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ABSTRACT  Basic research in pattern formation is concerned with the generation of phenotypes

and tissues. It can therefore lead to new tools for medical research. These include phenotypic

screening assays, applications in tissue engineering, as well as general advances in biomedical

knowledge. Our aim here is to discuss this emerging field with special reference to tools based on

zebrafish developmental biology. We describe phenotypic screening assays being developed in

our own and other labs. Our assays involve: (i) systemic or local administration of a test compound

or drug to zebrafish in vivo; (ii) the subsequent detection or "readout" of a defined phenotypic

change. A positive readout may result from binding of the test compound to a molecular target

involved in a developmental pathway. We present preliminary data on assays for compounds that

modulate skeletal patterning, bone turnover, immune responses, inflammation and early-life

stress. The assays use live zebrafish embryos and larvae as well as adult fish undergoing caudal

fin regeneration. We describe proof-of-concept studies on the localised targeting of compounds

into regeneration blastemas using microcarriers. Zebrafish are cheaper to maintain than rodents,

produce large numbers of transparent eggs, and some zebrafish assays could be scaled-up into

medium and high throughput screens. However, advances in automation and imaging are

required. Zebrafish cannot replace mammalian models in the drug development pipeline. Never-

theless, they can provide a cost-effective bridge between cell-based assays and mammalian

whole-organism models.

KEY WORDS: Danio rerio, zebrafish, high-throughput screening, high-content screening

This article is part of a special journal issue on "Pattern Forma-
tion". In this context, it seems appropriate to ask: ‘what benefits to
society can come from research into pattern formation?’ The
answer depends on how "pattern formation" is defined. For our
purposes, it includes developmental mechanisms that generate
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specific phenotypes (i.e. reproducible patterns of cell behaviour
or tissue organisation) during development or regeneration. This
definition of pattern formation identifies a number of areas of
research that are of potential benefit to society.

One is the field of human congenital malformations (the pres-
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ence at birth of anatomical abnormalities). Good examples are
human malformations of fingers and toes, some cases of which
are linked to mutations in the Hox family of developmental
patterning genes (Akarsu et al., 1996; Goodman et al., 1997;
Goodman, 2002). Teratology — the study of agents that cause
congenital malformations — can be seen as applied pattern
formation research. Tissue engineering, a medical research dis-
cipline that aims to create replacement tissues for patients who
have suffered injury or surgical removal of tissues, is another area
where knowledge of pattern formation can be applied. To date,
the commonest approach to tissue engineering is to culture
autologous cells on a synthetic template (Silva and Mooney,
2004). In the future, however, it may be possible to promote
pattern formation by these cells so that they generate self-
organised tissues or structures (Brockes and Kumar, 2005; Reddi,
2000).

Here, we discuss how new medical research tools are emerg-
ing from zebrafish developmental biology research. We describe
a range of zebrafish-based phenotypic assays for drug screening
and tissue engineering. Preliminary data and proof-of-concept
studies from our own labs are also presented.

Zebrafish developmental models: pros and cons

The zebrafish (Danio rerio) is a tropical, freshwater teleost fish
related to the carp. It is widely used for fundamental research into
pattern formation, developmental mechanisms and disease pro-
cesses. Several technical and practical considerations make
zebrafish useful in such research (reviewed by Dahm and Geisler,
2006; Kari et al., 2007). They are cheap to breed, with pairs
producing 100 – 400 eggs per week throughout the year (Dahm
and Geisler, 2006). In contrast to mammalian model species such
as rodents, zebrafish develop outside the mother. This means
that they can be raised in Petri dishes or even multi-well plates
filled with water. Morpholino knockdowns (www.genetools.com)
can be performed by injecting the yolk sac of early cleavages
stage embryos, and the tissues of the developing embryo are
transparent or translucent, making it possible to perform live
imaging studies. Their genome is available as a preliminary
assembly1, and thousands of mutant lines have been generated
(Driever et al., 1996; Haffter et al., 1996). Robotics are being
developed to allow medium- and high-throughput screening (e.g.
Wang et al., 2007). Finally, many human disease-related genes
have orthologues in the zebrafish2. These features of the zebrafish
model system make it useful for drug screening and other types
of applied research (Berghmans et al., 2005; Kari et al., 2007;
Lieschke and Currie, 2007; Rubinstein, 2003; Stern and Zon,
2003; Zon and Peterson, 2005).

Humans and zebrafish share a common ancestor that lived
around 400 million years ago (Dahm and Geisler, 2006). This has
led to obvious divergence in form and function. For example,
zebrafish lack synovial joints, hair follicles, cardiac septation,
lungs, external genitalia, mammary glands, limbs, bone marrow,
and other features possessed by humans. Furthermore, zebrafish

are cold-blooded; their adults and embryos are typically raised at
28.5°C. This means that mammalian cells, transplanted into a
zebrafish host, are not at their normal physiological temperature
— although they can survive, migrate and proliferate in the
zebrafish host (e.g. Haldi et al., 2006). A further consideration is
that teleost fish, including the zebrafish, have undergone an extra
round of partial genome duplication compared to tetrapods, and
so 20% of mammalian genes have two orthologues in zebrafish
(Dahm and Geisler, 2006). Such gene duplications may well be
associated with changes in function of at least one member of the
gene pair (Prince and Pickett, 2002).

These considerations show that models based on zebrafish
developmental processes are useful only in specific contexts (a
fact that applies to all animal models of development and disease;
see Bier and McGinnis, 2003). These contexts, as we shall
discuss below, include high-throughput screening, and the testing
of drugs that act at early developmental stages (i.e. stages when
rodent embryos are relatively inaccessible in utero). Zebrafish
cannot replace mammalian models in the drug development
pipeline — particularly at later stages when the regulatory authori-
ties demand studies in mammalians and clinical trials. Further-
more, zebrafish are not the only options for high throughput drug
screening; mammalian cell-based assays are extremely cost-
effective. However, cell-based assays can not be used for study-
ing organism-level features of diseases, or complex biological
phenomena. A particularly severe test of cell culture systems is
provided by diseases such as depression or anxiety which de-
mand a whole animal model, at least for phenotype-based as-
says. Zebrafish developmental models can therefore function as
a useful bridge between cell-based models on the one hand, and
rodent whole-organism models on the other (Fig. 1).

Skeletal patterning and regeneration

The zebrafish shares many key features of bone formation with
humans and other animals (Mari-Beffa et al., 2007; Renn et al.,
2006). Dermal bone is found in the fin rays, while endochondral
bone is present in the supporting skeleton at the fin base (Bird and
Mabee, 2003; Grandel and Schulte-Merker, 1998). Staining with
the fluorescent chromophore Calcein can provide a simple read-
out3 for bone assays in the zebrafish. It stains calcified tissue in
live fish, including the head skeleton at 5 days post-fertilisation
(dpf), the axial skeleton at 7dpf and caudal fin rays at day 12.
Calcein staining is abolished locally in the zebrafish skeleton by
ectopic expression of BMP2 (Du et al., 2001).

Possibilities for the use of cheaper, non-animal research
models in the field of bone and joint disease are limited. For
mineralised bone, good cell lines are not available, and work with
patients’ tissue is limited by the availability of samples. Special
cell culture systems can be used to some extent (e.g. the micromass
culture of cells to study cartilage development (Daniels et al.,
1996). But studying, for example, the destruction of articular
cartilage during an inflammatory response is not always easy to
model in vitro, given the complexity of cellular interactions in-

1 At the time of writing (January, 2008), assembly version 7 (Zv7) was available on the website http://www.ensembl.org
2 See, for example, the human–zebrafish disease gene library at http://zenemark3.znomics.com/cgi-bin/diseaselib.pl
3 In this article, the term "readout" refers to the endpoint of a phenotypic character which is recorded at the end of the assay. The state of that character

is used to determine whether the test compound has a specific biological effect.
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volved. The zebrafish raises the possibility of replacing mamma-
lian testing of osteogenic compounds on mammals. Previously,
mammals have been used for the implantation of osteogenic
drugs and surgical matrices, and then killed for histological
analysis. This work typically uses goats, dogs, rabbits or rodents
(Dai et al., 2005; Habibovic et al., 2006; Yamamoto et al., 2006;
Yuan et al., 2006b). And while these tests are scientifically
valuable, they are also expensive and raise ethical and welfare
issues.

As mentioned above, synovial joints are lacking in the zebrafish,
and so its uses as a model for human joint disease are limited.
Furthermore, endochondral bone at the base of the fin does not
regenerate. Nonetheless, other processes central to many bone
and joint diseases, namely inflammatory responses, bone forma-
tion and bone turnover, can be modelled in fish.

Skeletal regeneration and osteogenesis models
Adult zebrafish are capable of regenerating multiple structures

including fins, optic nerve, scales, heart, and spinal cord (Becker
et al., 1997; Bereiter-Hahn and Zylberberg, 1993; Bernhardt et al.,
1996; Poss et al., 2002); for reviews see (Akimenko et al., 2003;
Nakatani et al., 2007; Poss et al., 2003).

The caudal fin regeneration system is particularly well-studied.
When the caudal fin of an adult fish is amputated, the stump is
covered by a specialized wound epidermis within one day. Be-
neath the wound epidermis undifferentiated mesenchymal pro-
genitor cells start to accumulate probably through dedifferentia-
tion processes (Akimenko et al., 2003; Akimenko et al., 1995;
Poss et al., 2003). These cells will make up the blastema.
Connective tissue cells, the main cell population of the fin, are
excellent candidates for blastema formation (Akimenko et al.,
2003). It has also been shown that intra-ray cells located up to
seven segments proximal to the wound can migrate along the ray
and contribute to the blastema (Poleo et al., 2001).

Another osteogenesis model — the regenerating fish scale —
is developed mainly in teleosts other than zebrafish. Scales offer
a unique and versatile model for studying osteogenesis. They
make up a significant bone compartment in scaled fish, where up

resemble mammalian bone, with scleroblasts and osteoclasts as
the cellular units controlling bone mass.

When a scale is plucked from the skin, osteoblasts and
osteoclasts remain attached to the scale. The scale bone plate
and associated cells are easily cultured, providing a bone cell
culture with all cells attached to a natural bone matrix and directly
exposed to the medium of choice. Further advantages are the
possibilities to manipulate bone cell kinetics (by adapting the
ectothermic fish to different water temperatures), or manipulating
its growth rate (by altered feeding levels).

Classical markers for osteoblast activity (e.g. calcitriol-sensi-
tive alkaline phosphatase; ALP), and osteoclast activity (e.g.
tartrate-resistant acid phosphatase; TRAP), can be biochemically
or immunohistochemically assessed. Our present studies focus
on the molecular markers for bone formation and their endocrine
control systems (e.g. PTHrP and calcitriol and their receptors;
(Abbink and Flik, 2007; Lock et al., 2007), which are remarkably
conserved at the nucleotide and protein levels in most fish,
including cyprinid species such as zebrafish and common carp.
Most genes for bone-regulatory (e.g. BMPs) and bone matrix
proteins (collagen type I, osteonectin) appear extremely well-
conserved among vertebrates.

Importantly, in the emptied scale pocket that results from
removal of a scale, mesenchymal progenitor cells, called scale
pocket lining cells, reorganise to rapidly form a same-sized, new
scale. This takes one to three weeks, depending on the ambient
temperature of the fish (carp and, to a lesser extent zebrafish, are
eurytherm fishes, and this allows for experimental control over
bone formation kinetics). We will focus on both zebrafish and carp
in future studies, but use the carp, with its large scales, for model
development. The osteogenetic process of a regenerating scale
is comparable to appositional or mammalian membranous bone
formation (Yoshikubo et al., 2005).

Development and regeneration of scales appear basically
similar in terms of morphology, but differ as a result of the rate of
bone formation and the relative size of appositional bone forma-
tion zones (Fig. 2). As a result, any designated region of the scale
can be dissected to obtain cells that are progenitor-like (early

Fig. 1. A potential drug development pipeline showing incorporation of novel approaches using
cell-based and zebrafish assays into target discovery and zebrafish assays into compound screening.

to 20% of the total body calcium pool may
reside. Fish scales are dermal bone
plates, formed by scleroblasts — osteo-
blast-like cells that form an armour for
protection. Scales also provide the fish
with an important and readily exchange-
able calcium and phosphate buffer com-
partment for whole body calcium and
phosphate homeostasis (Bereiter-Hahn
and Zylberberg, 1993; Flik et al., 1986).
Scalar calcium may, for instance, be re-
cruited during periods of increased cal-
cium demand such as during oogenesis/
vitellogenesis or when environmental
sources for calcium are low (e.g. in very
soft water). Both bone formation (medi-
ated by scleroblasts) as well as bone
degradation (mediated by scleroblasts or
multinuclear osteoclasts) is observed in
scales in the intact fish. Thus, morpho-
logically and physiologically, fish scales
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regeneration, or outer edges of regenerating scales), merely
active in collagen secretion, or more so in the process of ALP
secretion at the start of mineralisation. Importantly, ALP-positive
scleroblasts are found predominantly on the inner, ‘hyposquamal’,
side of a scale (Fig. 2) and these cells can easily and specifically
be collected, at determined times of scale regeneration. Cells on
the external, episquamal, side express less ALP, are less active
and remind more so of mammalian osteocytes. We have success-
fully used the scalar bone plate, freed from its original cells, as
substrate for the culture of mammalian bone cells, and we
observed remarkable differences in osteoclastic activity when
cells were seeded on the external, fully mineralized face of the
scale compared to the hyposquamal side that consists of less
mineralized bone matrix (G. Flik unpublished observations).

Target discovery and skeletal disorders
The central problem in developing new therapeutics for skel-

etal diseases is to obtain a better understanding of the molecular
players and biochemical pathways that contribute to the function
of a particular organ system. While it is extremely difficult to mimic
the behaviour of any organ in cell or tissue culture, this is
particularly true for mineralised tissues, as good cell lines are not
available, and work with primary (or patient) material is limited by
reproducibility issues and the availability of samples. Pharmaceu-
tical companies therefore usually have to wait years before they
can test possible lead compounds (candidate therapeutics) in a
whole-animal system. Ideally, one would like to have available a
large number of vertebrate animal lines, each deficient in one
specific gene or protein, in order to test gene function in any given
disease context.

For example, if there was a library of mutant mice deficient in
all kinases, one could efficiently test whether the lack of a
particular kinase has therapeutic or protective effects in a given
indication area. Such libraries do not exist, and would be very
expensive to create in mice. Alternatively, one would like to
perform forward genetic screens in a vertebrate model system,
and use read-outs which are relevant for a particular indication
area. This approach has the advantage that an ‘in vivo’ validation
of gene function is performed at the onset of the project, making
ensuing compound screens for genes identified in a forward
screen much more meaningful.

Bone formation, and the maintenance of bone structure, is the
result of a balanced interplay between osteoblasts (cells that
produce mineralized bony matrix) and osteoclasts (cells that
resorb and remodel bone). This finely tuned balance is estab-
lished early in mammalian embryogenesis, and must be main-
tained throughout life for proper bone function. The zebrafish, as
a vertebrate, provides an excellent model for bone formation, as
organogenesis can be easily monitored due to the rapid develop-
ment of zebrafish embryos outside the mother. Furthermore,
reverse and forward genetic screens are possible. To date,
zebrafish and medaka have not been fully appreciated as sys-
tems which can make a real contribution to the field of osteogen-
esis and osteoblast function. None the less, genes important in
mammalian osteogenesis and skeletal patterning have zebrafish
orthologues whose expression patterns suggest functional con-
servation (Crotwell and Mabee, 2007; Mari-Beffa et al., 2007).

Using histological staining as a read-out for bone formation, a
genome-wide, large scale forward genetic screen has been
carried out in zebrafish. This led to the identification of 101
mutants with defects in bone formation (Fig. 3). Since the screen
was performed at a stage of development when osteoblasts — but
not osteoclasts — are present in the zebrafish larva (Trowe and
Schulte-Merker, unpublished data), all defects in bone formation
are likely due to defective osteoblast function or defective calcifi-
cation. Mutants that showed additional defects such as pericar-
dial oedema, cartilage malformations or brain necrosis were not
kept in order to specifically retain only those mutants that are likely
to be largely osteoblast-specific. Due to the scale of the genetic
screen carried out, a considerable fraction of the genes essential
for osteoblast function has probably been identified. Whether the
screen has achieved saturation will have to be determined by
complementation assays and by determining the average allele
frequency (Haffter et al., 1996).

This set of mutants provides a unique set of tools to identify
genes not previously implicated in osteoblast function, and thereby

Fig. 2. Overview of basic morphology of scale regeneration in the

common carp, Cyprinus carpio. (A,B) Low magnification images of
sections of a 16-days regenerated  (A) and the ontogenetic (B) scale
stained by trichrome staining. Differential activities in the calcified (ca)
zones and in the zones of calcification initiation (in) are observed. The
area of collagen production (co) is comparable in size. (C,D) High
magnification images of the calcification initiation zone of a 16-days
regenerating scale. Scales were fixed in ice-cold acetone; sites of ALP
activity were visualised in NBT-BCIP medium (Roche®) and counter-
staining was performed with Alcian Blue to label cell nuclei. (C) Episquamal
side of scale showing a radius (r) and circuli (c). Arrows indicate ALP-
negative cells, with osteocytic characteristics. (D) The same scale and
position as in C, but in a lower focus plane thus showing the hyposquamal
side. There is a clear abundance of ALP enzymic activity, predominantly
at the periphery of the bone-matrix forming scleroblasts (arrows) indica-
tive of release of ALP to the extracellular matrix.
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opens possible avenues to new therapies. Forward genetics are
unbiased by definition, and offer the chance to identify gene
function previously not appreciated to be involved in a particular
process (Amsterdam and Hopkins, 2006; Driever et al., 1996;
Haffter et al., 1996). The mutated gene responsible for the
phenotype then needs to be identified, but the upside of this
sometimes laborious process is that the identified gene already
has been shown to have an essential role in the biological process
of interest.

In terms of identifying new gene functions relevant for pharma-
ceutical research, mutants that show over-ossification might be
most interesting (Fig. 3). These phenotypes, ranging from com-
paratively mild over-ossification to gross examples showing a
premature onset of embryonic ossification in all locations, and
massive nodes of excessive bone mass in the adult skeleton, are
most likely caused by mutations in negative regulators of osteo-
genesis, as gain-of-function mutations are rare in zebrafish.
These mutants can be crossed out to establish mapping crosses,
and the genomic location of the mutated gene can then be
identified. This allows to cross-reference the genomic position of
the mutant gene with the few genes that are known to cause, in
mice, over-ossification. This approach prevents following up
cases where the respective mutant maps to, for example, a region
that contains the zebrafish orthologue of SOST (van Bezooijen et
al., 2004) or HDAC4 (Vega et al., 2004), i.e. genes that, when
mutated in mammals, result in over-ossification. Mutant zebrafish
genes can be cloned using positional cloning methodologies, and
this has become a routine procedure over the last few years,
greatly aided by the Sanger genome sequencing project.

Upon identifying the genes causative for the mutant pheno-
types, the respective mammalian orthologues can be used in
interference studies (Luo et al., 2004) in osteoblast cell lines to
address the question of whether the function of these genes/
proteins has been conserved. This is an important aspect of these
studies, as it will provide a direct angle to pathological conditions
in humans. The zebrafish mutant phenotypes, in which a gene is
inactivated via chemical mutagenesis, provide surrogate read-
outs for situations where corresponding mammalian proteins are
blocked via small compound molecules, and are therefore highly
relevant. Combining the information gained from whole organism
studies in fish with mammalian cell culture experiments will be
extremely informative in identifying key components of osteoblast
function, even though, as mentioned earlier, cell culture studies to
investigate mineralization have limitations.

Fig. 4. Serial glass aquarium tanks at the Hubrecht Institute.

Fig. 3. Alizarin red staining of wild-type (A) and sibling stockstijf

mutant embryo (B). Note the completely over-ossified notochord in the
mutant embryo.

Negative regulators of bone formation have not been identified
so far in a systematic, genome wide approach. Few of these
regulators have been found in mice, and identifying more genes
that limit bone formation is clearly an important aspect of under-
standing osteoblast function. In recent years, the foundation was
laid for identifying and molecularly cloning these genes and the
outcome of these studies is likely to have a major impact in the
field by generating data sets that are of high relevance to cell
biologists and medical researchers, including those in the phar-
maceutical industry.

A whole-animal GPCR library
Modern drug development focuses on specific protein classes

such as kinases, G protein-coupled receptors (GPCRs), and
secreted molecules. Single members of these protein classes are
commonly screened for their involvement in a specific indication,
but whether blocking a particular protein function has a pheno-
typic consequence can only be established after a significant
amount of effort has already been invested. This is time-consum-
ing and expensive, and it would seem desirable to construct
libraries of vertebrate models that are ‘ready-to-use’ for most or all
kinases, for example. In other words, if one had a library of knock-
out animals covering all kinases or GPCRs, one could immedi-
ately ask whether kinase XYZ is involved in angiogenesis or
osteogenesis. Knowing the loss-of-function phenotype for this
specific kinase, it would be considerably easier to predict whether
this is a protein that warrants screening chemical compound
libraries for compounds antagonizing its function.

In the mouse, the method of generating targeted knock-outs is
expensive and time-consuming, and it will take a few more years
before a mouse library of such dimensions is available to the
scientific community. In zebrafish, however, generating mutants
using TILLING is a method that has been implemented success-
fully to provide hundreds of mutants in a comparatively short time
frame. In brief, a library of independently mutagenized adult fish,
all heterozygous for hundreds of randomly induced mutations, is
maintained as a ‘shelf library’. DNA from each fish is used to
amplify and sequence exons for a given gene of interest (Wienholds
et al., 2002). Software-supported heteroduplex analysis then
identifies possible mutations, and those inducing alterations to
the putative protein can be followed up. The single carrier fish
which corresponds to a given mutation can then be outcrossed in
order to establish a working stock of fish, and the mutation is bred
to homozygosity (Wienholds et al., 2002; Wienholds et al., 2003;
Wienholds and Plasterk, 2004). It should be remembered that

A
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such large-scale screens are possible in the zebrafish, because
their small adult size means that multiple aquaria (Fig. 4) can be
economically maintained.

This method of screening for alleles will of course generate not
only loss of function alleles, but also hypomorphs, which in many
cases will be extremely useful as they provide information about
phenotypic effects in partial loss-of-function situations.

Therefore, it might be feasible in zebrafish
to accomplish the above-mentioned ambitious
aim of generating a whole-animal knock-out
library. An attractive gene family for this would
be GPCRs (Luttrell, 2008). GPCRs comprise a
family of about 1100 proteins within the verte-
brate genome. They are popular drug targets
for the pharmaceutical industry, and are en-
coded by single exon genes (which, for techni-
cal reasons outlined above, is a considerable
advantage when generating the library).

Drug delivery in zebrafish models

Zebrafish can be exposed to a drug sys-
temically simply by adding it to the aquarium
water. If embryos are being used, then the test
compound is added to the relatively tiny vol-
ume of water in the multiwell plate that houses
the embryo. Thus the use of embryos as test
models is attractive in cases where the test
compound is particularly expensive or scarce.
In contrast to systemic administration, drugs
can be delivered locally into the tissues by
electroporation, or via the surgical implanta-
tion of microcarriers loaded with a compound.
We suggest that there could be several advan-
tages to administering test compounds on
microcarriers, rather than systemically, in
zebrafish developmental assays:

(i) economical use of precious test com-
pounds: only a tiny amount of drug is con-
sumed if it administered on a microcarrier

(ii) bioavailability: the drug is delivered di-
rectly into a tissue which it might not reach if it
were simply added to the aquarium water. This
could be true of compounds which are poorly
absorbed or rapidly metabolised

(iii) avoidance of systemic toxicity: local
targeting of drugs allows a high concentration
to be achieved in a limited tissue compartment
without producing systemic toxicity

(iv) production of local concentration gradi-
ents: the biological properties of some com-
pounds (e.g. morphogens) are only expressed
when the compound is present as a local
concentration gradient. Such a gradient can
be established by diffusion from a microcarrier
loaded with drug

There are major disadvantages to adminis-
tering drugs to embryos on microcarriers. Such
procedures are invasive, and may cause bleed-

Fig. 5. Screen shots from the Leiden University zebrafish atlas (courtesy Fons Verbeek).

(A) 3d embryo showing tracing of structures on an image of a histological section. Note that
different structures are assigned different labels and colours. (B) Embryo at 3d., in 3D
reconstruction. Now the differently traced structures are visible as distinct 3D objects, and
retain their identifications. See http://bio-imaging.liacs.nl/atlasbrowserstart.html for further
information.

ing or infection. Further, the intricate microsurgery involved needs
to be performed by a skilled technician. It will be a major technical
challenge to automate these delicate surgical procedures so that
they can become components of high-throughput screens. Al-
though electroporation (Hendricks and Jesuthasan, 2007;
Thummel et al., 2006) and robotised microinjection (Wang et al.,
2007) are certainly options for the local administration of com-

B
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pounds in zebrafish, we shall concentrate here on the use of
microcarriers.

We are currently exploring the engineering and chemistry of
implantable biomaterials for drug delivery (Gerritsen et al., 2000;
Kros et al., 2001; Kros et al., 2002), and are also examining the
effects on osteogenesis of implantable ceramic matrices (Kruyt et
al., 2006; Mendes et al., 2004; Yuan et al., 2006a; Yuan et al.,
2006b). Other implanted microcarriers for drug delivery in em-
bryos or regenerating tissues include fragments of Silastic®
silicone rubber (Dow Corning) (Del Rincon and Scadding, 2002;
Scadding, 1988).

Microbeads are routinely used to deliver retinoic acid (RA) and
growth factors to zebrafish embryos (Hyatt et al., 1996; Reifers et
al., 2000; Reim and Brand, 2002; von der Hardt et al., 2007). In
some experiments, RA was delivered using stryrene-divinyl ben-
zene co-polymer anion exchange resin beads, formate form
(Hyatt et al., 1996); agarose Affigel blue beads for Bone morpho-
genetic protein-2 (von der Hardt et al., 2007); heparin acrylic
beads for Fibroblast growth factor 8 (Reifers et al., 2000). Affigel
beads have been used for implanting Sonic hedgehog protein in
the chick (Scherz et al., 2007).

Although microbeads are used in embryo experiments, major
difficulties are faced when attempting to target compounds into
the caudal fin blastema of the adult zebrafish. The blastema is
extremely friable and easily damaged, and beads often fall out
because of the swimming movement of the fish. And so, to the
best of our knowledge, there are no successful reports of the
blastema being targeted with microbeads. Our approach is to
implant the bead at the proximal margin of the blastema, in the
inter-ray region, so as not to disrupt the wound epidermis. In a
proof-of-concept study, we have successfully used microcarriers
to modulate fin regeneration using RA (for methods and data
analysis, see Supplementary Material).

We soaked the microcarrier beads in RA because the kinetics
of its release from microcarriers are known (Eichele et al., 1984).
Furthermore, RA, can influence the pattern of connective tissue
differentiation in embryonic chick limb and in the regenerating
axolotl limb (Brickell and Tickle, 1989; Del Rincon and Scadding,
2002), as well as in the developing zebrafish pectoral fin bud
(Gibert et al., 2006). In the regenerating urodele limb, it can
proximalise positional values of blastema cells (Maden, 1982);
reviewed by (Stocum, 1996) and modulate the expression of Hox
genes (Simon and Tabin, 1993).

Systemic application of RA to the regenerating zebrafish fin (by
addition to the tank water) results in suppression and abnormali-
ties of regeneration (Ferretti and Géraudie, 1995; Géraudie et al.,
1993; Géraudie et al., 1994; White et al., 1994). The severity of the
effects depends on the concentration used, length of the treat-
ment, and the time at which the treatment is performed following
amputation. However, in none of the conditions tested did RA
affect growth of the skeletal components of the fin and the length
of a regenerated fin is comparable to that of controls (Ferretti and
Géraudie, 1995; Géraudie et al., 1994).

In our study (see Supplementary data), the predominant phe-
notypes induced by RA were notching of the regenerating fin
margin, due to suppression of outgrowth in the inter-ray region.
This effect correlated with dose of RA and duration of exposure,
indicating that RA had been effectively targeted to the blastema
Otherwise, there was no morphological evidence of altered pat-

tern formation of the fin skeleton at any dose. This is in contrast
to the dramatic effects of RA beads on patterning of the chick limb
skeleton under certain conditions (Tickle et al., 1982). We were
also unable to find any evidence of a proximalising effect of
retinoic acid on the skeleton.

Computer imaging tools for zebrafish models

At present, biological research information is preferred in a
digital computer readable form so that this information can be
shared and linked to other digital resources. This is particularly
important for model system information resources. We have
worked out a digital atlas for zebrafish embryo development and
made it available through internet. This atlas is based on three-
dimensional models (Fig. 5). For the support of zebrafish research
in biomedicine and molecular genetics it is important to have a
framework available with which findings can be integrated with
standard morphology. The atlas of zebrafish development is such
a framework; it comprises a number of canonical stages of
zebrafish embryo development, i.e. 24, 36, 48 and 72 hours post
fertilisation.

Zebrafish development can be visualized in various ways. For
the atlas, we use bright field microscopy of histological sections
in order to visualise micro-anatomy and to visualize cells in situ.
Visualizing micro-anatomy and development requires the infor-
mation to be three dimensional. Consequently, our approach is
based on reconstructing serial sections to 3D volumes and 3D
models (Fig. 5).

In our approach, each section is processed to a section image
which is acquired with a CCD camera mounted on the micro-
scope. A high-resolution image, composed of adjacent images, is
acquired providing resolution at the cellular level (Verbeek and
Boon, 2002). The anatomical structures in each section image are
annotated with specialized software that produces 3D models
(Verbeek et al., 2000; Verbeek et al., 2002).

For each stage, a 3D model is made available, consisting of the
anatomical structures that can be distinguished at that particular
stage. Standard staging conventions and anatomical nomencla-
tures are used. In order to be able to use these conventions in
accessing other information systems, we have compiled it, en-
riched it and extended its granularity as an ontology (Belmamoune
and Verbeek, 2007). The standard nomenclature is commonly
referred to as the zebrafish ontology.

The atlas can be browsed with a number of applications that
are made available through the internet (URL: bio-imaging.liacs.nl;
Verbeek et al., 2000). The zebrafish ontology is the pivot in
addressing the atlas of development. The ontology provides the
glue to further link the browsers to other zebrafish resources, e.g.
ZFIN or Ensmbl (Belmamoune and Verbeek, 2006).

The atlas can be used to analyse patterns of gene expression.
In addition to the atlas models, we have elaborated on an
information system for spatiotemporal patterns of gene expres-
sion. This system includes patterns of gene expression for a
number of marker genes, and is transparently integrated with the
atlas (Belmamoune and Verbeek, 2006). The patterns of gene
expression are realized through whole mount in situ hybridization
using CLSM with the zebraFISH protocol (Welten et al., 2006).

Having these information systems on hand allows comparing
experimental results in a direct and comprehensive manner. As
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such these frameworks are tools to have aboard in a high
throughput setting; morphological observations can be linked
directly to patterns of gene expression and these patterns can be
further probed in 3D together with other information available
(Belmamoune and Verbeek, 2006; Richardson and Verbeek,
2003). In addition, machine learning approaches are invoked to
compare findings to results in other model species. In this manner
we learn about the delicate interplay of genes and networks in
broader context. Such integrative approaches, including
interoperable model system databases equipped with proper
software agents, will, in the near future, facilitate further break-
throughs.

Infection, inflammation and the immune system

In the last decade, zebrafish embryos have been increasingly
used as a model to study the immune system. More recently, they
have also been used as hosts for infectious disease studies. As
a result of these studies, it has been found that zebrafish have
both an adaptive (B- and T-cell-mediated) immune response, and
a well-developed innate immune system. The zebrafish immune
system shows many points of conservation with that of mammals
(Kasahara et al., 2004; Schorpp et al., 2006; Trede et al., 2004).
Here we describe some of our own results, in the context of other
studies.

Infectious disease
Because adaptive immunity develops at a slower pace than

innate immunity, the zebrafish model allows for dissection of the
contribution of both systems to infection. To date, different experi-
mental infection models, mainly concerning bacterial pathogens,
have been described to study various aspects of pathogenesis.
One of the major advantages of the zebrafish is that the model is
amenable to high-throughput screening. Forward genetic screens
can be performed in the zebrafish model to identify host immune
factors and also bacterial mutants. This possibility has not been
exploited yet for host factors, mainly because large-scale aquarium
facilities are needed. However, the strategy is expected to deliver
its first results soon, because many infection models have now
been established.

Adult zebrafish have been used as hosts for Listeria
monocytogenes (Menudier et al., 1996), Streptococcus sp. (Neely
et al., 2002), Mycobacterium marinum (Prouty et al., 2003) and
Edwardsiella tarda (Pressley et al., 2005). Concerning patho-
gens, Miller and Neely (2005) described a study where more than
1000 mutants of Streptococcus iniae were tested in a signature-
tagged mutagenesis approach for reduced virulence. S. iniae is
able to cause invasive infections, mainly in fish species, but

occasionally also in humans. The large-scale screen for bacterial
virulence factors resulted in the identification of some known or
expected virulence candidates, such as capsule biosynthesis
genes, transcription regulators and the DegP encoding gene, as
well as a number of unidentified but conserved genes (Miller and
Neely, 2005). These results show that large screens can be
performed to identify novel virulence factors.

Besides the possibility of large screens, zebrafish embryo
models have the advantage that bacterial infections can be
analysed in real-time. Zebrafish embryos are translucent, and
most components of the innate immune system are already active
at 30 hours post-fertilisation (Lieschke et al., 2001). Real-time
analysis of infection have been reported for the fish pathogen M.
marinum and the mammalian pathogen Salmonella typhimurium
after microinjection of GFP or DsRed-expressing bacteria (Davis
et al., 2002; van der Sar et al., 2003). For Salmonella these
experiments showed that, although the bacteria mainly reside
within macrophages, they most actively divide extracellularly as
microcolonies. The known attenuated LPS O-antigen Ra mutant
of S. typhimurium was also attenuated in zebrafish embryos (van
der Sar et al., 2003).

To date, most zebrafish infection experiments have been
performed using the fish pathogen M. marinum. This model is
broadly accepted as a useful alternative for tuberculosis re-
search. M. marinum has a number of advantages: it grows more
rapidly compared to M. tuberculosis, it is less pathogenic for the
scientist and, importantly, this mycobacterium is a natural patho-
gen of zebrafish in which it gives rise to the chronic infection
known as fish tuberculosis (Kaattari et al., 2006). In addition, M.
marinum is genetically closely related to M. tuberculosis, allowing
cross-complementation experiments and translation of research
findings.

In adult zebrafish, M. marinum infections give rise to highly
distinctive granulomas (Fig. 6), some of which are caseating (van
der Sar et al., 2004). Interestingly, M. marinum infection of
zebrafish embryos also resulted in the clustering of embryonic
macrophages that resembled the beginning of granuloma forma-
tion (Davis et al., 2002). This would mean that granuloma forma-
tion is independent of an adaptive immune response, which is not
developed yet in these young embryos.

To analyse this in more detail, the expression of mycobacterial
genes that were known to be upregulated in macrophages or in
mature granulomas was determined in these embryos. These
experiments convincingly showed that the microenvironment of
the cluster of infected macrophages induced expression not only
of macrophage activated genes, but also of granuloma activated
genes of mycobacteria (Davis et al., 2002). In other experiments
it was shown that granulomas are in fact highly dynamic struc-
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Fig. 6. Granuloma forma-

tion in M. marinum infected

6-day-old zebrafish larvae

after ethambutol or control

treatment. Presence or ab-
sence of bacteria is visual-
ized by fluorescence (bacteria are visible as black spots in (A). Treatment of 4-day-old embryos (n=20) for 2 days with ethambutol resulted in clearance
of the infection (B) whereas control treated embryos (A) still contain bacteria. (photo source: A. van der Sar, unpublished data).



New tools for biomedical research   843

tures, and that superinfection results in newly infected macroph-
ages that are homing to already established granulomas (Cosma
et al., 2004).

To further establish the zebrafish tuberculosis model, it was
shown that M. marinum mutants of important M. tuberculosis
virulence factors, such as the cell surface protein Erp and the
secreted ESAT-6 and CFP-10 proteins, are attenuated in the
zebrafish model (Cosma et al., 2006; Gao et al., 2006; Volkman
et al., 2004). The latter genes are located in the well-known RD1
region, which is the distinctive mutation in the tuberculosis vac-
cine strain BCG. Injection of this mutant in zebrafish embryos
resulted in aberrant granuloma formation in zebrafish embryos
(Cosma et al., 2006; Gao et al., 2006; Volkman et al., 2004). This
finding inspired us to do a forward genetic screen to identify M.
marinum mutants impaired in granuloma formation in zebrafish
embryos. The first results of this screen are that 2% of the
transposon knock-out mutants show an aberrant phenotype and
that we do find additional RD1 mutations, as was to be expected.
The new granuloma-impaired mutants will be tested for their
vaccination potential.

The granuloma-like clustering of macrophages upon M.
marinum infection, in combination with the possibility of real time
imaging makes this zebrafish embryo infection model also suit-
able for compound screens in search for anti-tuberculosis drugs.
Using fluorescent mycobacteria not only the bactericidal effect of
the compounds added to the infected embryos can be measured
in vivo by the presence or absence of fluorescence, but also the
effect of the compounds on granuloma formation can be visual-
ized. Treatment of infected 4-day-old zebrafish embryos with
ethambutol, a known and commonly used antimycobacterial
agent, resulted in the clearance of the M. marinum infection (Fig.
6) indicating the feasibility and the power of such an in vivo
compound screen (van der Sar unpublished results). The advan-
tage of this screen is that it permits the identification of drugs that
may not be active in vitro, but are active against pathogenic
mycobacteria in vivo.

The zebrafish embryo infection model is also used to study the
expression and involvement of host factors. For instance, mor-
pholino-based gene-knockdown experiments were used to show
that the adaptor protein Myeloid Differentiation factor 88 (MyD88)
plays an important role in the innate immune response against S.
typhimurium infection (van der Sar et al., 2006) and that the
peptidoglycan recognition protein 5 (PGLYRP-5) is essential for

host defence against both S. enterica and B. subtilis (Li et al.,
2007). In a somewhat different approach, morpholinos were used
to delay the formation of macrophages by targeting the myeloid
transcription factor gene pu.1. Subsequent infection with M.
marinum showed that macrophages have, in fact, a double role in
infection: they limit the multiplication of the pathogen and also
promote tissue dissemination (Clay et al., 2007).

Microarray studies of infected fish create the opportunity to
analyse and compare host responses to different pathogens. As
such, they could help identify specific transcriptional profiles that
could characterise infectious disease states. For instance, we
studied the effect of infection by M. marinum on zebrafish host
gene expression using microarrays. Immune-specific mRNAs,
such as the Toll-like receptors, as well as metalloproteinases
such as mmp9, were found to be up-regulated (Meijer et al.,
2005).

From the above mentioned models it is clear that infection
studies in zebrafish models not only help us to understand which
factors of the immune system are important in a particular infec-
tion but also make a difference in our understanding of the host-
pathogen interaction.

The innate immune system and its role in inflammation
The innate branch of the zebrafish immune system develops

as early as the first day of embryogenesis (Herbomel et al., 1999)
and within two days, distinct macrophage and granulocyte popu-
lations can be identified by both morphological characteristics
and marker gene expression (Crowhurst et al., 2002). Due to the
transparency of the zebrafish embryo, the development and
behaviour of its innate immune cells can be clearly and non-
invasively imaged in the living organism (Herbomel and Levraud,
2005). The process of haematopoiesis in zebrafish shares strong
conservation with that in mammals.

In all vertebrates, including the zebrafish, two waves of
haematopoiesis occur (Davidson and Zon, 2004). The first wave,
known as primitive haematopoiesis, occurs in the extra-embry-
onic yolk sac of mammals and in two intraembryonic locations in
zebrafish: the intermediate cell mass and the rostral blood island,
arising from posterior and anterior mesoderm, respectively. The
second wave, known as definitive haematopoiesis, begins in both
mammals and zebrafish in a region known as the aorta-gonad-
mesonephros (AGM) that is associated with the ventral wall of the
dorsal aorta. Later during development the niches of definitive
haematopoiesis shift to other intermediate and final locations,
such as the fetal liver, placenta, thymus and bone marrow in
mammals, and the caudal haematopoietic tissue, thymus and
kidney in zebrafish (Murayama et al., 2006). In the zebrafish
embryo, primitive haematopoiesis occurs during the first day of
development and definitive haematopoiesis begins during the
second day.

Since the adaptive immune system is not mature until several
weeks after fertilization (Davidson and Zon, 2004), the zebrafish
embryo is particularly suitable for functional analysis of the innate
immune system. Importantly, as mentioned above, zebrafish
embryos express a broad range of Toll-like receptors (TLRs), one
of the major classes of innate immune receptors in other verte-
brates (Meijer et al., 2004). Moreover, interference with the
function of an essential TLR adaptor molecule, MyD88, impairs
the ability of zebrafish embryos to clear a bacterial infection (van

Fig. 7. Neutrophils (dark spots in boxed area) of a 2-day-old zebrafish

embryos are massively attracted to a wounding site inflicted by

damaging the caudal fin tip with a sharp needle. Left lateral aspect,
caudal is to the right. Neutrophils are visualized here by histochemical
staining for myeloperoxidase (MPX) activity (Lieschke et al., 2001).
Additionally, transgenic lines with fluorescently marked neutrophils en-
able live imaging of the inflammatory response (Mathias et al., 2006;
Meijer et al., 2008; Renshaw et al., 2006).
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Fig. 8. Homology between the zebrafish and human glucocorticoid receptor. (A) The zebrafish
and human glucocorticoid receptor gene. The organization of the gene is well conserved. Both
genes comprise nine exons of which the first is non-coding and the ninth contains the sequence
encoding the 3’UTR. Note the similarity in length of the exons. (B) The zebrafish and human
glucocorticoid receptor. Indicated are amino acid numbers and percentages of similarity for the N-
terminal domain, the DNA binding domain (DBD) and the ligand binding domain (LBD). (C) Alignment
of zebrafish and human glucocorticoid receptor. Identical amino acids are indicated in yellow, similar
amino acids in green.

der Sar et al., 2006). Zebrafish em-
bryos also express conserved cytokines
and chemokines, such as TNFα, IL-1β
and IL-8, in response to bacterial infec-
tions (Pressley et al., 2005;
Stockhammer et al., 2009). Further-
more, zebrafish embryos express a vi-
rus-induced interferon system ances-
tral to that of other vertebrates (Levraud
et al., 2007). Finally, embryonic neutro-
phils have been shown to participate in
acute inflammation caused by sterile
tissue injury (Lieschke et al., 2001).
Taken together, the early innate im-
mune response of embryonic zebrafish
appears well conserved with responses
in adult mammalian animal models.

Inflammation of injured or infected
tissues is essential during normal im-
mune responses. However, failure to
limit the inflammatory response, or to
resolve it in a timely manner, is the
cause of many chronic inflammatory
diseases. The ease with which an in-
flammatory response can be induced
and visualized in zebrafish embryos
(Fig. 7) makes this an attractive model
that could be developed into a rapid
screening system. Such a system could
be used to screen candidate drugs for
effects on the dampening of neutrophil
recruitment, or on the acceleration of
the resolution phase of inflammation.
Several transgenic zebrafish lines with
fluorescently marked immune cell types
have recently become available, and
have been used to image the participa-
tion of early myeloid precursors and
differentiated neutrophils in acute in-
flammation (Hall et al., 2007; Mathias et
al., 2006; Meijer et al., 2008; Redd et
al., 2006; Renshaw et al., 2006). The
neutrophilic inflammation of injured
zebrafish embryo tissue is normally re-
solved within 12-24 hours, and the reso-
lution was shown to involve both neu-
trophil apoptosis and the retrograde
chemotaxis of neutrophils from the in-
flammatory site back to the vasculature
(Mathias et al., 2006; Renshaw et al.,
2006).

Evidence that the inflammatory re-
sponse in zebrafish embryos is sensi-
tive to pharmacological manipulation
has recently been reported in the litera-
ture. Treatment of embryos with
nocodazole, a microtubule-
depolymerising drug, impaired the re-
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cruitment of immune cells to wounds, and this effect could be
suppressed by treatment with the Rho-kinase inhibitor Y-27632
(Redd et al., 2006). Furthermore, treatment of embryos with the
caspase-inhibitor zVD.fmk inhibited the resolution of wound-
induced neutrophilic inflammation (Renshaw et al., 2006). Treat-
ment with a non-steroidal cyclooxygenase 2 (COX-2) inhibitor,
frequently used as an anti-inflammatory, also impaired zebrafish
neutrophil motility (Mathias et al., 2007).

These studies suggest that zebrafish-based wounding assays
could be developed into anti-inflammatory drug screens. To adapt
wounding assays into high-throughput drug screens, several
steps in the procedure require automation, including the sorting
and arraying of embryos, the wounding itself, and the image
analysis process. In addition to drug screening, it is also attractive
to utilize zebrafish mutagenesis screens to identify novel media-
tors of the inflammatory response. The first zebrafish chronic
inflammation mutant was recently described, and was shown to
have an insertion in the hepatocyte growth factor activator inhibi-
tor 1 (hai1) gene, which regulates inflammatory responses through
the serine protease Matriptase 1 (Mathias et al., 2007). Genetic
or chemical screens using this inflammation mutant could be
powerful means to uncover molecules that modify the Hai1-
Matriptase1 pathway or inflammation in general. We will now
consider the related topic of zebrafish screens for glucocorticoid
drugs.

Glucocorticoid drug screens

As described above, the zebrafish can be developed into a
powerful tool for the screening of anti-inflammatory drugs. It can
therefore be used as a model system for the development of novel
glucocorticoids, since this class of steroid drugs have strong anti-
inflammatory activity and are therefore commonly used to treat
immune-related diseases such as rheumatoid arthritis and asthma.
Using neutrophil migration after tail wounding as a readout, it has
indeed been demonstrated that the synthetic glucocorticoid
beclomethasone displays anti-inflammatory activity in 2-day-old
zebrafish larvae (Mathew et al., 2007).

In addition to their anti-inflammatory actions, the side effects of
glucocorticoid drugs can also be studied in the zebrafish model
system. Recently, a zebrafish model for glucocorticoid-induced
osteoporosis, the most severe side effect of chronic systemic
glucocorticoid treatment in humans, has been developed. This
assay system is based on the visualization of skeletal structures
of zebrafish larvae. They are treated with calcium-binding dyes
such as calcein and alizarin red, taking advantage of the transpar-
ency of these organisms (Du et al., 2001; Fleming et al., 2005). As
a proof of principle, treatment of 5-day-old zebrafish larvae with
prednisolone, a glucocorticoid that is widely used clinically, sig-
nificantly reduces bone formation in this assay (Barrett et al.,
2006).

An advantage of the zebrafish as a model system for the
screening of glucocorticoid drugs is the relatively high level of
similarity between the human and zebrafish glucocorticoid sys-
tem, as we have recently shown (Schaaf et al., 2008). First, the
main endogenous glucocorticoid hormone in zebrafish is cortisol,
as it is in humans. In the most commonly used rodent model
systems, by contrast, this is corticosterone. Second, the zebrafish

contains only a single gene encoding the glucocorticoid receptor
(GR), which mediates the effects of glucocorticoids. Most fish
contain two copies of this gene as a result of a genome duplication
during evolution. This led to the presence of two GR isoforms:
GR1 and GR2 (Stolte et al., 2006).

It appears that the zebrafish contains only the gene encoding
GR2, making it unique among well-studied fish species (Schaaf et
al., 2008). The receptor that is encoded by this zebrafish GR gene
shows a high level of similarity with the human GR (Fig. 8),
especially in the DNA-binding domain (98%) and the ligand-
binding domain (87% (Schaaf et al., 2008). A third point of
similarity is that the zebrafish contains a GR splice variant with
high similarity to the human GRβ (Schaaf et al., 2008). As a result
of alternative splicing in humans, GRα and GRβ occur. GRα is the
classical GR that acts as a ligand-activated transcription factor.
GRβ does not bind ligand, is transcriptionally inactive and acts as
a dominant-negative inhibitor of GRα.

Until recently, GRβ had been found only in humans, so no
animal model for this splice variant was available. This was
unfortunate, since several studies have indicated a clinical rel-
evance for GRβ. An increased expression level of GRβ was
observed in patients suffering from several immune-related dis-
eases and appears to correlate with resistance to glucocorticoid
treatment. The recent discovery of a zebrafish GRβ provides a
unique animal model that can be utilized for the unravelling of the
role of GRβ in the pathogenesis of inflammatory diseases and
glucocorticoid resistance. The glucocorticoid system is important
not only in inflammation, but also in the stress response, as we
shall now consider. Models of stress are based on complex
behavioural traits, and represent perhaps the greatest challenge
for anyone trying to overcome scepticism about the transferability
of models from mammals to zebrafish.

The zebrafish as a new model of early-life stress:
relevance for the study of psychopathologies

The central question in the field of psychopathology is: why do
some people become ill while others remain healthy? One factor
is an individual’s genetic makeup. It is also now increasingly
recognized that an individual’s exposure to adverse experiences
early in their life can play a determinant role in susceptibility to
develop major psychopathologies such as depression, anxiety-
like, autism-like and schizophrenia-like spectrum of disorders
(Rutter et al., 2006). The effect of early-life stress on health is
believed to be mediated, at least in part, by alterations of the
stress-regulating system known as the hypothalamic-pituitary-
adrenal (HPA) axis (Levine, 2005).

In the context of this special issue on pattern formation, it is
important to recognise that HPA and early-life stress may have
effectors in the developmental patterning of the nervous system
(Gunnar and Quevedo, 2008). For instance, overexposure to
glucocorticoid during rapid periods of brain development may
influence the development and patterning of specific brain areas
(Clark, 1998; Seckl, 2004). Since glucocorticoids are potent
transcription factors, it is primordial to identify their genetic targets
(e.g. glucocorticoid-primary responsive genes) to gain an under-
standing of the molecular underpinnings associated with mis-
wiring of brain areas during critical periods of development
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(Geschwind and Levitt, 2007; Gunnar and Quevedo, 2008; Pagani
et al., 2007; Pardo and Eberhart, 2007; Yuii et al., 2007).

Several mammalian (mainly rodent) models have been suc-
cessful in mimicking HPA axis alterations (i.e. hyper-responsive-
ness to stress); however, these models are limited in their ability to
provide an understanding of the developmental mechanisms lead-
ing to such effects (Pryce et al., 2005). This is largely due to the fact
the mammalian models are not amenable to non-invasive develop-
mental studies. Because mammalian offspring are relatively inac-
cessible within the uterus in the prenatal phase, and depend on
parental care for survival in the postnatal phase, experimental
interventions will themselves invariably introduce a stress effect.

The zebrafish is an attractive alternative to rodent models of
early-life stress (Lieschke and Currie, 2007). Zebrafish are particu-
larly suitable in this context because their development is acces-
sible to non-invasive study. Furthermore, there is a great degree of
similarity between zebrafish and terrestrial vertebrates (including
rodents and humans) with respect to the general organization and
functioning of several behavioral and physiological systems, in-
cluding the stress-regulating system (Gerlai et al., 2000; Gerlai,
2003; Grunwald and Eisen, 2002; Lieschke and Currie, 2007). The
equivalent of the HPA axis has been found in zebrafish, where it is
referred to as the hypothalamic-pituitary-interrenal axis (Wendelaar
Bonga, 1997).

Although counterintuitive, the idea of using zebrafish models to
study psychopathologies and brain disorders in general (Guo,
2004; Lieschke and Currie, 2007) is becoming increasing popular
and several recent publications are attesting the validity of zebrafish
model systems in the fields of autism (Tropepe and Sive, 2003),
degenerative disorders (Newman et al., 2007), sleep/insomnia

(Yokogawa et al., 2007) and alco-
hol research (Gerlai et al., 2000).

We are developing a zebrafish
model of early-life stress aiming
to model alterations of the HPA
axis, which are often associated
with major psychopathologies
such as depression (Gillespie and
Nemeroff, 2005; Pariante, 2006).
We have also devised methods
and protocols to assess endo-
crine profile as well as stress/
anxiety-like phenotypes in re-
sponse to an acute stressor cus-
tomized for zebrafish, such as net
handling. We and others have
adapted the rodent version of both
open field (Prut and Belzung,
2003) and light/dark box (Bourin
and Hascoet, 2003) paradigms
for use in zebrafish (Fig. 9; see
also (Ninkovic and Bally-Cuif,
2006). Our preliminary findings
(data not shown) are that zebrafish
exposed to handling stress for 15
min displayed hyperactivity. This
pattern of behaviour habituated
over time and was reminiscent of
that of rodents under similar ex-

Fig. 9. Schematic illustration of our adaptation of the rodent version of both open field and light/dark

box paradigms for use in zebrafish (Champagne, de Kloet and Richardson, unpublished). Zebrafish are
individually scooped out of their home tank and placed in a second tank where they undergo net handling
stress for 15 min, after which they are observed for their behavioral performance in the Open field test (10
min)  (A) and Light/Dark test (5 min) (B) in a third tank. All behavioral sessions are filmed and analyzed with
commercial software (Viewpoint S.A., Champagne au Mont d’Or, France).

perimental contexts, suggesting adequate test validity (Anisman
and Matheson, 2005; Bourin and Hascoet, 2003; Prut and Belzung,
2003). Analysis of these behaviours, and of the developing ner-
vous system at different time points after early-life stress exposure
will determine the efficacy of early-life stress paradigms in produc-
ing enduring changes in stress-regulating systems.

Ultimately, zebrafish model of early-life stress can be used to
identify the nature of glucocorticoid primary-responsive (develop-
mental) genes, as well as their molecular signature (i.e. gene
expression profile patterns) under normal vs. pathological (i.e.
under stress) brain development using DNA micro-array method-
ology or other genetic tools (e.g. anti-sense morpholino, knock out,
and transgenic zebrafish). Glucocorticoid-responsive genes could
be thereafter investigated as potential drug targets. One of the
classes of compounds being tested by us on the early life stress
system are snake venom toxins. Snakes evolved venom primarily
to immobilize their prey (Li et al., 2005) and venoms may contain
neurotoxins. One example from the recent literature is Hannalgesin,
a long-chain neurotoxin isolated from the venom of the King cobra
(Ophiophagus hannah). This compound is 2700 times more pow-
erful than morphine as an analgesic (Pu et al., 1995). It will be
interesting to screen other venom toxins for neuropharmacological
effects in the zebrafish system. In this context, it can be seen that
zebrafish models are suitable for the high-throughput screening
required in bioprospecting (the discovery of useful compounds
from natural sources).
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