore-, mid- and hind-brain, including 
diencephalon, telencephalon and cerebellum; peripheral 
nervous system with motor and sensory components; enteric 
and autonomic nervous systems; specialized sensory organs: 
eye, olfactory system and ear; exhibit ‘higher’ behaviours and 
integrated neural function: memory, conditioned responses 
and social behaviours (for example, schooling)

Telencephalon has only a rudimentary cortex; fish-specific 
sensory organs, such as the lateral line; fish behaviours and 
cognitive function are abstracted or simplified compared 
with human behaviour

Haematopoietic 
and lymphoid/
immune systems

Multiple haematopoietic cell types: erythrocytes, myeloid cells 
(neutrophils, eosinophils, monocytes and macrophages), T- and 
B-lymphocytes; coagulation cascade for haemostasis; innate 
and adaptive humoral and cellular immunity

Erythrocytes are nucleated; possess thrombocytes rather 
than platelets; kidney interstitium is the haematopoietic site; 
details of humoral regulation of haematopoiesis are largely 
unknown; could have evolved fish-specific immune system 
components (for example, a family of immune receptors)

Cardiovascular 
system

Multi-chamber heart with an atrium and ventricle; circulation 
within arteries and veins; separate lymphatic circulation

Has left–right distinctions in cardiac anatomy, but does not 
have separate left–right circulations, that is, the heart has 
only two chambers; so far no evidence for secondary heart 
field derivatives; lymph nodes have not been described

Respiratory 
system

Cellular gas exchange; oxygenation is dependent on circulation 
and haemoglobin carriage

Respiration occurs in gills, not lungs; no pulmonary 
circulation; possess an endoderm-derived swim bladder 
(functioning as a variable buoyancy device), which 
corresponds embryologically but not functionally to the lungs

Gastrointestinal 
system

Major organs: liver, exocrine and endocrine pancreas, gall bladder; 
zonal specializations along the length of the absorptive alimentary 
tract; immune cells in lamina propria

Lack an acidified digestive organ; have an intestinal bulb 
rather than stomach; intestinal Paneth cell not present

Renal and 
urinary systems

Glomerular anatomy and function Filtration occurs in anterior and posterior kidneys; 
mesonephric rather than metanephric adult kidney; no 
bladder or prostate gland

Reproductive 
system

Molecular and embryological biology of germ-cell development; 
cellular anatomy of germ-cell organs, the testis and ovary

No sex chromosomes; mechanism of sex determination is 
uncertain; fertilization is ex vivo (that is, no uterus or the 
related internal female reproductive organs); oocytes are 
surrounded by a chorion, not the zona pellucida, which must 
be penetrated by sperm; non-lactating; no breast equivalent

Endocrine 
system

Most endocrine systems represented, for example, hypothalamic/
hypophyseal axis (glucocorticoids, growth hormone, thyroid 
hormone, prolactin), parathyroid hormone, insulin and renin

Differences in anatomical distribution of glands, for 
example, discrete parathyroid glands do not seem to be 
present; prolactin has a primary role in osmoregulation

Skin and 
appendages

Ectodermal derivative; pigmentation pattern is due to neural-
crest-derived pigment cells including melanocytes

Have structures unique to fish that are specialized for the 
aquatic environment (for example, elasmoid scales, mucous 
cells); lack mammalian appendages (for example, hair 
follicles, sebaceous glands); possess two additional pigment 
cell types: xanthophores and iridophores
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Congenital dyserythropoietic 
anaemia type 2
An hereditary anaemia 

characterized by binucleate 

marrow erythroid precursors, 

ineffective erythropoiesis, and 

acidified-serum-sensitive red 

cells (a positive Ham test). 

Although it maps to 20q11.2, 

the genetic basis is unknown.

attention to disruption at the myotendinous junction 
as a possible site of pathogenesis for the disease24.

Occasionally, zebrafish mutants have phenotypic sim-
ilarities to human diseases for which the molecular bases 
are unknown. For example, retsina is an anaemic mutant 
with binucleate erythrocytes that are highly reminiscent 
of those found in the marrow of patients with congenital 

dyserythropoietic anaemia type 2, for which a disease locus 
has not yet been found. This suggests that Erythroid 
band 3 (the protein that is altered in retsina mutants), 
or other proteins in the same complex, might be 
disrupted in this congenital disease28.

There is an important difference between this pheno-
type-driven approach for generating disease models and 
reverse-genetic strategies such as gene knockout. That is, 
when a zebrafish phenotype is associated with a mutation 
in the orthologue of a known human disease gene, other 
mutants with similar phenotypes immediately present 
themselves as potential candidate genes for that disease. 
This is a particularly compelling hypothesis when a zebraf-
ish mutant phenotype has pathological characteristics that 
are highly suggestive of a specific human disorder, even 
when the mutation maps away from known disease loci. For 
example, several putative polycystic kidney disease (PKD) 

Table 3a | Zebrafish disease models

Disease, pathological 
process or exposure

Example of zebrafish model Phenotype and/or studies of disease pathogenesis References

Congenital and hereditary disease

Birth defects, paediatric 
syndromes

Random mutants from ENU and insertional 
mutagenesis

Several thousand mutants with early phenotypes 
affecting developmental processes and organogenesis 

16,17,23

Disease-susceptibility traits ENU-mutation in adenomatous polyposis coli 
(apc) gene

apc+/– fish develop intestinal polyps 34

Ataxia telangiectasia morphant Increased radiation sensitivity 106

Carcinogenesis

Drug carcinogenicity testing Chemical carcinogen exposure Assorted tumours including sarcoma, seminoma 57

Cellular hyperproliferation Genetic screen for hyperproliferation 
mutants 

bmyb–/– ENU mutant with hyperproliferation cell 
phenotype; a subsequent chemical screen identified a 
specific suppressor

61,77,105

Oncogenesis Panel of insertion mutants in ribosomal 
protein gene loci

Unexpected increased incidence of tumours suggests 
a new mechanism of oncogenesis

107

Genomic instability Mutants resulting from forward-genetic 
screens

Increased incidence of spontaneous tumours or 
tumour susceptibility

59–61

Leukaemogenesis Tg(rag2:Myc) zebrafish Lethal acute lymphoblastic leukaemia; conditional 
variant using Cre-lox technology

63,53

Tg(rag2:bcl-2) zebrafish Lymphocytosis, transgene conferred steroid- and 
irradiation-resistance

64

Melanoma oncogenesis Tg(mitfa:BRAF) zebrafish Malignant melanoma 67

Cooperative tumorigenesis p53–/– ENU mutant zebrafish crossed with 
tumour-prone zebrafish strains

Accelerated tumorigenesis 45,67

Interbreeding of transgenic zebrafish 
expressing leukaemogenic genes

Accelerated leukaemogenesis 66

Infection

Gram-positive spp. Infect embryos with Bacillus subtilis Observe leukocyte behaviour 82

Mycobacterium spp. Infect embryos or adults with 
Mycobacterium marinum

Assess vulnerability, organism virulence, contribution 
of adaptive cellular immunity, transcriptome response

81,93,96

Gram-negative spp. Infect embryos with Escherichia coli, 
Salmonella arizonae

Observe leukocyte behaviour 82,93

Inflammation and wound healing

‘Sterile’ wounding Transect embryonic tail, or wound fin Observe, quantitate and modify leukocyte behaviour 83,90–92

Regeneration Fin transection Observe and quantitate regrowth 73,108,109

Removal of cardiac ventricular muscle Cardiac muscle regeneration 110,111

Immunological disease

Immune suppression Immune suppression by irradiation Myelosuppression; suppresses immune allograft 
rejection

112,113

Immune suppression due to T-cell 
dysfunction

Heightened susceptibility to M. marinum infection 96

ENU, ethylnitrosurea; Tg, transgenic model.
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Polycystic kidney diease
A genetically heterogenous 

group of disorders that are 

characterized by multiple 

renals cysts, associated 

with liver cysts and cerebral 

aneurysms.

Hermansky–Pudlak 
syndrome
A genetically heterogeneous 

syndrome that combines 

albinism, a bleeding diathesis 

and lysosomal storage defects 

with characteristic pigmented 

reticuloendothelial cells. 

Familial dilated 
cardiomyopathy
A spectrum of familial 

cardiomyopathies, a subset of 

which have been associated 

with mutations of the TTN gene.

loci were identified from a panel of zebrafish mutants 
with cystic kidney phenotypes, but only one carried 
a lesion in an orthologue of a known human PKD 
gene29. A more speculative example is provided by the 
fade out mutant, which shows retinal degeneration 
that is reminiscent of Hermansky–Pudlak syndrome, 
but which maps away from any of the known disease 
loci30. Given these examples of strong phenotypic 
parallelism between human diseases and zebrafish 
mutants, despite the involvement of apparently different 
genes, zebrafish mutants should be regarded as point-
ing to potential candidate disease genes, rather than 
dismissing them as quirks of fish physiology.

Zebrafish mutants can also provide functional evi-
dence for connecting a particular locus with a human 
disease phenotype, as demonstrated by the implication of 
titin (TTN) in familial dilated cardiomyopathy. Linkage 
of the large TTN locus with the human disorder had 
already been established31. However, the finding that ttn 
is aberrantly spliced in the zebrafish pickwick mutant32 
(which has a dysfunctional, poorly contractile heart) 
was important in making the connection between titin 
mutations and the disease33.

Humans who are heterozygous for dysfunctional 
alleles can show a predisposition to disease, delayed 
disease onset, a prodromal disease phase or sensitivity to 
a disease precipitant. These states can be modelled by 
zebrafish that are heterozygous for mutant alleles. For 
example, like their human and murine counterparts, 
zebrafish that are heterozygous for loss-of-function 
mutations in apc (the adenomatous polyposis coli ortho-
logue) develop intestinal neoplasias and are susceptible to 
intestinal carcinogens34. However, in both zebrafish and 
mice, the number of examples of haploinsufficiency-
related disease loci is small compared with humans, and 
diseases that are prevalent in dominant human forms are 
not uncommonly modelled by recessive alleles in mouse 
and zebrafish models. Whether this phenomenon results 
from biological differences between these species, the 
nature of the mutations that have been recovered or a bias 
in the phenotypic analysis remains to be determined.

Although single-gene disorders constitute a serious 
human disease load, the diseases that have the greatest 
impact on human populations, such as addiction, infec-
tious disease susceptibility, heart disease and cancer, 
seem to have complex polygenic modes of inheritance. 

Table 3b | Zebrafish disease models

Disease, pathological 
process or exposure

Example of zebrafish model Phenotype and/or studies of disease pathogenesis References

Metabolic disease

Iron-storage disorder ENU-induced mutation in ferroportin Discovery of ferroportin basolateral iron transporter, later 
implicated in Type IV haemochromatosis

114,115

Porphyria (exemplifying 
inborn errors of metabolism)

ENU-induced mutations affecting various 
haem-synthesis enzymes

Light-sensitive anaemia and haemolysis 25,26

Endocrine disease

Hypothyroidism Expose embryos to anti-thyroid drugs Biochemical hypothyroidism with developmental effects 116–118

Growth hormone excess Transgenic overexpression or direct 
administration

Increase in muscle bulk 119

Nutritional disease

Fasting and starvation Restrict food Affects fin growth 120

Vitamin deficiency Antagonize vitamin K by warfarin 
administration

Anti-coagulation 121

Psychological and behavioural abnormalities

Addiction Genetic screen for altered cocaine 
sensitivity

ENU mutants with cocaine insensitivity 39

Social behaviour Computer-assisted quantification of 
schooling and chasing behaviour

With tools to quantify behaviour, perturbations can be 
detected more easily and objectively

35

Mating behaviour Natural variation in behaviour Correlate reproductive success with territorial behaviour 122

Cognitive function Video recording of locomotor activity Age-related decline in defined cognitive responses, 
accelerated by genotoxic stress and attenuated by 
cholinergic upregulation

40

Toxicity and poisoning

Teratogenicity screening Transgenic zebrafish with scorable target 
transgene

Assay mutagenicity of chemicals 123

Teratogenicity mechanisms Thalidomide treatment of embryos and 
selected morphants

Antiangiogenic effect is mediated by C2-ceramide and 
sphingosine-1-phosphate pathway

124

Exposure to environmental 
chemicals

Arsenate and perchlorate exposure Disruptive effects on thyroid histology 125

ENU, ethylnitrosurea.
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Prodromal disease phase  
A phase of a disease in which 

a specific early symptom 

prefigures the full development 

of a disease, or a symptom 

indicates that a disease attack 

is imminent.

Conditioned place 
preference test
A psychological test to 

determine whether the 

regular association of a 

particular stimulus with 

a particular location leads to 

an alteration in behaviour that 

favours the location, regardless 

of whether the stimulus is 

present.

Caging
An experimental approach 

that delivers reagents in an 

inactive ‘caged’ form that can 

later be activated by a 

chemical, physical or genetic 

‘uncaging’ event.

Spinal muscular atrophy
A collection of syndromes 

caused by mutations in the 

SMN1 gene, characterized by 

spinal motor neuron 

degeneration causing muscle 

weakness and wasting.

Congenital sideroblastic 
anaemia
A congenital anaemia that is 

morphologically characterized 

by marrow red cell precursors 

with aggregates of non-haem 

iron around their nuclei, which 

is detectable by Prussian blue 

staining.The condition results 

from mutations in the gene 

encoding the haeme-synthesis 

enzyme δ-aminolevulinate 

synthetase. 

An advantage of modelling disease in zebrafish is the 
opportunity to do genetic suppressor and enhancer 
screens in the background of known disease-causing 
genes. Such screens are currently underway, and this 
approach provides one way to track down genes that 
influence disease susceptibility.

Zebrafish also provide the opportunity to study 
genetic influences on complex, integrated neurological 
functions that affect behaviour. Several pharmacological 
agents that alter synaptic transmission and neural mem-
brane stability in humans show analogous activities in 
zebrafish, suggesting the existence of similar neural net-
works in these organisms. Although cognitive function 
can be quantitated in mice, this is difficult to do on a scale 
that would be necessary for a genetic screen. Zebrafish 
behaviours are readily quantitated in bulk (for example, 
chasing or swimming behaviours35–39), for both larvae and 
adults (for example, by using a conditioned place preference 

test40). Superficially, these behaviours seem remote from 
complex human behaviours, and part of the challenge 
lies in abstracting human behaviour or deconstructing it 
to its components, so that analogies with fish behaviour 
can be drawn. One pointer to the potential contribution 
of zebrafish models to understanding the pathogenesis of 
behavioural disorders comes from the area of addic-
tion: zebrafish exhibit strain-dependent variations in 
alcohol susceptibility41 and specific mutants have been 
isolated with varying cocaine sensitivity, as monitored 
by a conditioned place-preference test39.

Reverse-genetics approaches. Reverse genetics involves 
studying the phenotypic consequences of perturbing the 
function of a gene of interest. Mouse geneticists have 
excelled in this regard, with gene targeting by homolo-
gous recombination making the mouse a powerful 
model for studying genetic diseases. However, zebraf-
ish mutants in orthologues of selected human disease 
loci can be generated by a reverse-genetic approach 
termed TILLING (targeting induced local lesions in 
genomes)42 (FIG. 1). Some of the first zebrafish mutants 
to be generated using this approach43,44 have mutations 
in genes involved in human disease: for example, rag1 
(recombination activating gene 1)21, which is a lympho-
cyte V(D)J recombinase associated with human severe 
combined immunodeficiency, and the tumour sup-
pressor genes p53 (REF. 45) and apc34,46. TILLING offers 
several advantages over gene targeting by homologous 
recombination. First, provided with a sufficiently large 
library to screen, an allelic series of random mutations 
can be collected21; such series have been extremely 
informative about gene function in invertebrate genetic 
models. An allelic series enables better genotype–
phenotype correlations to be made, which can provide 
insights into the molecular pathogenesis of disease. 
Importantly, from a population perspective, human 
congenital diseases are also typically generated by an 
allelic series of point mutations, which are more accu-
rately modelled by a set of point mutations introduced 
by chemical mutagenesis than by a single model that is 
made using standard homologous recombination, which 
often leaves a large and complex genomic footprint. 

Furthermore, missense and gain-of-function mutations 
can also be generated using TILLING, and these can be 
extremely informative in assaying gene function.

Retroviral mutagenesis in zebrafish, which was 
initially developed as a tagged insertional mutagenesis 
strategy for forward genetics, has also been developed 
commercially for the reverse-genetic identification of 
specific gene disruptions. Here, genetically mapped 
insertions in a given orthologue of a specific disease 
gene can be ordered ‘off-the-shelf ’ by researchers (see 
the Znomics web site).

In embryonic and larval zebrafish, reverse-genetic 
analyses are also facilitated by assays of gene function 
using transient rather than stable misexpression, which 
is technically easier than in mice as injection into the 
female pronucleus is not required. Microinjection 
of early embryos with either mRNA47 or antisense 
morpholino oligonucleotides48 results in transient gene 
overexpression or knockdown, respectively. Sophisticated 
compartmentalization and caging techniques allow 
tissue-specific and temporal-specific expression49. These 
techniques have been extremely useful for studying gene 
function during early zebrafish development. In the con-
text of disease modelling, they provide a relatively quick 
approach for examining potential genetic interactions 
that affect disease phenotype severity or penetrance, 
and for evaluating the therapeutic effect of removing or 
adding selected gene products in the context of disease-
related phenotypes. For example, the transient alteration 
of uridine-rich small nuclear ribonucleoprotein particle 
(U snRP) levels has helped to elucidate the cellular proc-
esses that underlie the neurodegenerative disorder spinal 

muscular atrophy50. In addition, the rescue of the sauternes 
mutant by overexpressing the haem biosynthesis path-
way enzyme δ-aminolevulinate synthase was presented 
as the first example of gene therapy for the analogous 
human disease, congenital sideroblastic anaemia51.

Transgenic approaches

The absence of a comparable technique to gene targeting 
by homologous recombination in mouse embryonic stem 
(ES) cells prevents the construction of zebrafish disease 
models using engineered endogenous loci. This form of 
genetic engineering is still not possible in zebrafish, despite 
the generation of zebrafish cell lines with similar properties 
to ES cells52 and the demonstration that Cre recombinase 
can function in zebrafish embryos53. However, non-
homologous engineering of the zebrafish genome has been 
feasible for many years, and the efficiency of germline 
transgenesis has recently been markedly improved using 
several transposon-mediated systems54,55. Transposon-
mediated transgenesis by simple injection of constructs 
into fertilized oocytes can result in a 50–80% efficency 
of germline transgenesis without the need to target the 
female pronucleus. This is far more rapid and efficient 
than the generation of transient and stable transgenic 
mice. This advantage, along with the optical transparency 
of the zebrafish embryo, is resulting in an ever-expanding 
panel of transgenic zebrafish expressing fluorescent 
proteins in various cell types, organs and anatomical 
patterns (reviewed in REF. 20). These lines facilitate 
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Figure 1 | Generating zebrafish disease models. Adult male zebrafish that have been mutagenized by immersion in 

water containing ethylnitrosourea (ENU) are outcrossed to generate the F
1
 founder population, which has a high 

density of mutations. A forward-genetic methodology, shown here as a classical diploid F
3
 schema16,17, drives the 

induced recessive mutations to homozygosity through two generations of intercrosses, resulting in one-quarter of 

the F
2
 family sibling intercrosses producing mutant progeny in one-quarter of the F

3
 embryos. Screening can be 

facilitated using transgenes that express GFP tissue-specifically. Mutations are selected by phenotype analysis and 

disease models are identified by their relatedness to human pathologies. Alternatively, males of the F
1 
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 (targeting induced local lesions in genomes), a reverse-genetic process21,43,44,46. This 

method uses PCR to amplify exons of a specific disease gene of interest from individual or pooled DNA from the 

F
1
 DNA library. The fish corresponding to the DNA library can either be a living library21,43, or can be more 

conveniently stored as a library of frozen sperm44. Multiple mutations are detected within amplicons by various 

heteroduplex-detecting methods43,44 or direct sequencing21,44. Once a mutation is detected within a given amplicon, 

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 resulting fish are intercrossed to 

generate heterozygous and homozygous mutants for the disease gene. With a large enough library, multiple 

different ENU-induced mutations will be identified, resulting in an allelic series. m, mutant allele; wt, wild type.
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Mosaic eye assay
A genetic assay based on 

the identification of different 

genetically determined 

pigmentation phenotypes 

in adjacent retinal pigment 

epithelium cells.

efficient genetic screening and allow pathological processes 
to be followed in real time by microscopy. Transgenesis 
also enables the overexpression of dominantly acting 
disease genes within specific tissues using different 
tissue-specific promoters and this approach has been used to 
generate several zebrafish cancer models (see below).

Zebrafish models of acquired disease

Although genetic approaches have underpinned the 
initial growth of zebrafish as a model of single-gene 
hereditary disorders and monogenic adult disease, an 
exciting emerging area is zebrafish modelling of acquired 
disease. These diseases, which constitute the bulk of the 
human disease load, have complex aetiologies, varied 
patterns of onset and diverse clinical manifestations, 
reflecting the complex genetic contribution to their 
pathogenesis. Although there are excellent mammalian 
models of many acquired diseases, these are generally not 
as readily manipulated in large-scale genetic or chemical 
screens as compared with zebrafish models. The need for 
zebrafish models is also driven by the fact that, although 
simplified in vitro cell-based assays have been useful for 
dissecting the components of complex physiological 
processes and pathological mechanisms, they have not 
provided a tractable integrated model of in vivo disease 
pathogenesis. To highlight how acquired diseases are now 
being studied in zebrafish, we focus below on two of the 
most developed models; in addition, TABLE 3 provides a 
systematic overview with selected examples.

Carcinogenesis. The use of zebrafish for carcinogenicity 
testing of chemicals and in toxicology long predates their 
use as a genetic model62. Zebrafish develop malignant 
tumours spontaneously and in response to mutagens56 
and carcinogens57,58, a propensity that is increased 
on genetically unstable genomic backgrounds59–61 or on 
loss of tumour suppressor function (for example, p53)45. 
These spontaneous tumours are generally not of the 
types that are common in humans, and include a range 
of epithelial, liver and peripheral nerve sheath tumours, 
as well as seminomas and sarcomas. However, several 
common human tumour types have been modelled 
in zebrafish using transgenesis, confirming that the 
molecular mechanisms that underpin mammalian 
tumorigenesis also apply in zebrafish.

Perhaps the best-studied example of induced tumori-
genesis in zebrafish is lymphoid leukaemia. In zebrafish, 
this cancer can result from overexpression of a classi-
cal dominant oncogene, Tg(rag2:mouse-c-Myc)53,63, 
a pro-survival molecule, Tg(rag2:zebrafish-bcl2)64, a 
classical fusion oncogene, Tg(xenopus-E1α:human-
ETV6-RUNX1 synonym TEL-AML1)65 and an activated 
signalling pathway, Tg(rag2:human-NOTCH1)66. These 
effector transgenes are collectively derived from mice, 
zebrafish and humans, attesting to the high degree of 
functional interspecies conservation in these oncogenic 
pathways. The long latency and incomplete penetrance 
of leukaemia occurrence in these transgenic fish sug-
gests that, as in mammals, these oncogenes require 
cooperative mutations to cause flagrant leukaemia. 
Genetic modifier screens, which are feasible in zebrafish, 

would be well suited to detecting these mutations. 
Indeed, interbreeding several of these transgenic lines 
has resulted in cooperative leukaemogenesis (which has 
a shorter disease latency)66, providing genetic evidence 
in support of this approach.

Melanoma has also been modelled in transgenic zebra-
fish that overexpress in neural crest cells an activated 
human BRAF oncogene, carrying the RAS-pathway-
activating mutation that is the most prevalent in human 
melanoma67. These transgenic zebrafish develop 
pigmented naevi and, when p53 is also inactivated, 
melanomas. In addition, tumour–host interactions have 
been studied in zebrafish through xenografting cells 
from a human melanoma cell line into early zebrafish 
embryos68. The secretion of specific signalling mol-
ecules by the xenograft induced embryonic patterning 
defects, and expression analysis and functional stud-
ies identified a role for specific signalling pathways in 
melanoma tumorigenesis. Xenografts of colorectal and 
pancreatic cancer cell lines into zebrafish have also been 
described69. Finally, the study of a zebrafish pigmenta-
tion mutant (golden) has provided new insight into the 
genetic basis of racial pigmentation differences70. Given 
that skin pigmentation type is a strong determinant 
of melanoma risk in humans71, it will be interesting to 
investigate the extent to which variation at the golden 
locus is a determinant of ultraviolet-light-related 
melanoma susceptibility in zebrafish.

The optical transparency of zebrafish and the avail-
ability of lines with fluorescently marked cells provide 
attractive opportunities to understand mechanisms of 
tumorigenesis. Inducing malignancy in transgenic fish 
carrying oncogenes with fluorescent tags, or in 
fish with appropriate fluorescently marked cell types, 
results in fluorescent tumours53,63,64, allowing recognition 
of tumour onset, location and the estimation of tumour 
bulk. These approaches can be used to design efficient 
and practical mutational screens for mutations that 
affect different aspects of tumourgeneis. Similarly, the 
host response to tumour development could be studied 
in vivo; for example, by exploiting the fluorescent vascu-
lature and lymphatic vessels of Tg(fli1:GFP) transgenic 
zebrafish72, an approach already applied to the study of 
regeneration and wound healing73.

Forward-genetic screens have identified mutants with 
cancer predisposition phenotypes. One imaginatively 
designed screen used a mosaic eye assay to identify poten-
tial genomic instability mutants. This approach resulted 
in the identification of 12 mutants, some of which showed 
genetic interactions as transheterozygotes59. Many of these 
mutants — which have not yet been cloned — exhibit 
increased rates of spontaneous tumour development as 
heterozygotes. Another screen, which was designed to 
detect hyperproliferation through the analysis of phospho-
histone H3 expression, recovered eight cell-proliferation 
mutants; two of these have been described in detail and 
exhibit cancer susceptibility in carcinogenesis assays60,61.

It remains to be determined whether all aspects of 
human tumour biology are replicated in zebrafish. In par-
ticular, convincing models of tumour metastasis have not 
yet been described, although the recent demonstration 
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of the presence of a lymphatic system in zebrafish74,75 and 
the proven utility of zebrafish as a model for studying 
angiogenesis during development suggest that both blood- 
and lymph-borne metastasis models might be provided.

Although the mechanistic and pathological correla-
tions between zebrafish tumour models and their murine 
and human counterparts are interesting, their greatest 
promise and ‘discovery value’ stems from the prospect 
of using the zebrafish models to identify enhancers or 
suppressors in whole-animal tumour models, in either 
genetic or small-molecule screens. By using librar-
ies of small molecules that have not been selected for 
their known targets, such screens make no presump-
tions about the most effective antitumour approach, 
and therefore have great potential for identifying new 
therapeutic targets and treatments76. With zebrafish, 
the logistics and costs of a screen that focuses on one 
disease are not as prohibitive as in the mouse. The poten-
tial of this approach is exemplified by the identification 
of persynthamide, a chemical modifier of the generalized 
hyperproliferative (albeit non-malignant) phenotype of 
the zebrafish bmyb mutant crash and burn61,77 (FIG. 2).

Infection and inflammation. The mouse is a pre-
eminent model for the study of immune function, 
owing to a large body of knowledge and reagents for 
cell-biological and molecular studies that have been 
accumulated over decades. Genetic screens have 
been undertaken in the mouse to identify genes control-
ling the immune response (reviewed in REF. 78); however, 
these screens are limited by aspects of mouse biology 
such as the difficulty of recognizing relevant embryonic 
lethal phenotypes78. Therefore, the need remains for 
a genetically tractable system such as the zebrafish to 
investigate the genes that are involved in host defence 
mechanisms (for example, by searching for susceptibility 
and resistance loci for particular pathogens and identi-
fying innate immune response modifier loci). Unlike 
the other two genetically tractable models for infection, 
inflammation and immune disease — Caenorhabditis 
elegans and Drosophila melanogaster — zebrafish have 
an adaptive immune system, which is an evolutionary 
innovation of jawed fish (reviewed in REF. 79).

Zebrafish are susceptible to infection by Gram-positive 
and Gram-negative bacteria, mycobacteria, protozoa and 
viruses (reviewed in REF. 80). The zebrafish innate 
immune response81 involves phagocytic cells such as 
macrophages and neutrophils82–84, cytokines and their sig-
nalling molecules85,86, and adaptive humoral and cellular 
immunity87,88. Inflammatory processes can be visualized 
in transparent zebrafish embryos; furthermore, studies 
of the cellular components of the inflammatory response 
have been enhanced by the use of transgenic zebrafish 
with GFP-marked macrophages72,89,90, neutrophils91,92 and 
endothelia72, and by transgenic GFP-expressing patho-
gens93,94, providing new opportunities for examining the 
fully integrated host–pathogen interaction quantitatively, 
in real time and in vivo. For example, using wounding as 
a model of sterile acute inflammation, the participation 
of transgene-marked fluorescent zebrafish neutrophils 
in acute inflammation has been studied, formally 

demonstrating that neutrophil emigration from an 
inflammatory lesion92 and neutrophil apoptosis91 are 
important components of the resolution of inflamma-
tory responses. Similarly, in zebrafish embryos with 
transgene-marked fluorescent macrophages, the chemo-
tactic response of embryonic macrophages was shown to 
involve a Rho-kinase-dependent mechanism90.

Tuberculosis, caused by mycobacteria, provides an 
example of modelling the host–pathogen interaction 
in zebrafish. Mycobacterium marium is an endemic 
chronic infection of zebrafish95, and conditions have 
been established for experimental infection of embryos93 
and adults96. Whereas the mouse provides a good model 
of the latent, pathologically inactive phase of human 
tuberculosis, mycobacteria-infected zebrafish demon-
strate active disease with its typical pathology, including 
caseated granulomas. However, zebrafish seem unable to 
eradicate the pathogen, despite the involvement of a cell-
mediated immune response96. Zebrafish mycobacterial 
infection models therefore provide a basis for undertak-
ing genetic dissections of the host- and pathogen-related 
determinants of active tuberculous, that is, infection sus-
ceptibility traits and organism virulence determinants. 
At least in theory, if the fluorescent signal of GFP-marked 
host or pathogen strains could be quantified, these traits 
could be examined using QTL approaches.

Although these examples illustrate the opportu-
nities for modelling infectious disease in zebrafish, 
there remain some potential problems80. First, human 
pathogens cause disease at 37°C, whereas zebrafish are 
maintained at 28°C; it might not be possible, therefore, 
to study some pathogens at this lower temperature. This 
problem could be circumvented by using fish-specific 
pathogens, but the host–pathogen interactions that could 
be studied using this approach might be fish-specific. 
Second, the almost complete lack of monoclonal antibodies 
to surface antigens of zebrafish immune cells greatly 
limits cell-biological analyses of these processes. Finally, 
crucial gaps remain in the comparative physiology of the 
zebrafish immune system, which might impinge on 
the validity and usefulness of modelling human infections 
in zebrafish, for example, the degree to which adaptive 
immunity and the complex humoral regulation of 
mammalian granulopoiesis are recapitulated in fish, the 
identification of dendritic cells in zebrafish, and whether 
there are fish-specific aspects of immune function.

Zebrafish disease models and drug discovery

From a clinical perspective, the most practical contribu-
tion that a disease model can make is to improve diagnosis 
and therapy. Efficacious, well tolerated disease therapy 
is ultimately about selectively suppressing an unwanted 
phenotype without eliciting side-effects. There is only 
a limited scope for the use of zebrafish to model non-
pharmacological therapeutics, such as those approaches 
that depend on anatomical modification (for example, sur-
gical approaches) or tissue remodelling, and other models 
will remain superior for this. By contrast, the intersection 
of pharmacology and disease modelling in zebrafish 
promises to be especially productive, and it is particu-
larly in the area of new drug discovery that zebrafish 
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Figure 2 | The application of chemical genetics in zebrafish. Once a zebrafish disease model is identified, an 

initial phase of phenotypic assessment is required before a chemical-suppression screen can be implemented97. 

Careful quantitation and assessment of the phenotypic penetrance are crucial and can be greatly aided by the use 

of transgenic indicator strains that express GFP in the affected tissues. Furthermore, information about the 

molecular, biochemical or cellular role of the gene will help to implicate the target of any small molecule that is 

identified. Characterized phenotypes can then be screened against small-molecule libraries from various academic 

and commercial sources (see Further information). Initial screens have suggested that the structural diversity of the 

library is a key determinant of the likelihood of success. Small groups of zebrafish embryos or larvae are arrayed in 

multi-well microtitre plates and standard concentrations of small molecules are robotically pipetted into the 

raising media in individual wells. Throughput is increased if suppression can be assessed directly in the larvae using 

fluorescent read-outs, or if it can be made quantitative in some way, particularly if the scoring process is suited to 

automation. Scoring can also be coupled with an immunological or gene-expression assay (for example, the crash 

and burn screen that used the anti-histone H3 antibody) to monitor cell-cycle progression. The active compounds 

that are identified can undergo a secondary process of validation, dose and toxicity assessment, and can be 

extended by exploration of analogues generated by combinatorial chemistry, before proceeding to testing in 

other animal models. The figure outlines two examples (for more details, see the main text): chemical suppression 

of the gridlock zebrafish model of aortic coarctation100–102; and chemical suppression of the crash and burn 

zebrafish model of mitotic arrest and genome instability61,77,105. m, mutant allele; wt, wild type. Images of the 

gridlock mutant reproduced with permission from Nature Biotechnology REF. 100 © (2004) Macmillan Publishers Ltd. 

Images of the crash and burn mutant reproduced with permission from Nature Chemical Biology REF. 77 © (2005) 

Macmillan Publishers Ltd.  
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provides advantages over other models. Zebrafish is the 
premier whole-animal vertebrate model for the screening 
of chemical libraries when searching for lead compounds 
with a desired therapeutic bioactivity. The recent iden-
tification of zebrafish models of genetic and acquired 
disease has allowed the integration of these models with 
large-scale small-molecule screens, and has resulted in 
the identification of new lead therapeutic compounds.

Drug discovery by chemical screening in zebrafish. 
Chemical genetics is conceptually simple: zebrafish 
embryos or larvae are arrayed in small groups into 96-well 
microtitre plates, and small-molecule libraries are roboti-
cally dispensed into the raising media97 (FIG. 2). To take full 
advantage of the fecundity, rapid development and optical 
transparency of zebrafish embryos, it must be possible to 
monitor drug efficacy in embryos or larvae. The end point 
of such a screen might be as simple as survival (that is, ask-
ing if the test molecule is toxic or not), or it might involve 
direct visual assessment of the severity of a specific pheno-
type. This approach can be greatly facilitated by using an 
indicator strain expressing GFP in a tissue that is affected 
by the pathogenic process. End points might also depend 
on, or be combined with, refined phenotype evalua-
tions such as immunohistochemistry or whole-mount 
in situ hybridization gene-expression analyses.

Although it is feasible to screen zebrafish pheno-
types efficiently on the basis of direct visual inspection, 
throughput efficiencies are enhanced by screen designs 
that can be quantitated and automated. An example of 
this is an automated assay for assessing heart rate using 
a transgenic zebrafish line with myocardium-restricted 
fluorescence and a digital videomicroscopy-based, pixel-
enumeration, computerized scoring strategy, which can 
be used in high-throughput settings98.

Because the zebrafish drug screening approach uses 
whole animals, it has the advantage of incorporating both 
a requirement for bioavailability and an assay of toxicity. 
This allows the process to leapfrog several hurdles that 
plague current drug discovery mechanisms that rely on 
in vitro cell lines or biochemical screens. Furthermore, 
in contrast to traditional biochemical assays that focus 
on specific molecular targets, a screen that centres on 
a phenotypic outcome has the advantage of making no 
presumption about the specific molecular mechanisms 
that are involved, therefore potentially identifying previ-
ously unsuspected proteins and pathways as drug targets. 
Indeed, identifying the molecular targets of efficacious 
drugs can be a challenge in phenotype-led drug discov-
ery projects, particularly as regulatory approval for drugs 
that are developed for therapeutic use in humans cur-
rently requires an understanding of not only which target 
is affected by a drug but also its mechanism of action99. 
Furthermore, it is possible that some hits might not carry 
cross-species activity into mammals. However, no drug 
discovery approach provides, from the outset, inherent 
proof of the feasibility of the proposed pharmacological 
intervention in achieving the desired disease-suppressing 
outcome in vivo in humans, and these caveats must 
be viewed in the light of the advantages that zebrafish 
whole-animal drug discovery approaches offer.

By carrying out screens using transgenic or mutant 
zebrafish that manifest particular disease phenotypes, 
disease-suppressing compounds can be identified. 
FIGURE 2 summarizes this approach and the results of two 
such chemical screens in zebrafish that have successfully 
isolated small molecules that suppress a selected disease 
phenotype100,101 or pathological mechanism61,77.

In the first example, small-molecule screening was 
used to suppress the gridlock (grl) mutant phenotype102. 
Homozygous mutant grl embryos have no circulation to 
the posterior trunk and tail because of a localized block 
to caudal blood flow at the base of the dorsal aorta, 
the region where the two anterior lateral dorsal aortae 
merge to form the single midline dorsal aorta. The phe-
notype of this mutation is highly similar to a common 
human congenital disorder termed coarctation of the 

aorta, which is associated with significant abnormali-
ties of the vasculature. The grl phenotype is caused by 
a mutation in the hey2 gene103, which encodes a tran-
scriptional repressor of the bHLH class that drives 
angioblast differentiation to an arterial fate rather than a 
venous fate in a dose-dependent manner104. Disruption 
of hey2 results in the formation of insufficient num-
bers of arterial cells, and hence aortic deficiency. A 
phenotype-based small-molecule screen was used to 
discover two different classes of compound that sup-
press the coarctation phenotype of grl mutants, assaying 
for rescue by looking for restored blood flow and the 
survival of larvae using brightfield microscopy100. Two 
structurally related compounds, GS3999 and GS4012, 
fully suppressed the aortic defect, probably through 
induction of vascular endothelial growth factor (VEGF) 
expression. A second screen isolated a structurally unre-
lated chemical suppressor, GS4898, which suppressed 
the grl phenotype in a similar manner to the earlier 
identified compounds101. GS4898 was shown to be 
structurally similar to the phosphatidylinositol 3-kinase 
(PI3K) inhibitor LY29002, which also suppresses the grl 
phenotype, again immediately identifying the mode of 
action of this compound. Thus, chemical screens not 
only produce valuable lead compounds for therapy (the 
compounds identified here have therapeutic potential 
for instances in which vascular remodelling is required), 
but are also informative about the basic biological pro-
cess involved in the defects under study. Whether these 
leads translate into new therapeutic agents remains 
to be seen99.

In the second example, a similar screening process 
was used to identify compounds that chemically suppress 
the phenotype of crash and burn (crb)77. crb results from 
mutations in the ubiquitously expressed transcription 
factor bmyb, which is known to control cell proliferation 
and has a role in cancer. Cell-cycle progression is blocked 
in crb mutants, resulting in a failure of cells to progress 
through mitosis61. Homozygous crb mutants exhibit a 
large increase in the number of cells that are positive 
for anti-phosphohistone H3 immunostaining, owing 
to a failure of cells to progress through G2. This failure 
of cell-cycle progression is attributed to a reduction 
in cyclin B1, a key cell-cycle regulator. In this chemi-
cal screen77,105, compounds derived from a structurally 

Coarctation of the aorta
A disorder, usually congenital, 

resulting from a constriction in 

the thoracic aorta, typically 

in the vicinity of the ductus 

arteriosus. Upper-limb 

hypertension is a clinical 

characteristic. 
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diverse, unselected chemical library were tested for their 
ability to control cell division, and a previously unknown 
compound that suppressed the crb phenotype was 
identified and named persynthamide.

Lead compounds that are identified in such screens 
require further assessment for activity in mammalian 
systems. It is likely that lead compounds themselves will 
not have optimal bioavailability, specificity, therapeutic 
indices and dose-response relationships, and hence will 
almost certainly benefit from further medicinal chemical 
modification as part of their development into marketable 
therapeutic drugs. Nevertheless, it is clear that zebrafish 
screens have potential for identifying compounds 
for further characterization and development.

Conclusions

Our goal has been to draw on evidence provided by 
diverse examples to demonstrate the scope for zebrafish 
to model a wide range of human diseases, both in early 
and adult life, and to highlight the particular strengths 
of this model organism for biomedical research. No dis-
ease model is perfect. Using zebrafish to model human 
disease will almost certainly always require acceptance 
of a greater degree of abstraction than is required when 
working with mammalian models. There will be cases 
in which gene function has diverged between zebrafish 
and humans sufficiently to undermine any phenotypic 
similarity between a fish mutant and the correspond-
ing human syndrome. There will also be aspects of 
zebrafish physiology that complicate some disease 
models. However, despite these caveats, the examples 
that we have provided show that zebrafish can be used 
to model diseases that affect many different organ 
systems, that are due to a range of different patholo-
gies, and that result in diverse phenotypic or clinical 
consequences for the whole organism.

Currently, modelling a disease in embryonic or larval 
(rather than adult) zebrafish takes most advantage of the 
strengths of this model organism. However, experimen-
tation with adult animals is also proving rewarding (for 
example, an age-related decline in cognitive function 
has been modelled in zebrafish40) and this will be a 
growing area. However, a better understanding of the 
comparative anatomy and physiology of adult zebrafish 
will be required, and several projects are underway to 
bridge this gap. Another ongoing challenge is to transfer 
the technical advantages of working with embryonic 
zebrafish into advantages for working with the adult 
organism, although there are now examples of this.

A further challenge will be to maintain the ongoing 
development of community-based resources for zebra-
fish research. To date, zebrafish researchers have taken 
a community-minded approach, and have invested 
heavily in stock centres, information and database 
resources, and the free exchange of materials and 
strains (see The Zebrafish Model Organism Database 
(ZFIN) and the Zebrafish International Resource 
Center web sites). However, the ongoing exponential 
increase in the use and demand for zebrafish resources 
will outstrip the ability of community-based resources 
to provide access to key material for all who work with 
this model. The main pressure points will be stock cen-
tres and the sequencing of the zebrafish genome, both 
of which will require continued ongoing investment to 
provide the necessary quality of material and sufficient 
access to it.

With ongoing investment in zebrafish research, 
zebrafish models of disease offer experimental strengths 
that can work alongside and along with other human 
disease models to improve the understanding of dis-
ease pathogenesis and ultimately develop new, effective 
therapies for a wide range of human diseases.
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Sanger Centre: http://www.sanger.ac.uk
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http://zfin.org
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and Disease: http://www.zf-models.org

Znomics: http://www.znomics.com/index.shtml

Access to this links box is available online.

R E V I E W S

NATURE REVIEWS | GENETICS  VOLUME 8 | MAY 2007 | 367

© 2007 Nature Publishing Group 

 

© 2007 Nature Publishing Group 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice




