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Series Preface

Under the guidance of its founders Alan Boulton and Glen Baker, the Neuromethods
series by Humana Press has been very successful since the first volume appeared in
1985. In about 17 years, 37 volumes have been published. In 2006, Springer Science +
Business Media made a renewed commitment to this series. The new program will focus
on methods that are either unique to the nervous system and excitable cells or which
need special consideration to be applied to the neurosciences. The program will strike
a balance between recent and exciting developments like those concerning new animal
models of disease, imaging, in vivo methods, and more established techniques. These
include immunocytochemistry and electrophysiological technologies. New trainees in
neurosciences still need a sound footing in these older methods in order to apply a crit-
ical approach to their results. The careful application of methods is probably the most
important step in the process of scientific inquiry. In the past, new methodologies led
the way in developing new disciplines in the biological and medical sciences. For exam-
ple, physiology emerged out of anatomy in the nineteenth century by harnessing new
methods based on the newly discovered phenomenon of electricity. Nowadays, the rela-
tionships between disciplines and methods are more complex. Methods are now widely
shared between disciplines and research areas. New developments in electronic publishing
also make it possible for scientists to download chapters or protocols selectively within a
very short time of encountering them. This new approach has been taken into account in
the design of individual volumes and chapters in this series.

Wolfgang Walz
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Preface

The use of animal models has become increasingly important for biomedical research
over the past decade, enabling a better understanding of pathogenic pathways involved
in a variety of human disorders. Within the realm of neurobehavioral research, animal
models have played a crucial role in the development of new insights and theories of brain
pathogenesis. Animal models such as mice, hamsters, and rabbits have been utilized in a
multitude of neurobehavioral studies, yielding valuable experimental data that have lead
researchers to a better comprehension of neurobiology. As scientific research progresses,
investigators are attempting to identify more novel animal models to utilize in new avenues
of neurobehavioral research.

Zebrafish (Danio rerio) have become increasingly popular in biomedical research.
Research conducted on these aquatic vertebrates has generated considerable discoveries
not only in the areas of genetics and embryology but also in fields such as cardiology,
endocrinology, and neuroscience. Zebrafish are promising animal models because of their
high genetic homology with humans and quantifiable behavioral and neuropathological
phenotypes analogous to humans.

The use of zebrafish to investigate the pathological mechanisms underlying neuropsy-
chiatric disorders and behavior quantification is explored in depth in this book. The
opening Chapter 1 is a comprehensive review of zebrafish behavior, ecology, taxonomy,
reproduction, and genetics. This chapter emphasizes the need for continued experimenta-
tion in cognition, behavior, and field-based studies, resulting in a more thorough under-
standing of the zebrafish model.

Critical to survival in a natural habitat and strongly influencing their behavior, the
olfactory system in zebrafish is explored in Chapter 2. Zebrafish possess three distinct
types of olfactory sensory neurons, which integrate with other areas of the brain to induce
various physiological and behavioral effects in response to odors. Olfaction allows zebrafish
to detect nearby food, predators, and mates, in addition to conveying information relating
to spawning sites, reproduction, dangerous environments, and the distinction between
self and kin. Advanced knowledge of the neurological basis of olfaction is key to a better
understanding of zebrafish wild type and anxiety-related behavior.

Chapter 3 focuses on the emergence of zebrafish as an effective model to study stress
and anxiety. This chapter presents a concise introduction to anxiety-induced endocrine
and behavioral responses in zebrafish. Since zebrafish possess all the classical vertebrate
transmitters, and their neuroendocrine system yields robust cortisol responses to stress,
zebrafish models enable greater insight into neural mechanisms associated with anxiety-
related disorders. Furthermore, this chapter illustrates the importance of behavioral assays,
genetic manipulation, pharmacological treatment, and video tracking for analysis of the
phenomena involved in anxiety-related phenotypes.

While zebrafish demonstrate promising potential in the field of anxiety and stress-
related research, they have also emerged as valuable models in other areas of neurobe-
havioral research. Chapter 4 describes how the effects of nicotine on processes such as
learning, memory, and stress are similar to those exhibited by humans and rodents. The
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viii Preface

authors’ analysis suggests that zebrafish may present significant translational capabilities in
research as a model for the behavioral effects of nicotine.

Based on the establishment of zebrafish as a suitable model for behavior, Chapter 5
details the process for quantitative trait loci (QTL) mapping and how it attempts to dis-
cover the specific causative genes responsible for variations in complex behavioral traits in
zebrafish. Because of the strides taken recently in the study of zebrafish behavior, QTL
mapping would not only lead to a greater understanding of zebrafish activity, but also
strengthen its application as a genetic model.

Chapter 6 explores the effects of alcohol on several strains of zebrafish. Like anxiety,
alcoholism is a serious brain disease for which the pathogenic mechanisms are not well
understood. Alcohol abuse in the world is on the rise, making a genetic model for the
development of alcoholism vital. Using a noninvasive evaluation technique, the acute and
chronic effects of ethanol on zebrafish were observed, clarifying the genetic effects of
alcoholism.

Along the same line, the authors of Chapter 7 explore the use of zebrafish as a model
of drug dependence and relapse behaviors in humans. These robust reactions to nicotine
and alcohol not only reinforce the use of zebrafish as a behavioral model of addiction but
also strengthen the notion that zebrafish may be utilized to discover various genetic factors
underlying drug dependence, withdrawal, and relapse.

As previously mentioned, many neuroscientists seek to gain a more concrete under-
standing of the pathogenic mechanisms that induce neurobiological disorders and behav-
ior. However, in some cases, an error in the mechanism of the neural circuitry is not the
only contributing cause of behaviors or diseases that are expressed. In fact, Chapter 8
examines the impact of neurotoxic chemicals on the nervous system and their poten-
tial to increase susceptibility to neurodegenerative disorders. In this chapter, the authors
utilize the heightened sensitivity of zebrafish to environmental changes to investigate
the correlation between the influence of environmental neurotoxins and neurodegener-
ative disorders. This research analyzes alterations in the biogenic amine system following
exposure to pesticides, as well as the detrimental effect of neurotoxins on the nervous
system.

Other experiments that examine the neural effects of environmental factors are
explored in Chapter 9. This chapter analyzes predator-avoidance behavior exhibited by
zebrafish, which is induced by external environmental factors such as alarm pheromone.
The predator-avoidance behavior displayed by zebrafish is based upon learned recognition
of external environmental cues. Exploration into the process of learned recognition in
zebrafish will enable researchers to gain a more tangible understanding of the mechanisms
that underlie cognitive processes of learning and memory.

In Chapter 10, the authors discuss avoidance behavior in zebrafish. Similar to the
learned recognition phenomenon, inhibitory avoidance paradigms provide insight into
the learning and memory capabilities of zebrafish. While the behavioral phenotypes of
small teleost fish have frequently been considered to be dominated by reflex and instinct,
recent studies have suggested a more complex phenotype influencing emotional, social,
and reproductive behavior. The authors employ new experimental models with zebrafish
to investigate the learning and memory process, an area of research that will contribute to
a more comprehensive understanding of the zebrafish brain and behavior.

Further exploring zebrafish neurocognitive domain, Chapter 11 reviews previous
studies on the spatial cognitive abilities of zebrafish. Mounting evidence, summarized in
this chapter, demonstrates the capability of zebrafish to learn from visual cues that identify
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potential risk or reward. The application of these tests may serve as an insightful resource
by which the spatial cognition of zebrafish can be illuminated.

Finally, Chapter 12 describes common larval zebrafish behaviors. While the behav-
ioral phenotype of adult zebrafish is relatively well known, the functionality of zebrafish
larvae must be equally well understood in relation to its anatomical size and development.
This chapter explores the scope of larval behavior, from movement to stimuli response to
more complex behaviors such as swim bladder inflation, sleep, and social behavior. While
a general repertoire may be established, specific behavioral tendencies are influenced by
environmental factors such as temperature or nearby predators. Future experimentation is
necessary to correlate the synergistic aspects of behavior and neurobiological development
in zebrafish larvae.

Overall, this book emphasizes the growing importance of zebrafish in neurobehavioral
research. As a promising alternative to mammalian animal models, zebrafish yield robust
physiological responses analogous to humans but do not possess the complex behavioral
phenotypes exhibited by many other animal models. This book portrays an extensive,
thorough perspective on the emergence of zebrafish as a robust animal model in neuro-
science research. The contributors to this book are leading international scholars whose
work spearheads innovative research projects in laboratories around the world. The themes
discussed within this book, ranging from stress to learned recognition of environment,
encompass a wide spectrum of the utility of zebrafish within neurobiological disciplines.
This book will serve as a useful source for scientists new to the field, as well as established
researchers seeking valuable insight into the growing utility of zebrafish in neuroscience.

Allan V. Kalueff
Jonathan M. Cachat
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Chapter 1

Zebrafish Ecology and Behaviour

Rowena Spence

Abstract

The zebrafish is an important model organism in developmental genetics, neurophysiology and
biomedicine, but little is known about its natural ecology and behaviour. It is a small, shoaling cyprinid,
native to the flood-plains of the Indian subcontinent, where it is found in shallow, slow-flowing waters.
Zebrafish are group spawners and egg scatterers, although females are selective with respect to sites for
oviposition and males are territorial around such sites. Laboratory studies of zebrafish behaviour have
encompassed shoaling, foraging, reproduction, sensory perception and learning. This chapter reviews
these studies in relation to the suitability of the zebrafish as a model for studies in behavioural ecology.

Key words: Model organism, social behaviour, morphology, ecology, reproduction, development
(ontogeny), evolution (phylogeny), natural habitat, diet, social behaviour, reproductive behaviour,
cognitive behaviour, genetics.

1. Introduction

1.1. The Zebrafish
as a Model Organism

The zebrafish, Danio rerio (Hamilton), is one of the most impor-
tant vertebrate model organisms in genetics, developmental biol-
ogy, neurophysiology and biomedicine (1–4). It has a number
of attributes that make it particularly tractable to experimental
manipulation. It is a small, robust fish, so large numbers can be
kept easily and cheaply in the laboratory, where it breeds all year
round. Females can spawn every 2–3 days and a single clutch
may contain several hundred eggs. Generation time is short, typ-
ically 3–4 months, making it suitable for selection experiments.
Zebrafish eggs are large relative to other fish eggs (0.7 mm
in diameter at fertilisation), and optically transparent, the yolk
being sequestered into a separate cell. Furthermore, fertilisation

A.V. Kalueff, J.M. Cachat (eds.), Zebrafish Models in Neurobehavioral Research, Neuromethods 52,
DOI 10.1007/978-1-60761-922-2_1, © Springer Science+Business Media, LLC 2011
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2 Spence

is external so live embryos are accessible to manipulation and can
be monitored through all developmental stages under a dissect-
ing microscope (5). Development is rapid, with precursors to all
major organs developing within 36 h and larvae displaying food
seeking and active avoidance behaviours within 5 days post fertil-
isation, i.e. 2–3 days after hatching (5).

As a popular aquarium species, the zebrafish has been used
in developmental biology for many years (e.g. (6)). Its cur-
rent prominence as a model organism stems from the work of
Streisinger et al. (7) who pioneered its use to apply molecu-
lar genetics to the study of vertebrate embryology, and Kimmel
(8–10), who published detailed descriptions of cell differentia-
tion and nervous system organisation (for review see (2)). The
zebrafish was the subject of the first large-scale random mutagen-
esis screens to be conducted in a vertebrate (11). These screens,
conducted in 1996 in Boston (12) and Tübingen (13) generated
over 4,000 mutations and led to the identification of over 400
genes controlling vertebrate development. Since then there have
been numerous technological advances (for review see (14–22)),
culminating in the zebrafish genome project, based at the Sanger
Institute in Cambridge, which began in 2001 and will shortly be
completed (http://www.sanger.ac.uk). The zebrafish is increas-
ingly important in biomedical research (23–25), particularly as a
model of human disease (26, 27) and for the screening of ther-
apeutic drugs (3, 28). Its strength as a model organism is that
as a vertebrate it is more comparable to humans than inverte-
brate model species such as Drosophila (29, 30), while being more
tractable to genetic and embryological manipulation than mam-
malian model species such as mice, in which such procedures are
both more complicated and costly.

Over 400 labs worldwide now routinely use the zebrafish
in fundamental and applied research (http://www.zfin.org) and
there is an increasing interest in its use as a model for understand-
ing the genetic basis of behaviour (18, 31, 32). Figure 1.1 shows
the number of papers on zebrafish behaviour published each
decade since the 1970s, based on a search of Web of Science using
“zebrafish” and “behaviour/behavior” as keywords. Despite this
interest, it has attracted little attention from the behavioural ecol-
ogy community, possibly because little is known about its natural
ecology and few studies have been conducted on wild popula-
tions. Most laboratory lines of zebrafish are the product of many
generations in captivity, which is likely to have resulted in selec-
tion for reproductive capacity, while relaxing selection for other
traits, such as predator avoidance (33, 34). Thus, it is not clear
in what respect and to what extent domesticated strains may dif-
fer from wild fish, nor how much inter-population variation exists
in nature. This chapter reviews the current state of knowledge of
the ecology and behaviour of the zebrafish. The term behaviour is
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Fig. 1.1. The numbers of papers on zebrafish behaviour published since the 1970s, based on a keyword search in the
Web of Science, up to mid 2009.

used not in the sense of a simple reflexive response to stimuli but
rather for complex patterns of behaviour such as those involved
in social and reproductive behaviour.

2. Taxonomy

2.1. Taxonomic
Status

The zebrafish belongs to the family of freshwater fishes
Cyprinidae, the most species-rich vertebrate family (35). There
are currently approximately 44 danionin species (36), distributed
throughout South and Southeast Asia, their highest species diver-
sity in north-eastern India, Bangladesh and Myanmar (37). The
name Danio derives from the Bengali name “dhani”, meaning
“of the rice field” (38). Danios are included in the subfamily Ras-
borinae (39). They are characterised by small size (<120 mm total
length), the presence of a “danionin notch”, in the ventromedial
margin of the dentary, and a distinctive colour pattern based on
alternating dark and light horizontal stripes, which may be broken
up into blotches or bars.

Danio rerio was first described by Francis Hamilton, a sur-
geon with the British East India Company stationed principally in
West Bengal at the beginning of the nineteenth century. He pub-
lished An Account of the Fishes Found in the River Ganges and its
Branches in 1822 that included 10 Danio species. D. rerio was
later assigned to the subgenus Brachydanio, together with the
other small Danio species with short dorsal fins and a reduced lat-
eral line, Danio being reserved for the larger species of the group
(40). Danio and Brachydanio were synonymised by Barman (37),
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as there were no diagnostic characters that reliably separated the
two groups. The first molecular phylogeny of the group was pro-
duced by Meyer et al. (41, 42) based on 16S and 12S mitochon-
drial DNA for nine species. This analysis showed that Danio was
monophyletic with two subclades that were either deep bodied
or slender bodied. Subsequent molecular studies (43, 44, 45, 46)
supported this distinction, as did a combined molecular and mor-
phological study by Sanger and McCune (47). Moreover, Parichy
and Johnson (44) showed that hybrid viability and fertility among
Danio species largely corresponded to the relationships inferred
from molecular data.

However, a more complete phylogeny, based on morpho-
logical analysis and including 13 Danio species together with an
additional eight closely related genera, proposed that Danio was
paraphyletic, the deep- and slender-bodied clades forming sep-
arate genera (48). The deep-bodied clade was thus assigned the
distinct generic name of Devario, and includes most of the striped
and barred danios (of which about 45 are considered valid), with
Danio sensu stricto, (including D. rerio) restricted to nine species
(48). A subsequent study using molecular data from a number
of nuclear and mitochondrial genes and phylogenetic analysis
confirmed this distinction, identifying Danio as monophyletic,
being as closely related to Chela, Microrasbora and Inlecypris as
to Devario (49). The closest relative of D. rerio is D. kyathit (49).

The two genera (Devario and Danio) cannot be reliably dis-
tinguished on the basis of proportional measurements alone, as
there is considerable intra-species variation, mature females typ-
ically being deeper bodied than males or juveniles. Although
Devario tend to be larger, one of the large species, Danio dan-
gila, is included in Danio (36, 44, 45, 46). However, the two
genera are ecologically quite distinct, Devario spp. occurring in
hill streams with clear running water, while Danio spp. are con-
fined to lowland areas, typically inhabiting slow-flowing, turbid
rivers and pools (36).

2.2. Appearance
and Morphology

Danio rerio rarely exceeds 40 mm body length (from the tip of
the snout to the origin of the caudal fin (BL)). Its body shape
is fusiform and laterally compressed, with a terminal oblique
mouth directed upwards. The lower jaw protrudes further than
the upper and the eyes are central and not visible from above.
The diagnostic features for the species are an incomplete lateral
line extending to the pelvic fin base, two pairs of barbels and five
to seven dark blue longitudinal stripes extending from behind
the operculum into the caudal fin (37). The anal fin is similarly
striped, while the dorsal fin has a dark blue upper edge, bordered
with white. The colour pattern comprises three types of pig-
ment cell, dark blue melanophores, gold xanthophores and irides-
cent iridophores (50, 51). Developmentally, two stripes first form
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centrally with subsequent stripes being added sequentially above
and below (43). As with many teleosts, the melanophores can be
concentrated or dispersed in response to stimuli, which appear
to function both for camouflage, melanophores aggregating and
dispersing in response to light intensity (18, 52) and signalling,
fish typically darkening during aggressive display (31, 53). Colour
change appears to be under some degree of cognitive control; fish
which were subjected to cyclical alternations of black and white
backgrounds over 20 days showed an increase in the speed and
degree of aggregation and dispersal of melanophores (52). Males
and females are of similar colouration, although males tend to
have larger anal fins with more yellow colouration (54, 55). The
sex of juveniles cannot be reliably distinguished without dissec-
tion and while gravid females have a more rounded body shape,
the most reliable diagnostic feature is the presence of a small gen-
ital papilla in front of the anal fin origin (54).

2.3. Domestic
Aquarium Strains

Zebrafish used for mutagenesis and screening are from lines bred
in laboratories for many generations in order to maintain a sta-
ble genetic background. They are also “cleaned up”; i.e. bred
selectively to remove embryonic lethal mutations. The main cur-
rently recognised wild-type lines from the Zebrafish International
Resource Center are summarised in Table 1.1. For details of
mutant lines see http://zfin.org

The “Leopard” danio, which displays a spotted colour pat-
tern instead of stripes, was originally thought to be a separate
species, described as Brachydanio frankei (56). However, nei-
ther molecular nor morphological analyses have differentiated
between the two (41, 57) while hybrids were shown to produce
fertile progeny (48). The Leopard danio is now known to be a
spontaneous mutation of the wild-type D. rerio colour pattern
(59), with homozygotes displaying a spotted pattern, while het-
erozygotes have a disrupted stripe pattern (60). Leopard danio
mutants are primarily bred for the aquarium trade but also occur
in nature (R. Spence, pers. obs.). Another aquarium variant is
the “longfin” D. rerio, which is a dominant mutation resulting
in elongated fins (61). The commonly used wild-type strain, TL
or Tübingen Long-fin displays both the “leopard” and “longfin”
mutations (www.zfin.org).

2.4. Pigment Patterns
in Danio spp.

Comparison of pigment patterns among Danio species has pro-
vided insights into their evolutionary relationships. Larval danios
of different species exhibit an identical pigment pattern, which
only differentiates into the adult pattern in about the third week
of development (43). Interestingly, several D. rerio pigment pat-
tern mutations resemble other Danio species (44). This remark-
able concurrence in appearance raises the possibility that the alle-
les expressed by zebrafish colour mutants are the same as those
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Table 1.1
Wild-type zebrafish lines listed by the Zebrafish International Resource Center

Name Description

AB Derived from two lines purchased by George Streisinger from a pet shop in
Albany, Oregon in the late 1970s. The currently used line ∗AB was derived
from the original AB line in 1991–1992 by parthenogenesis

AB/Tübingen An “official” line maintained as a cross but the term is also applied to crosses
where the two parental lines are maintained separately

C32 Derived from laboratory strains at Oregon. The current C32bc9 stock is a
derivative of Steve Johnson’s inbred C32

Cologne Isolated at the Reugels/Campos-Ortega Lab, University of Cologne
Darjeeling Collected in Darjeeling in 1987 and sent to Monte Westerfield at Oregon.

A much faster swimmer than other wild-type strains. Used extensively for
mapping as it contains many polymorphic markers

Ekkwill (EKW) From Ekkwill breeders in Florida and maintained in Grunwald lab, University
of Utah

Hong Kong Stock obtained from a Hong Kong fish dealer

HK/AB Hybrid of Hong Kong and AB wild-type lines
HK/Sing Hybrid of Hong Kong and Singapore wild-type lines

India Stock obtained from expedition to Darjeeling (wild isolate)
Indonesia Stock obtained from Indonesian fish dealer

Nadia Wild-caught about 40 miles east of Calcutta. The fish were collected from
stagnant ponds and flood plains. Imported in 1999 by a wholesaler in Oregon.
Established in the Oregon laboratory from an initial breeding of about
10 individuals

Singapore Stock obtained from Singapore fish dealer

SJA SJA is an inbred line of ∗AB isolated at the Stephen L. Johnson Lab,
Washington University Medical School. Unlike ∗AB, which is bred to retain
polymorphisms, this subline is bred to reduce polymorphism and is at least
85% monomorphic

SJD Isolated at the Stephen L. Johnson Lab
Tübingen Wild-type short fins. Strain used by Sanger for the zebrafish sequencing project.

It was cleaned up to remove embryonic lethal mutations from the background
before being used for mutagenesis and sequencing

Tübingen long fin Homozygous for leot1, a recessive mutation causing spotting in adult fish, and
lof dt2 a dominant homozygous viable mutation causing long fins. This is
not the line used in the Sanger zebrafish sequencing project. It is genetically
different from TU because it was bred differently and not “cleaned up”, and
therefore retains a lot of polymorphisms

WIK Derived from wild catch in India and used for genome mapping

expressed in related Danio species. Consequently, these alleles
may have played a role in colour pattern diversification among
species (44).

A spectacular array of adult pigment pattern mutants have
been identified for zebrafish (59, 60). Many mutant colour
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patterns can be attributed to a single locus, and several pigment
genes have been identified at the molecular level (63–65). In a
study of colour pattern inheritance, Parichy and Johnson (44)
showed that hybrids between zebrafish and four closely related
Danio species all expressed pigment patterns resembling that of
wild-type zebrafish. These findings imply that stripes may be
ancestral in Danio spp. Thus the zebrafish may serve as a useful
model for studying the genetic and developmental basis of colour
pattern evolution as a mechanism for speciation (50, 51).

3. Ecology

3.1. Distribution
and Habitat

The natural range of the zebrafish is centred around the Ganges
and Brahmaputra river basins in north-eastern India, Bangladesh
and Nepal although in the past specimens have also been collected
in the Indus, Cauvery, Pennar, Godavari and Mahanadi river
basins (Fig. 1.2, Table 1.2). In addition, it has been reported
as occurring in the Krishna river basin (38) and in the states of

Fig. 1.2. The natural distribution of the zebrafish. Major river systems indicated. Black dots indicate recorded
occurrences.
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Rajasthan, Gujarat and Andhra Pradesh (river basins draining into
the Arabian Sea) as well as northern Myanmar and Sri Lanka,
although no location details are given (37). The reliability of
some of the earlier records is questionable; either no specimens
appear to have been collected (as in the case of records for Sri
Lanka), or the specimen has been reclassified (as in the case of at
least one species from Myanmar, now designated Danio kyathit
(57)). Database records for this species should not be considered
as complete. However, on the basis of confirmed occurrences, the
zebrafish may be widely distributed over the Indian subcontinent;
it may be overlooked in surveys on account of its small size and
the fact that it has no value as a food fish, even to subsistence
fishermen.

The Indian subcontinent has a monsoon climate with wide
seasonal variation in the extent of freshwater habitats. Some of
the major river systems, such as the Ganges, run through low-
lying areas that flood extensively during the monsoon months.
The floodplains are characterised by oxbow lakes and blind chan-
nels, which may have seasonal connections to the main river. In
addition, these regions contain extensive areas of man-made lakes,
ponds and irrigation channels constructed for fish and rice culti-
vation. There is a wide range of temperatures within the natural
range of zebrafish, from as low as 6◦C in winter to over 38◦C in
summer.

Zebrafish have typically been described as inhabiting slow-
moving or standing water bodies, the edges of streams and
ditches, particularly adjacent to rice fields (70, 38, 71). How-
ever, they are also reported as inhabiting rivers and hill streams
(72). This inconsistency in habitat preference probably results
from the taxonomic confusion between Danio and Devario (36).
Three surveys have systematically described their habitat prefer-
ences; McClure et al. (68) captured zebrafish in three sites in the
Ganges drainage in India, Spence et al. (66) captured them in nine
sites in the Ganges and Brahmaputra drainages in Bangladesh,
and Engeszer et al. (73) captured them in 14 sites in the Ganges
and Brahmaputra drainages in India. In all three studies, zebrafish
were found to occur in shallow water bodies with a visibility to a
depth of ∼30 cm, frequently in unshaded locations with aquatic
vegetation and a silty substrate.

Zebrafish appear to be a floodplain rather than a true riverine
species. They are most commonly encountered in shallow ponds
and standing water bodies, often connected to rice cultivation.
This association with rice cultivation may relate to the use of fer-
tilisers that may promote the growth of zooplankton, a major
component of the zebrafish diet (74). Rice paddies and shallow
seasonal waters are also likely to be free from large predatory fish.
Spence et al. (66) found no zebrafish in either rivers or temporary
creeks that opened during the monsoon season. Where zebrafish
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are found in streams and rivers, these typically have a low flow
regime and zebrafish were most often encountered at the mar-
gins (68, 73). Behavioural observations of their vertical distribu-
tion indicated that they occupy the whole of the water column
and occur as frequently in open water as among aquatic vegeta-
tion (66).

3.2. Diet Zebrafish are omnivorous, their natural diet consists primarily
of zooplankton and insects, although phytoplankton, filamen-
tous algae and vascular plant material, spores and invertebrate
eggs, fish scales, arachnids, detritus, sand and mud have also
been reported from gut content analysis (68, 69, 74). The major-
ity of insects identified in these studies were aquatic species, or
aquatic larval forms of terrestrial species, particularly dipterans.
It has been suggested that zebrafish may have some value in
mosquito control (69). The high proportion of planktonic items
in their diet indicates that zebrafish feed primarily in the water col-
umn, however, terrestrial insects and arachnids are also consumed,
suggesting surface feeding. The presence of inorganic elements
and detritus suggests that zebrafish also feed from the substrate.
In a study based on sampling over 12 months, dietary compo-
sition appeared to differ significantly among months although
no clear seasonal pattern was apparent (74). Additional data are
required to determine the extent to which food items in the gut
of zebrafish reflect selectivity on the part of the fish as opposed to
seasonal availability of different prey.

3.3. Growth
and Mortality

Zebrafish growth is most rapid during the first 3 months fol-
lowing hatching; afterwards the growth rate starts to decrease
to approximately zero by about 18 months (74). Growth rates
of domesticated strains in the laboratory have been reported as
higher than those for wild fish. Eaton and Farley (75) reported
an annual growth rate of 183 mm y–1 during the first 45 days of
development, compared to 72 mm y–1 during the first 2 months
in nature (74). This difference in growth rates could result from
inadvertent selection for rapid growth or as a consequence of
higher food intake in captivity. The latter explanation is more
likely, as F2 offspring of wild-caught fish grow at an equiv-
alent rate to domesticated strains under controlled conditions
in the laboratory (C. Smith & R. Spence, unpublished data).
Domesticated strains have also been reported to achieve a larger
body size than some populations of wild fish (34). A length-
frequency analysis based on sampling over 12 months from a lake
population in Bangladesh showed the mean length of fish to be
25 mm after 1 year. The maximum BL observed was 35 mm (74),
which is comparable to the typical range observed in laboratory
strains. The size difference may be partly due to genetic factors
(34, 76) with selection for fast growth and high fecundity among
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laboratory fish, but it may also reflect rearing conditions; in the
laboratory, F1wild fish also achieve 35 mm BL after 18 months
(R. Spence & C. Smith, unpublished data). Females tend to be
larger than males both in domesticated and wild populations (74,
75, 77). The extent of variation in growth rates and body size
among wild populations is unknown.

The zebrafish appears to be primarily an annual species in
nature, the spawning season commencing just before the onset
of the monsoon (74). Length-frequency analysis showed two dis-
tinct age classes during the summer months, representing repro-
ductively mature 1+ year fish and a cohort of 0+ fish. Thus, the
main period of rapid growth takes place during the monsoon
months (June–September), a period of high temperatures (up to
34◦C) and food availability (78).

Gerhard et al. (79) reported a mean life span of domesti-
cated zebrafish of 42 months, with the oldest individual surviving
for 66 months. However, instances of spinal curvature, a phe-
notype caused by muscle degeneration and commonly associated
with senescence (79, 80), become apparent in domesticated and
wild zebrafish after their second year in captivity (R. Spence, pers.
obs.). Spinal curvature was not observed in a wild population (74)
and it is likely that fish die in natural populations before this con-
dition develops.

3.4. Assemblage Where zebrafish are found, they tend to be among the most abun-
dant species (66, 68, 73). Spence et al. (66) captured a total of
25 species from nine families that co-occurred with zebrafish over
their range in Bangladesh, while Engeszer et al. (73) captured
36 species from 16 families. These were primarily small (<25 cm
total length) indigenous species. Such species represent potential
competitors of zebrafish. Zebrafish were often observed shoal-
ing together with the flying barb Esomus danricus (Hamilton),
another abundant cyprinid of similar size and appearance that is
closely related to Danio (48). Other potential competitors are
Puntius spp. and Aplocheilus panchax (Hamilton).

The other danionin species found with zebrafish were
Danio dangila (Hamilton), D. meghalayensis (Sen & Dey),
Devario devario (Hamilton), Devario assamensis (Barman) and
D. aequipinnatus (McClelland). McClure et al. (68) reported sig-
nificant differences in the characteristic temperature, pH and cur-
rent speed of the habitats in which different danionin species
occurred; the Devario species typically inhabited faster flowing
water whereas zebrafish were captured in the margins of streams
and rivers. This corresponds with Fang’s (36) finding that the two
genera occupy different microhabitats.

3.5. Predators The commonest predatory taxa captured with zebrafish were
snakeheads, Channa spp., and the freshwater garfish, Xenentodon
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cancila (Hamilton) (73, 64) although sampling protocols may
have failed to capture other potential predators such as noctur-
nal catfish. Engeszer et al. (73) additionally captured the cat-
fish Mystus bleekeri (Day) and the knifefish, Notopterus notopterus
(Pallas). Mastacembelids, which also co-occur with zebrafish, are
oophagous and may be predators of zebrafish eggs and embryos,
while odonate larvae may be predators of larval and juvenile
zebrafish (73). Adult zebrafish are also predators of zebrafish eggs
and larvae. Avian predators such as the Indian pond heron, Arde-
ola grayii (Sykes), and the common kingfisher, Alcedo atthis L.,
are also ubiquitous in the floodplains of the Indian subcontinent
and may feed on D. rerio.

Laboratory studies have shown that zebrafish display fright
reactions in response to both visual and olfactory cues associ-
ated with predators. Dill (81, 82) used both living (largemouth
bass, Micropterus salmoides (Lacepède)) and model predators to
investigate zebrafish escape responses. The distance at which the
response was elicited depended on the predator’s size and its
approach velocity. Reactive distance did not differ significantly
between living and model predators, although escape velocity was
higher with living predators. Over repeated trials on successive
days, zebrafish responded earlier and flight distance increased. No
decline in response was detected when zebrafish were retested
after a 10-day break. This effect may be an example of sec-
ondary reinforcement; as the predator’s approach was associated
with a negative experience, the fish began to respond before the
initial threshold was reached. Bass and Gerlai (83) compared
the responses of zebrafish to a sympatric predator (the leaf fish,
Nandus nandus), an allopatric predator (the compressed cich-
lid, Nimbochromis compressiceps), a sympatric harmless fish (the
giant danio, Devario malabaricus) and an allopatric harmless fish
(the swordtail, Xiphophorus helleri). The zebrafish, which were
a domesticated line, showed an elevated fear response to the
sympatric predator compared to the others. This would appear
to indicate some kind of genetic involvement in anti-predator
responses.

In common with other ostariophysian fishes, zebrafish show
alarm behaviours in response to a pheromone that is released as
a result of injury to the epidermal cells (84, 85). The strength of
the response is proportional to the concentration of alarm sub-
stance in the water (86). Alarm behaviours include an increase
in shoal cohesion and either agitated swimming or freezing on
the substrate, a decrease in feeding rate and increase in aggres-
sion. These behaviours have been interpreted as having an anti-
predator function. Rehnberg and Smith (87) demonstrated that
isolated zebrafish showed an alarm response to water containing
alarm substance, so the response is independent of the presence
of conspecifics.
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3.6. Parasites Little is known about the natural parasite fauna of zebrafish, or
the role parasites play in their behaviour and ecology. In a pre-
liminary study conducted in Bangladesh, based on an analysis of
120 specimens from seven sites, infection by 20 species of meta-
zoan parasites and three protozoans was observed (R. Spence
& C. Smith, unpublished data). The majority of parasites were
larval stage digeneans, cestodes and acanthocephalans, while
ectoparasite infection was rare. Infection by Acanthostomum sp.,
Centrocestus sp. and one diplostomoid species was observed in all
the locations sampled, with 100% prevalence being observed for
the metacercariae of Acanthostomum sp. in one site and Centro-
cestus sp. in two sites.

In laboratory stocks, infection by the microsporidian
Pseudoloma neurophilia is common (88). It infects the central
nervous system, cranial and spinal nerves, and skeletal muscle of
zebrafish, causing emaciation, ataxia and spinal malformations. It
is not clear whether vertical transmission of this parasite can occur
in zebrafish. Captive zebrafish have also been subject to infec-
tion by the nematode Pseudocapillaria tomentosa, which infects
the gut; symptoms include inflammation, emaciation and intesti-
nal carcinomas (89). P. tomentosa can be transmitted directly
and infects entire laboratory colonies. There are many possible
explanations for this phenomenon but the finding that nematode
infection appears to be rare in nature may indicate that zebrafish
have not evolved natural immunity to the effects of parasitism by
nematodes.

4. Reproductive
Behaviour

4.1. Spawning Cycle Much of the scientific literature on zebrafish reproduction has
been concerned with how best to maximise the supply of eggs for
research (reviewed by Laale (54)) and, until recently, almost noth-
ing was known about the reproductive ecology of wild zebrafish.
In zebrafish, all gonads initially develop as ovaries, which in males
start to differentiate at approximately 5–7 weeks post hatching
(10–15 mm TL) through an intersexual stage, finally developing
into normal testes by approximately the third month of develop-
ment (12–17 mm TL), depending on strain and rearing condi-
tions (90, 91). The genetic mechanism of sex determination in
zebrafish is unknown. However, there is evidence that food sup-
ply or growth rate affects sex determination, with faster growing
individuals developing as females and slower growing individuals
as males (92). Based on samples collected from a population in
Bangladesh, sex ratios in nature appear to be 1:1 (74).
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In the laboratory, domesticated zebrafish strains breed all year
round whereas in nature spawning is more seasonal. However,
larger females collected in January (outside the main spawning
season) have been found to contain mature ova, indicating that
reproduction may not be cued by season, but may instead be
dependent on food availability, which is likely to co-vary with
season (66). Furthermore, reproductive maturity appears to be
related to size rather than age; wild and domesticated zebrafish
appear to reach reproductive maturity at similar sizes, despite hav-
ing different growth rates. Eaton and Farley (75) showed that
domesticated zebrafish reared at 25.5◦C reached maturity after
75 days, when females were 24.9 mm BL and males 23.1 mm. In
laboratory conditions, F1 wild zebrafish also reach reproductive
maturity at approximately 23 mm BL (R. Spence, pers. obs.).

Pairs of zebrafish left together continuously spawn at fre-
quent but irregular intervals (77) and a single female may produce
clutches of several hundred eggs in a single spawning. In a study
by Spence and Smith (93) inter-spawning intervals ranged from
1 to 6 days, with a mean of 1.5 days, producing clutches ranging
from 1 to over 700 eggs, with a mean of 185 (± SD 149). Clutch
size correlated positively with both female body size and inter-
spawning interval. Eaton and Farley (77) reported that inter-
spawning interval increased with age, from a mean of 1.9 days
in 12-month-old fish to 2.7 days 3 months later. Clutch size also
increased over this period from a mean of 158–195. No equiva-
lent data are available for wild zebrafish, but inter-spawning inter-
vals tend to be greater and clutch sizes smaller than domesticated
strains (R. Spence, pers. obs.).

Ovulation is dependent on female exposure to male gonadal
pheromones; male holding water, testis homogenates and testis
fractions containing steroid glucuronides will induce ovulation
but fail to do so in females rendered anosmic by cauterising the
nasal epithelium (94, 95). Eaton and Farley (77) showed that
exposure to a male for 7 h in the afternoon was sufficient to
enable eggs to be stripped from females the following morning.
However, eggs were never obtained from isolated females more
than once in any 5-day period after exposure to a male. Thus it
appears that all mature ova are released in a single spawning bout
(77, 96).

The presence of a male is essential for females to spawn
eggs. Females kept in isolation or older females can become
“eggbound” (Fig. 1.3a, b) which can be lethal in severe cases.
Dissections of eggbound females showed a 3 × 3 mm plug con-
sisting of necrotic clumped eggs clogging the oviduct, preventing
any further successful spawning (Gerlach unpublished results).
Regular exposure to males and spawning dishes can prevent this
development. Interestingly, despite the fact that egg production is
non-continuous, females exposed to male pheromones for several
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Fig. 1.3. Female zebrafish a before and b after being housed alone for 3 weeks. The belly of the females increased,
on average, by 69 ± 24% (n = 10). Grid = 0.5 cm2. (Reproduced by kind permission of Gabi Gerlach).

days prior to spawning produce more eggs of higher quality than
females isolated for several days (97). This effect could be a con-
sequence of the concentration of pheromones to which they are
exposed. Bloom and Perlmutter (98) showed that both sexes pro-
duce pheromones that function as inter- and intra-sexual attrac-
tants, and have different effects at different concentrations. For
both sexes, the intra-sexual response was elicited at a lower con-
centration than the inter-sexual response.

Eggs are non-adhesive and demersal, with a diameter of
approximately 0.7 mm. They are released directly over the sub-
strate with no preparation of the substrate by either sex and
there is no parental care. Eggs become activated on contact with
water and even in the absence of sperm, undergo a series of pro-
grammed developmental steps. Unfertilised eggs develop a perivi-
tilline space but fail to develop beyond the first few cleavages (99).
Hatching takes place between 48 and 72 h at 28.5◦C, depending
on the thickness of the chorion and the muscular activity of the
embryo inside, both of which can vary within a group of embryos
(5). Immediately after hatching the larvae (measuring ∼3 mm)
attach to hard surfaces by means of small secretory cells in the
epidermis of the head (54). Attachment at progressively higher
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levels enables them to reach the surface to which they need to gain
access in order to inflate their swim bladders (100). This process
occurs from about 72 h post-fertilisation, whereupon swimming,
feeding and active avoidance behaviours commence (5).

4.2. Mating
Behaviour

It is well known that spawning in domesticated zebrafish is influ-
enced by photoperiod (101). Zebrafish show a distinct diurnal
activity pattern, synchronised with the light/dark and feeding
cycles. The first activity peak occurs immediately after illumination
with two further peaks in the early afternoon and the last hour of
light (61, 102). Spawning activity coincides with the first activity
peak and usually commences within the first minute of exposure
to light following darkness, continuing for about an hour (103).
Field observations have shown that spawning in zebrafish under
natural conditions is also largely limited to a short period at dawn
(104). Notably, wild-caught zebrafish held in captivity are more
likely than domesticated strains to spawn at times other than first
light (R. Spence, pers. obs.). Extended day length may be a con-
tributory factor in the seasonal onset of spawning in nature. It
was noted by Breder and Rosen (101) that adding a dash of cold
water to aquaria could encourage spawning in zebrafish. Thus, it
may be that a drop in water temperature or an increase in water
level may be additional cues used by zebrafish. In nature, zebrafish
spawn during periods of heavy rain (R. Spence, pers. obs.).

Courtship behaviour in zebrafish consists of a male chasing
the female rapidly, often nudging her flanks with his snout and
attempting to lead her to a spawning site (see below), swimming
around or in front of her in a tight circle, or figure of eight, with
his fins raised. If she does not follow, he may alternate between
circling the female and swimming back and forth between the
female and the spawning site. Once over a spawning site he swims
closely alongside the female, spreading his dorsal and caudal fins
around her so that their genital pores are aligned, and may oscil-
late his body at high frequency and low amplitude. This behaviour
triggers oviposition in the female and sperm is released simulta-
neously. This sequence of behaviours is repeated throughout the
spawning period, females releasing between 5 and 20 eggs at a
time. Male courtship behaviour is most active in the first 30 min
and although it continues for about an hour, few females extrude
eggs after the first 30 min (103). Wild zebrafish display similar
courtship and territorial behaviours during spawning as have been
described in domesticated strains (104). Under more natural con-
ditions, courtship involves males actively pursuing females, who
utilize the whole water column, alternately swimming towards the
surface and then diving steeply down to the substrate to spawn.
Small groups of 3–7 fish usually take part in these chases.

Courtship behaviour in the male is triggered by female
pheromones. In a study by van den Hurk and Lambert (94)
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males, but not females, were attracted to ovarian extracts injected
into the aquarium. Anosmic males failed to court females while
control males only courted females that had ovulated. Further,
anosmic males were extremely aggressive, suggesting that ovarian
pheromones also inhibit aggression that is common in both sexes
during foraging.

Zebrafish typify a basic mating pattern common to many
cyprinid fishes; they are group spawners and egg scatterers (101).
Females will spawn directly onto a bare substrate, but when pro-
vided with an artificial spawning site, such as a plastic box filled
with marbles, will preferentially use it for oviposition (105). Some
male zebrafish are territorial during mating (105). Both territo-
rial and non-territorial males show the same courtship behaviour
but whereas non-territorial males pursue females, territorial males
confine their activities to within a few body lengths of a spawn-
ing site and chase other males away when they try to approach.
A study by Spence and Smith (105) examined the effects of
manipulating density and sex ratio on the behaviour of these
territorial males. Aggression rates increased at higher densities.
However, while courtship behaviour increased with density under
a female-biased sex ratio, when the sex ratio was male-biased
courtship rate decreased relative to that observed at low densi-
ties. A subsequent microsatellite parentage analysis showed that
the reproductive success of territorial males was also density
dependent (106). At low densities territorial males sired signif-
icantly more offspring than non-territorial males. However, at
higher densities territorial males were no more successful than
non-territorials. Thus male zebrafish display two distinct mating
tactics, territorial defence and active pursuit of females, the adop-
tion of which is flexible and may be density dependent. Another
study (107) used a higher density level and found that terri-
toriality broke down completely and aggression was reduced in
consequence. Thus it is likely that aggression will be highest at
intermediate densities, depending on the availability of defend-
able territories.

Density can also affect female reproductive success, mean per
capita egg production decreasing at higher densities (105, 107).
A parentage analysis indicated that this effect was due to females
spawning smaller clutches, rather than some females being
excluded from spawning (106). There are several possible expla-
nations for reduced female egg production at high densities;
increased male-male aggression may interfere with female ovipo-
sition attempts and/or competition may arise among females for
access to spawning sites. Alternatively, reduced female egg pro-
duction may arise through pheromonally mediated reproductive
suppression. Females exposed to the pheromones of other females
for several days prior to spawning have been shown to be sig-
nificantly less likely to spawn compared to isolated females (97).
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Further, dominant females produce more eggs than subordinates
(97). In a study on female territoriality conducted in a large 2 × 2
m aquarium, Delaney et al. (108) showed that females avoid the
presence and, therefore, also the direct exposure to pheromones
of other females. Females have a significant preference to stay with
one or several males over other females. Tested in a T-maze, an
increasing concentration of chemical cues from female zebrafish
elicited avoidance behaviour in other females (109). Thus, com-
petition among both males and females may play a role in the
zebrafish mating system.

4.3. Mate Choice The existence and nature of female mating preferences can be
difficult to demonstrate in species where male competition plays
a significant part in the mating system; matings are likely to be
determined by the dominant male excluding other males rather
than females actively choosing mates. There is some evidence that
female zebrafish prefer larger males (110), and body size tends to
correlate with dominance in teleost fishes (111). When female egg
production is used as a measure of preference, female zebrafish
do appear to prefer some males over others (93). However, while
these preferences do not correlate with male dominance, neither
do females correspond in their choice of males (93). In view of
the role played by pheromones in the reproductive behaviour of
both sexes, it is possible that mating preferences may be based
on olfactory cues. For instance, female zebrafish prefer the odour
of unrelated males to unfamiliar brothers (112). In the zebrafish
mating system, the two mechanisms of sexual selection, male-
male competition and female preference, may operate in oppo-
sition. If females do not prefer dominant males, their preferences
may undermine the ability of dominant males to monopolise mat-
ings. Further, competition among males for mating opportuni-
ties may be balanced by similar competition among females (97).
Indeed, variance in reproductive success among females is equiv-
alent to that among males, and consequently the opportunity for
sexual selection is weak in zebrafish (106), borne out by the fact
that they do not display striking sexual dimorphism.

4.4. Ovipostion
Choice

Females are selective with respect to sites for oviposition. In
choice tests conducted both with domesticated fish in the lab-
oratory and with wild fish in a field-based mesocosm, females
preferred a gravel substrate to silt (104). Territorial males were
also observed to defend gravel-substrate spawning sites in prefer-
ence to silt. This preference appears to relate to spawning site
quality; egg survival is enhanced by incubation in a substrate
that allows oxygenated water to circulate while protecting them
from disturbance and cannibalism. In the laboratory, a prefer-
ence for vegetation was also observed, although vegetation did
not affect survival. Vegetation is thought to be important in the
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survival of larval zebrafish; they possess attachment organs that
may assist them in reaching the surface to inflate their swim blad-
ders (54). Sessa et al. (113) studied oviposition preference in
relation to a depth gradient (0–4 cm) and found that females
spawned preferentially in very shallow water. In the types of habi-
tat where zebrafish are common, such as floodplain ponds, the
substrate is often silty and zebrafish are thought to spawn in shal-
low vegetated areas that offer protection from predators (73,
104). Thus, there may be competition for access to sites that
afford better water circulation as well as protection for eggs and
larvae. Choice of oviposition site is one of the few ways in which
oviparous species with no parental care can maximize offspring
survival. Thus, if females actively choose oviposition sites, males
may increase their reproductive success by guarding such sites.

5. Social
Behaviour

5.1. Shoaling
Preferences

Zebrafish are a shoaling species; shoaling behaviour commences
soon after hatching and increases with age (114) although shoal-
ing preferences do not develop until fish reach the juvenile stage,
c. 10 mm BL (115). Miller and Gerlai (116) showed that the
average inter-individual distance between individual zebrafish in
a shoal remained constant over multiple days. Group cohesion
represents a balance between predator avoidance and competi-
tion for food. During feeding (when food was evenly dispersed)
inter-individual distance increased; when presented with a model
aerial predator, while in a bare tank with no hiding places, the
shoal responded by scattering and quickly reassembling into a
tight group (116).

Shoaling behaviour appears to be innate; fish reared in isola-
tion quickly form shoals when placed together (117). McCann
and Matthews (118) showed that zebrafish reared in isolation
did not discriminate between shoals of conspecifics, pearl dan-
ios, Danio albolineatus (Blyth), or guppies, Poecilia reticulata
(Peters), suggesting that species identification is learned. McCann
and Carlson (119) tested this by cross-rearing zebrafish with
the closely related unstriped pearl danio. Cross-reared individu-
als showed a reduced preference for associating with conspecifics.
Engeszer et al. (120) showed that preferences for different intra-
specific phenotypes are also learned. Wild-type zebrafish cross-
reared with the stripeless pigment mutant nacre preferred the
colour pattern of those with which they had been raised, irrespec-
tive of their own appearance. Based on a comparison of shoaling
preferences among five different danio phenotypes, stripes appear
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to be a key shoaling cue (121). These studies suggest that species
recognition in the zebrafish is mediated by a process of phenotype
matching against a template based on early experience. Engeszer
et al. (115) found that the visual preference of juvenile wild-
type zebrafish for like phenotype remained even when their social
environment was manipulated by placing individuals in groups
of nacre shoalmates for 30 days. However, McCann and Carlson
(119) found that the visual preference of cross-reared subjects was
eroded after similar manipulation. These observations together
suggest that template formation involves both genetic and learned
components.

Zebrafish have also been shown to use olfactory cues in
both species and kin recognition (112). In a series of odour
flume choice tests, juvenile zebrafish preferred conspecifics to het-
erospecifics, unfamiliar kin to non-kin, and familiar to unfamiliar
kin. Gerlach et al. (122) showed that kin recognition is based
on olfactory imprinting, with a very specific 24-h developmen-
tal window requiring exposure to kin on day 6 post-fertilisation.
There was no evidence of self-matching; larvae reared in isolation
did not imprint on their own chemical cues. Exposure to non-kin
at the critical stage did not result in imprinting which suggests
some genetic involvement in the process. Thus, social preferences
in zebrafish may be based on individual recognition as well as
phenotype matching. Individual recognition may play a role in
zebrafish since this species is known to establish dominance hier-
archies (93, 97, 123). The mechanism underlying this olfactory
recognition is not yet known.

Shoaling decisions in zebrafish are also influenced by shoal
size and activity level. In a test of shoaling preferences, Pritchard
et al. (124) showed that individuals generally preferred larger
shoals. However, when shoal activity level was manipulated by
changing the water temperature, fish preferred the more active
shoal, regardless of size. Preferences also appear to differ between
the sexes (125). Male zebrafish preferred to associate with female
shoals compared to males but had no preference for shoal size.
However, females preferred to associate with the larger shoal,
regardless of whether it was composed of males or females.
Zebrafish appear to be able to assess the nutritional state of con-
specifics; food-deprived individuals preferred to shoal with well-
fed conspecifics, and had increased foraging success than when
shoaling with other food-deprived individuals (126).

Tests of shoaling preference based on visual cues have been
conducted between wild-type zebrafish and various aquarium
variants: leopard danios (127), longfin (128) and the transgenic
GlofishTM, which are genetically engineered to express red flu-
orescent proteins (129). No significant preference was detected
in any of these tests. However, Engeszer et al. (130) com-
pared shoaling preferences among 17 different pigment pattern
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mutants or closely related species and showed that, while wild
and laboratory zebrafish exhibited similar preferences, there was
a marked difference between the sexes. Male preferences were
based on species and stripe patterning but female preferences did
not correlate with a priori identifiable traits. While most tests
of shoaling preference are based on dichotomous choice tests,
Saverino and Gerlai (131) analysed video footage of shoals of
test and stimulus fish swimming together, to determine inter-
individual distances, and found that zebrafish shoaled more
closely with conspecifics. They also presented fish with computer
animated images of zebrafish, modifying their colour, location,
pattern and body shape and found a preference for yellow and
avoidance of elongated images.

5.2. Aggression
and Dominance

Zebrafish of both sexes can establish dominance hierarchies.
Aggressive interactions involve chasing and in some cases bit-
ing. Display behaviour involves pairs of fish orienting head to
tail with their fins splayed and slowly circling one another while
ascending (R. Spence, pers. obs.). This behaviour operates within
and between the sexes; its function is not clear but it may be a
means of individual recognition that reinforces dominance ranks.
Once dominance relationships become established, aggression
becomes less intense (53). When fish are housed in pairs, the
dominant individual often appears darker and utilises the entire
aquarium, while subordinates are pale and occupy a smaller area
(53). Dominance relationships appear to be relatively stable over
time, at least over the duration of 5-day experiments (105, 123).
Moreover, males separated for 4 days have been shown to re-
establish identical dominance ranks once reunited (G. Gerlach,
unpublished data).

The sex of an individual does not appear to be an important
factor in determining its dominance rank (123). The relation-
ship between body size and dominance is unclear, partly because
studies often control for size (93, 105, 123). However, in stud-
ies using fish of different sizes, Hamilton and Dill (132) found
that size correlated positively with rank, while Basquill and Grant
(133) found that it was not. Dominance has been demonstrated
both during mating behaviour, where males establish territories
around spawning sites (105) and foraging, where dominant indi-
viduals attempt to monopolise a food source (123, 132, 133). It
is not known whether males that are territorial during spawning
are also dominant during foraging.

In a study of zebrafish foraging behaviour, Gillis and Kramer
(134) manipulated fish density and food patch profitability.
Zebrafish formed shoals but aggressive interactions took place
near feeding sites. The distribution of fish was affected by patch
profitability, with more fish being concentrated around the most
profitable food patch. However the variability in the distribution
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between the three patches was greater when fish density was
lower. At high densities there were more fish in the least prof-
itable patch and fewer in the most profitable patch than would be
predicted by an ideal free distribution model (135). Aggressive
interference did not fully explain the density-related reduction in
foraging efficiency; aggressive interactions increased with patch
profitability but decreased at high population densities. Thus,
foraging distributions may also be influenced by non-aggressive
interactions, while aggressive interactions are ameliorated at high
densities.

Aggression and food monopolisation are also influenced
by habitat structure. Basquill and Grant (133) compared lev-
els of aggression in a vegetated versus a non-vegetated habitat.
Aggression and food monopolisation by the dominant fish were
lower in the vegetated habitat. This effect could be because the
presence of vegetation makes the environment more difficult to
defend. An alternative explanation is that a vegetated environ-
ment is perceived as safer; dominant fish may be more willing
to forage in open habitats where predation risk is higher, while
to subordinate fish the perceived benefit of shoaling in a risky
habitat may outweigh the cost of reduced foraging efficiency. In
order to test these two hypotheses Hamilton and Dill (132) com-
pared aggression and resource monopolisation among three habi-
tats, open, vegetated and unvegetated with overhead cover. When
allowed to choose, fish preferred to forage in the covered habitat
and there was no effect of vegetation. There was no difference
in aggression among habitats, but resource monopolisation was
greater in the open “risky” habitat.

Rearing environment may also influence aggression and dom-
inance. Marks et al. (136) found that fish raised in an hypoxic
environment were less aggressive and spent more time in refugia
than those reared in a normoxic environment. This result suggests
that zebrafish offer a potential model for exploring phenotypic
plasticity in behaviour, particularly developmental plasticity.

5.3. Exploratory
Behaviour

Shoaling behaviour can increase the probability of an individual
fish detecting and avoiding predators (137). A related behaviour
is predator inspection, whereby individual fish leave a shoal briefly
to approach a predator. These two traits are known to be at least
partly genetically determined in zebrafish. Wright et al. (138)
showed differences in “boldness” (defined as the propensity to
approach a novel object, in the shape of a black cylinder sus-
pended in an experimental aquarium) among laboratory raised
wild (F2) zebrafish from four different populations. An intra-
population study indicated a genetic component to shoaling ten-
dency (the time an individual fish spent associating with a stimulus
shoal), although there was no equivalent inter-population differ-
ence. In a further study, Wright et al. (34) compared boldness
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and shoaling tendency between wild (F2) and laboratory zebrafish
(AB line). The AB fish showed reduced shoaling tendency and
increased boldness compared to wild fish, presumably as a result
of relaxed selection for anti-predator behaviours. Robison and
Rowland (33) similarly compared the Nadia wild (F5) strain with
a transgenic line TMI, which contains a green fluorescent protein
transgene, allowing them to be visually distinguished from other
strains in a mixed aquarium. They found that Nadia were less sur-
face orientated, were more likely to freeze on the bottom of the
aquarium when presented with a novel object, and were less likely
to inspect novel objects compared to TMI fish. Hybrids between
the two strains showed intermediate responses and inter-strain dif-
ferences were still apparent among strains reared in mixed tanks,
suggesting that the behaviour was not learned.

It is also possible that the results of both these studies reflect
pre-existing strain differences and are not related to domesti-
cation. A further study using Nadia, TMI and an additional
domesticated strain (SH) revealed significant inter-strain differ-
ences across five behavioural measures, although the observed
relationships within strains were relatively weak and occasion-
ally inconsistent (139, 140). These observations, together with
the inter-population differences among wild fish identified by
Wright et al. (138) indicate the need for caution in interpreting
behaviours as indicative of particular behavioural patterns such as
domestication.

6. Cognitive
Behaviour

Learning mediates many aspects of animal behaviour, includ-
ing social interactions, foraging, navigation and predator avoid-
ance. In zebrafish, the preference for associating with other fish is
innate, while the preference for particular colour patterns is based
on learned behaviour. Individuals raised in isolation do not dis-
play colour pattern preferences whereas cross-reared individuals
prefer to associate with the colour pattern with which they were
raised (120, 127). The preference effect of cross-rearing does not
persist once fish are housed in groups of the same colour pat-
tern, so the early learned preference can be modified by later
experience (119). However, zebrafish reared with others of the
same colour pattern retain the preference even when subsequently
housed with an alternative colour pattern, indicating that there
may be some genetic involvement in colour pattern preference
(115). Learned preferences are mediated by olfactory as well as
visual cues; zebrafish can differentiate between familiar and unfa-
miliar conspecifics on the basis of odour, and thus, appear capable
of individual recognition (112, 122).
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The response shown by zebrafish to alarm substance (see
Section 3.5) is also innate but appears to function as a means
of learned predator recognition (86). Alarm substance can ini-
tiate a conditioned response to an innocuous odour, such as
morpholine, when the two are presented simultaneously (141).
Hall and Suboski (142) further elicited a learned response to a
visual cue by pairing alarm substance with a red light as well
as with morpholine. Thus, conditioning can operate across dif-
ferent sensory modalities. Hall and Suboski (143) also demon-
strated second order conditioning whereby fish conditioned with
alarm substance to respond to either light or morpholine, then
learned to react to the second neutral stimulus when presented
in combination with the first conditioned stimulus in the absence
of alarm substance. The mechanism for communicating learned
predator recognition appears to be classical conditioning, pair-
ing of an unconditioned stimulus (alarm substance) with a condi-
tioned stimulus (light or morpholine) to produce a conditioned
response (alarm reaction). Conditioned responses can develop
after a single trial, and a response can be obtained even when
there is a time delay of several minutes between presentation of
the unconditioned and conditioned stimuli (144). Furthermore,
conditioned responses can be passed on to naïve fish, a process
known as social facilitation. Naïve fish exposed to morpholine
when in the company of morpholine-sensitized fish subsequently
display an alarm reaction to morpholine. The naïve fish retain this
learned response when solitary or in the company of a new group
of naïve fish (141).

An alternative approach to studying learning is to use an oper-
ant conditioning paradigm, whereby fish are trained to swim in
a specific direction for a food reward paired with a visual cue.
This approach has been used to study spatial memory, landmark
use and orientation in other species (145), and the few studies
available indicate that zebrafish are potentially a useful model
for research in this area. In a study to investigate spatial learn-
ing and memory, Williams et al. (146) trained adult zebrafish to
swim alternately to one or other side of a divided aquarium to
receive a food reward. Once trained, the fish could remember the
task after a 10-day period during which they were fed ad libitum
in another aquarium. Zebrafish were also able to learn to swim
into one of three compartments when the one containing the
reward was cued by a white light (147). A three-choice design
provides better evidence of learning than a two-choice design,
as the level of a chance response is reduced to a third. Williams
et al. (146) reported that fish learned the task in approximately 14
trials, although Bilotta et al. (147) reported wide individual vari-
ability in speed of learning. When food rewards were withheld,
the training effect was quickly lost (146, 148). Given the strong
shoaling instinct of zebrafish, an alternative reward shown to be
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effective in associative learning is the sight of other fish, or even
of computer-generated images of fish (149, 150).

Little is known about the development of learning capacity.
Williams et al. (146) found that age affected acquisition of con-
ditioned responses in zebrafish. Juveniles of 6–8 weeks learned
the task as well or better than adults, whereas those of 3–4 weeks
were not able to do so. It was not clear whether this was a result
of limited cognitive capacity or because the task presented to the
fish was too physically demanding. A related question, which has
not been investigated in zebrafish, is the extent to which habi-
tat complexity during rearing influences cognitive development.
Research with other fishes and comparisons among populations
suggests that learning in fish may be related to the demands of
their environment (151).

The majority of studies of learning involve testing individ-
ual fish (152). However, in a shoaling species like zebrafish, fish
may perform better in groups; the stress of being isolated may
inhibit learning ability in isolated individuals. Moreover, fish are
known to be able to learn by watching others (153). However,
Gleason et al. (154) found that while zebrafish learned an avoid-
ance response to an electric shock fastest in groups of five or more,
single fish learned faster than pairs. Thus the relationship between
learning and group size may not be straightforward. Steele et al.
(155) obtained similar results in exploratory feeding behaviour
in response to alanine, a ubiquitous amino acid in the aquatic
environment that functions as a chemical attractant and is the
primary constituent of many prey odours. They found that the
fastest response was elicited in groups of four fish, but single fish
responded faster than groups of two, six or eight. Group size has
not been studied in relation to spatial learning in zebrafish.

Miklósi and Andrew (156) used beads of different colours
and patterns to study the effects of habituation to stimuli. Based
on video footage of zebrafish biting responses, they concluded
that habituation is mediated by cerebral lateralisation of function;
responses are controlled by different cerebral hemispheres under
different circumstances. In trials, fish initially approached the bead
with the right eye but in subsequent trials, once the object was
familiar, used their left eye. Miklósi and Andrew concluded that
right hemisphere control (i.e. left eye) mediates escape/attack
responses (automatic behaviour), whereas left hemisphere (right
eye) control is used in assessing novel stimuli and involves the
inhibition of Mauthner cell discharge.

Many studies of learning are based on the use of neutral stim-
uli. However, in many species, innate receiver biases have evolved
that cause them to respond more strongly to certain stimuli, and
thus affect learning outcomes. Biases can exist at any level along
the signal reception and processing continuum, from stimula-
tion of a primary sensory receptor to synthesis at higher levels
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of integration, including learning, memory and decision making
(157). Both learned preferences and innate receiver biases operate
in the context of foraging. Spence and Smith (158) raised groups
of fish on diets consisting solely of one colour: red, blue, green or
white. When fish were subsequently tested for their colour prefer-
ences in a foraging context, each group responded most strongly
to red, irrespective of the colour of food with which they had been
conditioned. However, there was also a significant effect of condi-
tioning. The observed sensory bias towards red may have evolved
as a function of the nature of the transmission environment that
zebrafish inhabit, in combination with an adaptive preference for
carotenoid compounds in their diet (158).

Different tasks have been shown to elicit different prefer-
ences. Colwill et al. (148) used a T-maze with different coloured
arms (green versus purple or red versus blue) to assess visual dis-
crimination learning in zebrafish. They found that while fish could
be trained to swim down whichever coloured arm was associated
with a food reward, they learned faster and retained the response
longer when the colour associated with the reward was purple or
blue than when it was green or red. Thus, not only were the stim-
uli not perceived as equal, but the colour preferences shown in
this context differed from those in the foraging study by Spence
and Smith (158). Similarly, two studies reached different con-
clusions about whether zebrafish prefer a dark or light environ-
ment. Serra et al. (159) found that zebrafish spent more time in
a black chamber than a white one and concluded that they have
an innate preference for dark environments. In contrast, Gerlai
et al. (160) concluded that zebrafish did not prefer a dark envi-
ronment; fish initially avoided a dark chamber and on habituation
spent equal amounts of time in illuminated and dark chambers.
Clearly, the existence of innate preferences needs to be under-
stood when designing behavioural protocols for learning studies
in zebrafish.

7. Genetic Basis
of Behaviour

The relationship between genes and complex behaviours is not
straightforward (161). Behavioural syndromes comprise numer-
ous individual components, involving multiple, interacting genes
whose expression is influenced by the environment. The start-
ing point in such research is to identify behavioural syndromes
that can be quantified, with simple, reliable protocols that allow
high throughput screening, either for mutagenesis or natu-
rally occurring behavioural variation. Much of the pioneering
behavioural genetics research has utilised Drosophila as a model;
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genes have been identified that control complex syndromes, such
as learning and memory, mating behaviour and circadian rhythms
(161, 162). The advent of functional genomics has enabled
research to be extended to other species (163, 164).

In comparison, there is a paucity of studies on complex
behaviour in zebrafish, although it is recognised as having great
potential as a model for understanding the genetic basis of human
behavioural disorders (18, 19). One area of interest has been
the effect of drugs of abuse on behaviour. Darland and Dowling
(165) conducted a behavioural screen for cocaine addiction using
the conditioned place preference paradigm (CPP), whereby the
drug is paired with a neutral stimulus in one compartment of
the aquarium and the amount of time the fish spends in each
compartment is measured before and after administration of
the drug. Three out of 18 families of mutagenised fish showed
abnormal responses in the CPP and were subjected to further
behavioural screens, testing spatial cognition in a T-maze, swim-
ming behaviour, and sensitivity to light. Each family had differ-
ent behavioural profiles, which were shown to be heritable, each
supposed as representing a different single gene mutation that
affected addiction (165). Lau et al. (166) used CPP to demon-
strate a preference by wild-type zebrafish for both food and mor-
phine as rewards. In contrast, the too few mutants, in which the
basal forebrain DA and 5HT neurons are selectively reduced,
lacked the morphine preference, while still displaying a prefer-
ence for food. This result, whereby a single gene mutation can
dissociate the preference for a natural reward and an addictive
drug, indicates that the two preferences are controlled by differ-
ent pathways.

Gerlai et al. (160) designed a series of simple, easily quan-
tifiable tests to examine the effects of alcohol administered at
different concentrations on locomotion, aggression, shoaling ten-
dency, alarm response, light/dark preference and pigmentation.
These tests could be used to identify individuals with abnormal
responses to alcohol. Echevarria et al. (167) similarly used a bat-
tery of tests to examine the effects of NMDA and dopaminergic
manipulation (using MK-801 and SKF 38393) on activity level
and shoaling tendency. Several studies have also compared the
effects of acute and chronic alcohol administration among differ-
ent zebrafish strains. Inter-strain differences were detected in star-
tle response, predator avoidance, aggression and shoal cohesion,
suggesting that there is a genetic basis to both initial sensitivity
and the development of tolerance to alcohol (168–170).

Zebrafish may also be a suitable model for studying the
genetic basis of social behaviour. Larson et al. (53) showed
that there are clear differences between dominant and subordi-
nate fish in the expression of arginine vasotocin, a neurohor-
mone known to mediate social behaviour such as aggression,
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courtship and parental behaviour in vertebrates, although the
system varies among taxa. Dominance relationships are not fixed
and must, therefore, involve differential expression of different
genetic pathways.

Tropepe and Sive (171) suggested that a forward genetics
screening approach might be employed to model the behavioural
deficits involved in autism using zebrafish. As deficits in social
behaviour are strongly characteristic of autism, behaviours such
as courtship and shoaling may represent a suitable paradigm for
sociability. In mice, tests of exploratory behaviour have been used
as a paradigm for anxiety and fear, exploratory behaviour tend-
ing to be negatively correlated with anxiety (172). Using a similar
approach, Wright et al. (34) utilised the pronounced differences
between wild and laboratory strains of zebrafish in willingness to
approach an unfamiliar object (boldness) and attempted to iden-
tify quantitative trait loci associated with these.

Other complex behaviours that offer potential for genetic
analysis are learning and memory. Protocols where fish are trained
to swim in a particular direction for a food reward can be used
to assess speed of learning and retention time between different
strains of fish, fish reared under different conditions, or known
behavioural mutants. These protocols have also been used to
assess the effects of drugs of abuse on learning and memory
(173, 174). Yu et al. (175) studied cognitive aging in zebrafish,
comparing 1, 2 and 3-year-old fish. They found that the younger
fish performed better in both temporal and spatial learning and
that CPP could be established more quickly. In addition, cogni-
tive aging was accelerated in mutant and gamma-irradiated fish.
Genetic analysis of cerebral lateralisation of function may offer
insights into the molecular basis of habituation. For instance, the
mutant frequent situs inversus (fsi), which shows reversal of asym-
metry in many cerebral and visceral organs, showed reversal of
behavioural asymmetry in some tests but not others, suggesting
that at least two different mechanisms are involved in lateralisa-
tion of function (176).

Zebrafish have also been used to investigate the effects of
anthropogenic disturbance on fish behaviour. Larsen et al. (177)
studied the effects of endocrine disrupting chemicals on zebrafish
sexual development and courtship behaviour. Exposure to
environmentally realistic concentrations of 17α-ethinyloestradiol
(EE2) from egg until sexual maturity resulted in a female-biased
sex ratio, while males displayed female secondary sexual charac-
teristics such as the development of urogenital papillae, rounder
body shape and smaller, less distinctly patterned anal fins. Male
courtship behaviour proved more resistant to the effects of EE2
and only a few biological males at the highest concentration treat-
ment were unable to induce spawning. Another study investigated
the effects of anthropogenic disturbance on chemosensory ability
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(178). Elevated levels of humic acid (HA) impaired the ability
of adult zebrafish to use olfactory cues to distinguish between
conspecifics and heterospecifics. The short generation time of
zebrafish allows the effects of lifetime exposure to chemical dis-
ruption to be studied in a relatively short time and the results can
then be extrapolated to longer-lived fish species.

8. Research
Priorities

8.1. Field-Based
Studies

While the three surveys reported here have provided basic infor-
mation about zebrafish ecology (64, 66, 70), there is a need for
more field-based studies. The current distribution status of the
zebrafish is unknown, as recent studies have concentrated solely
on the Ganges and Brahmaputra river systems. In addition, sam-
pling from a wide range of populations would enable the cata-
loguing of natural variation in morphological, physiological and
behavioural traits. This should include comparing the behaviour
of zebrafish from a number of populations with different envi-
ronmental parameters and predator regimes, as has been done
with guppies (179). For instance, inter-population differences in
anti-predator behaviours (such as those identified by Wright et al.
(138)) may relate to actual differences in natural predator regime.

Field observations of zebrafish behaviour would also prove
invaluable and would supplement more detailed laboratory obser-
vations, providing definitive data on intra- and inter-specific inter-
actions. This objective requires the identification of field sites
suitable in terms of accessibility and water clarity.

8.2. Behavioural
Studies

The number of behavioural studies of zebrafish looks set to
increase, and many researchers whose primary expertise is in
genetics or developmental biology are utilising behavioural pro-
tocols such as CPP as a paradigm for testing the reinforcing prop-
erties of drugs of abuse. One of the problems with designing
and conducting behavioural experiments is demonstrating that
the results are a valid measure of the behaviour under consid-
eration. Thus there is a need for adequate controls, in order to
ensure that the results are not due to unrelated artifacts (180);
slight differences in experimental design and set-up can produce
different results. For instance, preference tests need to take innate
biases into account. Precision of measurement may also determine
whether a preference is detected. Other sources of error include
outside disturbance, either visual or auditory, and general han-
dling of subjects, including acclimatisation. Behaviour may vary
according to time of day at which observations are recorded, espe-
cially in relation to mating behaviour and feeding regime.
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There is growing evidence for behavioural differences among
zebrafish populations, even among domesticated strains. A num-
ber of studies have found strain- and dose-dependent differences
in sensitivity to ethanol exposure (168, 169, 170, 181). Moretz
et al. (139, 140) found differences among three strains, one
wild-derived (Nadia) and two domesticated (TM1 and SH) in
shoaling, activity level, predator approaches, latency to feed after
disturbance and biting at a mirror stimulus. Thus observed dif-
ferences between wild and domesticated strains cannot all be
ascribed to the effects of domestication. Relatively few studies
have compared behavioural differences between wild and domes-
ticated strains of zebrafish. Given that genetic variability is higher
among wild zebrafish but reduces over a few generations, more
emphasis should be placed on studies using wild fish and specify-
ing number of generations removed from the wild (182).

In addition to the need for adequate controls, behavioural
results are also dependent on a degree of experimenter inter-
pretation, and this is perhaps the most difficult aspect to vali-
date. Mating behaviour is the most straightforward to validate as
observed behaviours can be correlated with egg production and
parentage determined if necessary. Other behaviours are more dif-
ficult to validate. For instance, is biting at a mirror indicative of
aggression (160) or purely an attempt to interact with a conspe-
cific? (139).

8.3. Husbandry
and Welfare

All areas of zebrafish research would greatly benefit from
improvements and standardisation of husbandry practices (183).
In addition to achieving greater production and efficiency in
research, the establishment of biologically justifiable practices for
zebrafish culture would also address important concerns regard-
ing zebrafish welfare. Research based on a knowledge of zebrafish
natural history may inform practices in a number of areas: water
chemistry, nutrition, breeding, larval rearing, tank design and
optimal fish densities.

One of the most important aspects of zebrafish husbandry is
the induction of spawning in captivity. Research has demonstrated
the role of density, spawning substrate and water depth in spawn-
ing (104, 105, 113). Commonly utilized spawning methods and
equipment (184, 185) may not take account of these factors,
and thereby may result in reduced breeding efficiency, and/or
the production of embryos of suboptimal or inconsistent quality.
While it may not always be possible to incorporate behavioural
and natural history data into breeding protocols (as, for instance,
in the case of genetic studies which require sib mating), even sim-
ple efforts to replicate natural situations and facilitate behavioral
preferences, for example by the addition of spawning substrate
and plastic plants (104) and the presentation of shallow areas in
which to spawn (113), may improve productivity.
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The social environment of captive zebrafish is another factor
to be considered in relation to their husbandry and welfare. In
the majority of zebrafish research facilities fish are kept in bare
tanks and densities may be high, generally determined by growth
rates. As a shoaling species, zebrafish benefit from being kept in
groups, although they do exhibit antagonistic behaviour and form
dominance hierarchies (53, 94). While aggression generally seems
to be inversely correlated with density (134, 186) zebrafish also
show an elevation in circulating levels of the stress hormone cor-
tisol when they are subjected to crowded conditions (187), sug-
gesting that intermediate densities may be the most favourable.
The provision of refugia, such as artificial plants, in holding tanks
may further offset the potentially negative effects of aggression.
In nature, zebrafish are often associated with aquatic vegetation
(66), a preference that is also seen in laboratory populations (108)
while aggression and monopolisation of food resources by domi-
nant individuals is decreased in structurally complex environments
(133).

It is a commonly held perception that environmental enrich-
ment, such as adding plants to aquaria, will have beneficial welfare
outcomes, yet little research has been conducted on the effects of
enrichment in fish. In an experiment to test the effects of rear-
ing environment on cognitive development (Spence, Magurran
and Smith, unpublished data), two strains of zebrafish (WIK and
a second generation wild strain) were reared in either a struc-
turally simple or complex environment and compared in their
ability to locate a food reward in a five-chambered maze. There
was a significant difference in spatial learning between strains but
not between rearing environments. Notably, while both strains
learned the task in the same number of trials, wild fish were ini-
tially slower in locating the reward, which may reflect differences
in boldness between strains rather than spatial cognition per se. In
addition, fish of both strains reared in a spatially complex envi-
ronment were smaller than those reared in a simple environment,
although performance in the learning task was not related to size.
These results do not mean that the addition of plants will not
have other welfare benefits, such as reduction of aggression or
improvements in breeding efficiency. However, it does demon-
strate the need for empirical testing of the various outcomes of
different husbandry practices.

9. Summary

Zebrafish appear to be primarily a floodplain species, inhabiting
shallow ponds and ditches or the slower reaches of streams. They
are an abundant species and are among the smallest fish species
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in the assemblages in which they occur. Their diet, based on gut
content analysis, consists primarily of insects (of both terrestrial
and aquatic origin) and zooplankton, as well as inorganic mate-
rial. These results indicate that they feed throughout the water
column, consistent with observations of their vertical distribution
and the finding that they tend to be confined to the shallow mar-
gins of water bodies.

The zebrafish is known for its rapid development in the lab-
oratory. Length-frequency analysis indicates that under natural
conditions the zebrafish is an annual species and recruitment is
linked to the monsoon, which is also the period of the year with
the highest temperatures. The most rapid growth takes place
in the first 3 months, and slows thereafter, virtually ceasing by
about 18 months. Breeding may be dependent on food avail-
ability rather than season, as gravid females have been found in
Bangladesh in winter and wild-caught zebrafish breed all year
round in the laboratory.

Zebrafish reproductive behaviour has been studied almost
exclusively in the laboratory on domesticated strains, although an
experiment conducted with wild-caught fish under semi-natural
conditions confirms that the mating behaviours described are
broadly applicable in nature. Zebrafish have previously been char-
acterised as group spawners and egg scatterers, although there
is evidence that the mating system is influenced by both intra-
sexual competition and female mate preferences. Further, compe-
tition for high quality sites for oviposition may be a key feature
of mating behaviour in nature. Given the role of pheromones
in zebrafish reproduction and evidence from other published
behavioural studies (97, 112), these may play a role in mate
choice; in particular, the zebrafish may be a suitable model for
studying the role of MHC in mate choice. However, the zebrafish
has little to offer as a model for sexual selection compared to other
fish behavioural models such as guppies, sticklebacks or bitter-
ling. The opportunity for sexual selection appears to be weak in
zebrafish, as might be predicted from their lack of marked sexual
dimorphism.

The greatest advantage of the zebrafish as a model system
comes from its well-characterised genetics, genetic and devel-
opmental techniques and tools, and the availability of well-
characterised mutants. Zebrafish are also a tractable species for
behavioural experiments, readily acclimatising to new environ-
ments, being constantly active and little disturbed by the presence
of observers. In order for the zebrafish to be more widely adopted
as a model by the behavioural ecology community there is a need
for more behavioural and field-based studies in order to catalogue
natural variation in morphological, physiological and behavioural
traits. The zebrafish appears ideally suited to studies of social and
cognitive behaviour, and it is surprising that it has been so little
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utilised for this purpose. There is increasing interest in employing
social and cognitive tests with zebrafish to study the genetic basis
of behaviour and there is a need for more comprehensive and
better controlled studies in this area.

Web Citations

The Wellcome Trust Sanger Institute: http://www.sanger.ac.uk
Zebrafish Information Network (ZFIN), The Zebrafish Interna-

tional Resource Center, University of Oregon: http://www.
zfin.org/
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Chapter 2

Olfactory Behavior: Making Scents of a Changing World

Kathleen E. Whitlock

Abstract

The olfactory sensory system is a part of the nervous system that has something for everyone; with
as many as 1,000 genes coding for olfactory receptors it sports the largest gene family in the verte-
brate genome; the olfactory sensory neurons regenerate throughout life; the sensory neurons send axons
directly into the nervous system with the first synaptic contact occurring within the olfactory bulb; and
it is the functional unit for essential behaviors such as courtship, predator avoidance and localization of
food sources. Olfactory behaviors are unique in that the sensory coding of the system is not understood
in as much detail as other sensory systems such as the visual and auditory systems, and the central pro-
jections are processed differently within the central nervous system. Here I review aspects of olfactory
behaviors in fish, with an emphasis on zebrafish, and ponder the future of olfactory behavior research in
the coming decade.

Key words: Olfactory system, olfactory imprinting, olfactory receptors, olfactory neurons,
olfactory-directed movement, self-recognition, Immediate Early Genes, hormones, fluid movement,
sensory integration, imprinting.

1. Features of the
Olfactory Sensory
System

1.1. Olfactory
Receptors

The olfactory sensory system presents a unique window through
which the world is viewed, and this view of the world is somewhat
off limits to humans. The ability to sense the information-rich
world of odorants is dependent upon the mechanisms for detec-
tion, and vertebrates express anywhere from 100 different olfac-
tory receptors (fish; (1, 2)) to around 1,000 olfactory receptors
(mice; (3)). Yet when comparing the mouse and human olfac-
tory receptor (OR) super families we humans have a pauperized
world with regard to the detection of odors because the gene to
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pseudogene ratio in humans is the lowest relative to other mam-
mals. Indeed, approximately 50% of the OR genes in humans are
pseudogenes: 390 putatively functional genes and 465 pseudo-
genes (4) compared to mice with 913 intact OR genes and 296
OR pseudogenes (5). This loss of functional OR genes in primates
has been attributed to the decreased need for olfaction to survive,
as well as the acquisition of full trichromatic color vision (6).

The mammalian olfactory system contains not only the large
olfactory receptor family, but also trace amino-associated recep-
tors (TAARs: <20 genes; (7)), vomeronasal receptors type one
(V1R: ∼150 genes; (8)), and vomeronasal receptors type two
(V2R: ∼60 genes; (9)). Fish do not have a separate vomeronasal
system as is observed in terrestrial vertebrates, but they do express
these four classes of olfactory receptors in the main olfactory
epithelia. In zebrafish the olfactory receptor genes have been ana-
lyzed (1) for number and species specificity: ORs (∼102 genes),
TAARs (∼109 genes), V1R (6 genes), and V2R (46 genes) (2).

Little is known about the ligand specificity of these recep-
tors. Analysis of a V2R-like receptor in goldfish (5.24) has shown
that neurons expressing this receptor respond to all 20 amino
acids, though it binds long-chain amino acids lysine and arginine
with greater affinity (10, 11). More recent analysis has identified,
through computational screening, additional agonists of receptor
5.24 (12). The promiscuity of this receptor is characteristic of the
nature of odorant binding in that the receptors are broadly tuned
allowing the olfactory sensory system to detect a variety of odors
that exceeds the number of actual receptors expressed.

1.2. Olfactory
Sensory Neurons

The olfactory receptors are localized in the dendrites of the olfac-
tory sensory neurons (OSNs), and in fishes OSNs are of three
distinct types: ciliated OSNs, microvillous OSNs, and crypt cells.
The ciliated OSNs of fishes express OR (13), the microvillous
express primarily VNR (13, 14), and crypt cells at least VNR (15,
16). These cell types are stratified within the olfactory epithelium
(OE) where the crypt cells – having few cilia and microvilli – sit
most apically, the microvillous sensory neurons – having short
dendrites and microvilli – lie in the intermediate level, and the cil-
iated cells – having long dendrites and few cilia –sit most basally in
the OE. After leaving the olfactory bulb the post-synaptic projec-
tions segregate into specific tracts (Fig. 2.1) (15). Based on cor-
relation with tract projections within the central nervous system
(CNS), it has been proposed that these three types of olfactory
sensory neurons in the fish epithelia respond to different classes
of odorants: ciliated OSNs respond to bile salts and alarm sub-
stances, the microvillous sensory neurons to food odors, and the
crypt cells to sex pheromones. Analyses of electro-olfactogram
(EOG) responses support the model where microvillous sensory
neurons respond to single or mixtures of amino acids (17), cil-
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Fig. 2.1. Olfactory sensory neuron cell types in the fish olfactory system. The olfactory epithelia a has three types of
olfactory sensory neurons: the microvillous (gray), ciliated (black), and the crypt cells (mottled). The sensory information
from these different classes of sensory neurons is segregated such that it leaves the olfactory bulb b in the lateral
olfactory tract (LOT, microvillous input), lateral-medial olfactory tract (lateral MOT, crypt cell input), and the medial MOT
(ciliated input). Modified from Hamdani and Døving (15).

iated sensory neurons respond to amino acids and urine odors,
and crypt cells respond to at least amino acids (18). With these
three classes of olfactory sensory neurons and a variety of olfac-
tory receptors, fish can detect a wide range of odorants including
food odors as well as olfactory cues that coordinate reproduction,
and can convey information about kin, self-recognition, suitability
of spawning sites, and danger.

2. Olfaction and
Self-Recognition

The ability to discriminate between related and non-related con-
specifics is essential for shoaling, mate choice, and alarm response
in fishes. This ability, called kin recognition, has been demon-
strated in a wide range of vertebrates including fishes, birds, and
primates. Fundamental cues in the discrimination of individuals
are the proteins of the major histocompatibility complex (MHC),
which are encoded by a group of genes essential for immune
response and show the greatest sequence variation among indi-
viduals (19, 20). Female mice choose mates based on assess-
ment of genetic relatedness using olfactory cues including those
of MHC proteins (21). Ability to detect genetic relatedness is
also evident in sticklebacks which also use similar olfactory cues
(22, 23). Although important, MHC odors are not the sole
determinant of olfactory driven behaviors. Both sticklebacks and
juvenile char appear to use not only MHC-based odor cues but
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also additional odor information to determine relatedness and
familiarity of conspecifics (24, 25). Zebrafish appear to recognize
and prefer siblings over non-related kin as juveniles (6–8 weeks
post-fertilization) (26), but at this time it is unknown whether
they use MHC-related odor information.

The pressures for kin recognition change during the life of the
animal and are dependent upon the maturational/motivational
state of the animal. For example, it is best to prefer siblings for
shoaling, but for reproduction it is best to prefer genetically dis-
tinct mates. Thus behavioral preferences can change during the
life of an animal where the preference for “self” may be funda-
mental, changing only under the influence of reproductive hor-
mones. In support of this idea, we know that odor preferences
are not fixed but plastic: fish (char) raised in isolation do not
show kin preference (24) and mice mate choice based on self-
referent matching can be manipulated by imprinting mouse pups
on a mother of a different MHC genotype (20, 21). The abil-
ity to recognize conspecifics also plays a role in fright response as
predators that eat your conspecifics emit odor cues important for
learning the fright response (see below). Therefore, the ability to
distinguish self, conspecifics, and predators is mediated through
odor cues and can be modulated by the context in which the odor
is presented.

3. The Nose Does
Not Work Alone

Information entering through the olfactory sensory system does
not create a reflex-like response; rather it is constantly integrated
with other information entering the nervous system from the out-
side world. For example, in male moths, the olfactory behavioral
response to the pheromone released by the female “blinds” the
male moth to the sound of predators (bats) by raising the thresh-
old of response to bat cries, thus leaving the male moth open
to predation when tracking the pheromone odor plume (27).
Sharks use information from their lateral line to extract directional
information from odor plumes which are dynamic and complex
structures (see below). Animals with lesioned lateral lines dis-
play increased search time in the odor plume (28). Fish, unlike
humans, have a visual spectral response that extends into the
UV (300–400 nm), thus they (again) have a privileged view of
the sensory world to which we are blind (Human range ∼400–
700 nm). The information obtained from the UV spectra is used
in social contexts such as shoaling behavior in sticklebacks (29),
a behavior that also uses olfactory information. Thus as a note of
caution, it is important to take into account the characteristics of
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other sensory modalities (light, touch, vibration) when designing
our experiments to ensure that non-olfactory sensory information
remains constant across experiments.

The interaction of visual response with olfactory informa-
tion may be mediated through a cranial nerve that, in fishes,
sends afferent projections to the retina of the eye, thus suggesting
an important link between the olfactory sensory system and the
visual system (Fig. 2.2). This cranial nerve, the terminal nerve
(TN), is the most enigmatic of the cranial nerves in vertebrates
in that its function is poorly understood. The appearance of the
terminal nerve is conserved across the jawed vertebrates where
it is associated with the olfactory nerve (30). The cell bodies of
the terminal nerve are located in clusters (ganglia) associated with
the olfactory nerve and bulb, and whose position varies accord-
ing to the species. In fishes and some amphibians, the terminal
nerve contains a unique population of neurons whose axons ter-
minate in the interplexiform layer of the retina (31). This subset

Fig. 2.2. The neurons of the terminal nerve have extensive axonal projections in the
central nervous system. A subset of the neurons within the terminal has been reported
to have dendrites within the olfactory epithelium (a, arrow). The terminal nerve has
connection with the retina of the eye (b) where the axons terminate in the interplexiform
layer. Adapted from Whitlock (30).
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of the neurons contains various neuroactive peptides such as
neuropeptide Y (NPY) and FMRFamide, as well as the neuroen-
docrine decapeptide gonadotropin releasing hormone (GnRH).
It has been shown that GnRH release stimulates dopamine release
from the interplexiform cells and FMRFamide can antagonize the
actions of GnRH (32). The dendrites of specific neurons within
the TN containing GnRH have been reported to terminate in the
OE of the dwarf gourami (33). Thus the terminal nerve is pro-
posed to modulate both olfactory acuity (34) as well as visual acu-
ity (35) in response to sensory cues. To test this idea, Maaswinkel
and Li (36), measured changes in visual sensitivity in response
to odorants using adult zebrafish. In these experiments the test
is a mediated escape response when encountering a threaten-
ing stimulus. A rotating drum with a black segment marked on
white paper served as the threatening stimulus. Normally the fish
swims around the circular container, but when the fish encoun-
ters this black segment it reverses direction. The researchers mea-
sured the threshold of light intensity at which the fish lost the
response and reported that in the presence of amino acids, used
here as odorants, the fish responded to the stimulus at lower light
levels. Previously it had been reported that food odors are able
to modulate retinal excitability in fish (37). Curiously, the con-
centrations of amino acids used in this study were much greater
[10–5–10−3 mol l–1] than the range known to stimulate the olfac-
tory sensory system [10–7–10–9 mol l–1]. The response was lost
after bulbectomy, but electro-olfactograms were never performed
to determine whether the olfactory epithelia were respond-
ing to the odorants in the concentration range used. Because
amino acids are components of food odor, the study of Mass-
winkel and Li is generally in agreement with that of Weiss and
Meyer (37).

We have tried to employ the behavioral paradigm used by
Masswinkel and Li (36) with the ultimate goal of determining
whether ecologically relevant odors (alarm pheromone and hor-
monal odor cues) affected visual threshold, but were unable to
record a statistically significant response from our adult zebrafish
(Stephensen & Whitlock, unpublished). Thus we modified the
behavioral test such that the rotating black segment moved one
revolution every 15 s randomly in clockwise or counterclock-
wise directions and the fish’s turning response was recorded. We
found that food odor and alarm pheromone decreased the light
threshold for the behavioral response, while odors of conspecifics
did not affect the visual threshold. In addition we tested the
response on the laure mutant (38) and showed that food odor
does not affect the visual threshold in this mutant, thus suggest-
ing the effect is due to odor detection at the level of the olfactory
sensory system (Stephenson & Whitlock, unpublished). In sum-
mary, there is clearly an interaction between the olfactory sensory
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system and retinal sensitivity, and the terminal nerve is the most
likely candidate, though the exact circuitry and mechanisms are
unknown at this time.

4. Olfactory
Imprinting

Memory is the ability to recover information of past events or
knowledge, and the assessment of whether a memory is formed
and retained is generally assayed through behavioral tests. Behav-
ioral imprinting is a type of memory that involves exposure to a
stimulus during early development and a memory of the stimulus
is retained long term in the absence of priming. A famous exam-
ple of behavioral imprinting is that of visual imprinting shown
by Konrad Lorenz using the Greylag geese (for which he was
awarded a Nobel Prize). Fish show an equally dramatic exam-
ple of behavioral imprinting using their olfactory sensory system.
In salmon, the juveniles are born in fresh water, migrate to the
ocean where they grow to adulthood, and then return to their
native stream to reproduce and die (in the case of Pacific salmon).
The salmon “sniff” their way home to their native stream using
olfactory cues (which are not fully understood at this time) in
the fresh water river system (39). Studies using Pacific salmon
have shown that dissociated OSNs of fish imprinted on the artifi-
cial odor phenylethyl alcohol (PEA) show a statistically significant
increase in physiological response to this odorant (40). We have
developed zebrafish as a tractable model system to study olfactory
imprinting. Using PEA, an odorant that has no olfactory behav-
ioral response on it own yet triggers a physiological response, we
tested whether zebrafish could imprint on this odor. We exposed
zebrafish to this odorant daily for the first 3 weeks of life. These
fish were allowed to grow to adulthood and then tested in a
Y-maze to determine whether they had a preference for the PEA.
We were able to show not only that the adults exposed as juve-
niles had a preference relative to their control sibling, but also that
these fish show altered gene expression in the OE. Specifically
the transcription factor otx2 was up-regulated in the imprinted
fish relative to their controls (41), suggesting that olfactory
imprinting affects gene expression in the peripheral sensory
system.

In a recent study using mice, it has been shown that juvenile
mice exposed to octanol show changes in protein expression in
both neuronal and non-neuronal cells in the OE (42). Thus there
is growing evidence that stimulation of the olfactory sensory sys-
tem early in life results in changes not only in the central nervous
system but also in the peripheral olfactory sensory system.
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In our study demonstrating that the odors can modulate gene
expression in the developing zebrafish OE (41), an often asked
question is what are the mechanisms that allow the environment
to affect changes in gene expression. A natural candidate is the
class of Immediate Early Genes (IEGs) whose expression is trig-
gered by neuronal activity. We have cloned and analyzed the
expression of several of these genes (c-fos, c-jun) during early
development (43) and found changes in gene expression trig-
gered by odorants (see below, hormones). More recent data
(Maturana & Whitlock, unpublished) indicates that the anterior
region of the OE (Fig. 2.3) is transcriptionally active in response
to early olfactory sensory stimulation.

Fig. 2.3. The olfactory epithelium is suitable for analysis of gene expression in response to environmental odorants. The
Immediate Early Gene (IEG) c-fos has a limited pattern of expression in the developing olfactory epithelium at 56 hpf (a).
The region of expression corresponds to the expression domain of the transcription factor otx2 (b), whose expression
domain can be modified by odor exposure (c); (41). The olfactory receptor genes are expressed early during development
(d) and their expression may be modifiable through odorant exposure.

A frequently asked question is why zebrafish would imprint
on odors experienced as juveniles. In the case of the salmon,
imprinting ensures that the fish return to an environment hav-
ing a substrate suitable for spawning and growth of the offspring.
Site fidelity is advantageous to a variety of fish species including
oceanic reef fishes, such as cardinalfish and clownfish, where it
has been shown that the pelagic larvae prefer the scents of their
natal reef sites (44), and odors of vegetation (45) as well as con-
specifics (46) are important olfactory cues. There is no reason to
expect zebrafish to be different, though the stakes may not be as
high as in a salmon or a juvenile reef fish, for they lack the dra-
matic migration and change in physiology evidenced in salmon.
In zebrafish, we know from work in the field that they prefer
shallow, still waters with silt bottoms and vegetation (47, 48), the
latter most likely providing cover for the juveniles. These waters
are generally seasonal and young zebrafish move back to the main
streams as the seasonally high water recedes (47). Thus the fish
retaining a memory of an odor bouquet of water containing veg-
etation and silty bottoms are more likely to quickly find suitable
spawning sites as well as others of its species to reproduce with.
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5. Hormones
and Olfaction

Essential for the propagation of the species is the coordination of
reproductive behaviors leading to successful fertilization of off-
spring. Zebrafish clearly have stereotyped reproduction (court-
ing) behaviors and these have been described as falling into
three distinct phases: initiatory, receptive/appetitive, and spawn-
ing (49). Fish use a variety of sensory cues to coordinate repro-
duction and important among these are olfactory cues convey-
ing the reproductive state of the male and female fish. Using
goldfish as a model system, it has been demonstrated that hor-
mones are used as pheromones to coordinate reproduction. The
production of gonadal hormones necessary for ovulation, trig-
gered by a surge of luteinizing hormone (LH), results in the
female fish releasing hormonal metabolites that are potent sex
pheromones: prostaglandin F2α PGF2α and a progesterone (4-
pregnen-17,20β-diol-3-one, 20-sulphate; 17, 20, βP). These hor-
mones, released in the urine of ovulatory goldfish elicit behavioral
and physiological responses in adult male goldfish (50, 51); 17,
20, βP and its metabolite 17, 20, βP-S are released 12 h before
spawning as a “pre-ovulatory primer” which trigger sperm pro-
duction and spawning behaviors, dependent upon the ratios of
17, 20, βP and its metabolite (50, 52). Post-ovulatory females
also release F prostaglandins which act as a cue for spawning
behaviors.

In our ongoing analysis of the interactions between the olfac-
tory environment and the developing olfactory sensory system,
we have used probes that recognize the IEG c-fos, c-jun as a
molecular genetic readout for neuronal activity in the develop-
ing embryo. We cloned these genes and analyzed their expression
pattern through in situ hybridization and have shown that, like
other vertebrates, these genes are expressed in the olfactory bulb
(53) and OE (54). Based on studies in a variety of fishes we ini-
tiated an analysis looking for changes in gene expression (by in
situ hybridization) in response to olfactory stimuli. A cautionary
note is that the expression of c-fos is sensitive to whether or not the
embryos have been dechorionated prior to fixation (MacKenzie &
Whitlock, unpublished) suggesting that the expression observed
in fish maintained in the chorion is different from that of dechori-
onated fish incubated in straight embryo media. Based on the
work of Sorensen et al. (51), we tested the response of c-fos to
prostaglandin F2α PGF2α, taurocholic acid (a bile acid) and a pro-
gesterone (4-pregnen-17,20β-diol-3-one,20-sulphate; 17, 20P),
and showed that the number of c-fos expressing cells changed
in the presence of taurocholic acid and F2α PGF2α. Thus hor-
mones play a role as olfactory cues in olfactory behaviors essential
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for reproduction, and this olfactory stimulus appears to trigger a
genomic response in IEGs in the OE.

6. Direct Action
of Hormones
on the Olfactory
Epithelium Clearly, as evidenced by work in goldfish, hormones are employed

by fish as pheromones. In the case of GnRH there is evidence that
hormones may act directly on the olfactory epithelium. GnRH is
both a neuromodulatory peptide and an essential reproductive
hormone in vertebrates. There is evidence that the reproductive
state of animals affects the sensitivity of the olfactory sensory sys-
tem (55) and that GnRH systems are affected by olfactory behav-
iors (56).

Do circulating hormones affect the sensitivity of the OE
directly, thus affecting the behavior of the animal? It has been
shown previously that GnRH has the ability to modulate odorant
response in the peripheral nervous system (57). To build evidence
for the idea that hormones modulate neuronal activity in the
peripheral nervous system, one would have to localize hormone
receptors within the OE of fish (and other animals). We have
shown using the ISPR3 antibody recognizing the CLEGKVSHSL
motif in extracellular loop 3 GnRH-Receptor (Fig. 2.4) that
there is expression in the OE in adult zebrafish. Zebrafish have
a related motif in GnRH-R4, thus GnRH-R4 is most similar to
the motif that was used to raise the antibody (59). These data sug-
gest that the neuroendocrine decapeptide GnRH has, as one of its
targets, the peripheral OE, and that the OE is plastic in respect to
gene expression modulation. More recently the androgen recep-
tor has been cloned in zebrafish and, through in situ hybridiza-
tion, shown to be strongly expressed in the developing OE (60).
These data suggest that circulating hormones may have effects on
the development and sensitivity of the olfactory sensory system.
Thus, one could imagine a model where circulating androgens
(testosterone) affect the type of olfactory receptors expressed in
the OE during development and that GnRH may play an “activa-
tional” role in the adult animal by triggering sensitivity to odor-
ants when the animal is in a reproductive state.

7. Movement
of Fish

The analysis of olfactory behavior in aquatic animals requires an
understanding of the dynamics of fluid movement in order to
use the correct analysis. When designing an experiment to test
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Fig. 2.4. Hormonal modulation of olfactory behaviors may result from external stimuli
or internal circulating hormones. The antibody ISPR3 against GnRH receptor recognizes
cells in the zebrafish olfactory epithelium including large (a), superficial cells (b) and
smaller, neuron-like cells (c). These cells may respond to GnRH encountered in the
external environment or circulating GnRH (d) that fluctuates with the reproductive cycle.
Modified from Whitlock et al. (58).

an olfactory driven behavior, the response of a fish or group of
fish can be measured using a simple metric, such as time spent
in a predefined region of the holding tank, or they can be tested
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for orientation within a plume of odorant. Testing animals in an
odor plume is more complicated as the odor source is moving.
Odor plumes characteristically have varying gradients dependent
upon the axis, where edges lateral to the direction of flow have
distinct boundaries and the longitudinal axis (direction of flow)

Fig. 2.5. The orientation of animals in odor plumes shows consistent behavioral char-
acteristics. Various animals, crab (a), lobster (b), moth (c) (61), and fish (d) (41) show
consistent behavior characteristics when orienting into odor plume, moving across the
border of the plume gradient to detect concentration differences. a–c Modified from
Vickers (61); d from Vitebsky et al. (38).
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of the plume has a weaker gradient (61). When orienting towards
an odor source, animals (fish, birds, moths) move into the mean
direction of the flow. Strikingly, during this movement the ani-
mals do not move in a direct path, rather they cast back and
forth across the fluid flow (Fig. 2.5). This behavior has been
previously described in moths (62), crustaceans (63), and now
zebrafish (41). In our analysis of adult zebrafish behavior we used
a “Y-maze” system where the two different arms of the maze
were baited with a control and PEA, an odor to which the fish
had been exposed to as juveniles. The maze had water flowing
through it and the fish oriented in this flow. We collected video
recordings of the fish during the first 4 min of the trial. The data
were analyzed by counting the number of fish in specific regions
of the flow over time. Because we were testing groups of fish the
analysis was more complicated because the fish moved through
space and time. After considering the characteristic behaviors of
fish orienting in a plume and sampling across a gradient, the anal-
ysis was redesigned to capture changes relative to the odor plume
(41). We more recently used Y-mazes to test reactions of native
Chilean puye (galaxids) to odors of invasive fish species (brown
trout). The Y-maze also employed a flow-through system, only
the fish were given a very restricted area in which to move, thus
were unable to cast across concentration gradients (see section
below).

8. Small Scale
Water Movements

Just as fish move through water sampling the odor environment,
water must move through the fish, i.e., across the OE, and fishes
have evolved a variety of structures that facilitate water flow across
the olfactory sensory/respiratory epithelia that line the olfactory
chamber. Two principal active sources are the beating of cilia lin-
ing the olfactory chamber and the pumping action generated
by accessory sacs. In general, each olfactory chamber has two
openings through which water enters (anterior) and water leaves
(posterior). In contrast, agnathans such as lampreys and hagfish
have a single un-paired olfactory chamber with a single nostril
(64); some sharks have their olfactory organs located ventrally
on the rostrum, and in puffers the olfactory chambers contain-
ing the sensory epithelia are stalked, protruding from the head
as described by Kleerekoper (65). (It has been proposed that the
development of stalked epithelia results from the crowding due to
extensive development of jaw muscle in this coral feeding group
of fishes (66).)
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In order to actively move water around the olfactory cham-
ber fishes have developed a variety of means including beating
of cilia of nonsensory cells, the mechanical movement of the
olfactory chamber via jaw movements, and expansions of olfac-
tory sacs, which are an expansion of the main olfactory cham-
ber (67). Zebrafish have kinocilia lining their olfactory chamber
(one can see this in anesthetized living zebrafish by 2–3 days post-
fertilization), although these kinocilia have been proposed to be
for the movement of mucus due to their short length (7–8 μm;
(68)), not for movement of water (10–20 μm). Due to paucity of
data on this subject it is currently not known whether the kinocilia
of zebrafish are multipurpose: moving water and mucus (67).

9. Modern
Approaches
to Behavioral
Analysis Since their inception as a model system for studies in develop-

mental biology, zebrafish have reigned supreme due to their opti-
cal clarity and accessibility, which enables us to visualize the first
moments of fertilization, gastrulation, neurulation, somitogene-
sis, and other developmental landmarks. For those of us enter-
ing the “fish world” from the “fly world” (Drosophila), a con-
stant source of frustration has been the lack of molecular genetic
tools essential for manipulating gene expression. In zebrafish,
the generation of transgenic lines expressing fluorescent reporters
has allowed us to visualize movements of cells in living embryos
and identify cells in neuronal circuits. In the past few years
there has been an increase in the available transgenic technolo-
gies including incorporating the Gal4/UAS system in zebrafish
in order to identify and manipulate specific neurons within a cir-
cuit of interest (69). The development of transgenic technolo-
gies in zebrafish has been coupled with the analysis of behav-
ioral responses to uncover neural circuitry important for the given
behavior. Through these types of analyses the motor circuitry
underlying the escape response in juvenile zebrafish has been elu-
cidated using a transgenic zebrafish with a neural specific pro-
moter driving a calcium indicator protein (70). The technique of
expressing calcium indicator dyes in transgenic fish has also been
applied in zebrafish to map odorant responses in the developing
olfactory bulb (71). In contrast to the studies of motor circuitry,
the mapping of the odor response was not done as the animal was
displaying a behavior. Rather, odorants we know fish response to,
such as amino acids, were delivered and responses recorded in a
tethered preparation. Recently, the circuitry of the primary olfac-
tory sensory system of the zebrafish has been revealed through
a combination of fluorescent reporter lines that are expressed in
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the ciliated sensory neurons (OMP-RFP) and microvillous (TRP-
GFP) sensory neurons of the living fish (14) as well as secondary
projections from the olfactory bulb (72). This group has made
use of the tol2 transposon-mediated technique combined with
the Gal4/UAS system to generate lines of zebrafish with GFP
expression in specific subsets of olfactory sensory neurons. They
then used these lines to express the tetanus neurotoxin in these
neurons to block synaptic transmission and showed that a specific
subset of microvillous olfactory sensory neurons are important in
behavioral responses to amino acids (73). Thus, this recent study
by Koide et al. (73) demonstrates that molecular genetic manipu-
lations in zebrafish are becoming more accessible, and will prove
invaluable in the coupling of sensory circuitry with given behav-
ioral responses in developing and adult animals.

10. Water Quality
and What Is
“Native” to a
Zebrafish When discussing water parameters with zebrafish researchers,

there are always a variety of responses as to the conductivity and
pH that each individual lab strives for in its fish facility. Zebrafish
are tough little creatures, which is why we like them so much as
model lab animals. Yet we tend to overlook the fact that while
they survive at given water conditions on given diets, these con-
ditions may not be optimal. This is an important consideration
when designing olfactory behavior experiments because olfactory
physiological responses can vary dependent upon the pH (74, 75)
and environmental odors (76). Studies using galaxids have shown
that the olfactory response to conspecifics is strong when the
fish are tested in tap water yet greatly diminished when tested in
stream water (76). Salmon imprint on odors of a specific stream,
but we do not know the relative contribution of stream odors
versus odors of conspecifics of different year classes resident in
the streams. Thus, animals are using multiple, context-dependent
olfactory cues when expressing a behavior. This must be kept in
mind when performing olfactory behavioral tests with zebrafish:
in particular, the source of the water in which the test is being
performed and whether it previously contained zebrafish.

11. Future
Directions

The earth has undergone great changes during its existence. For
the last 10,000 years we have enjoyed a very stable climate, yet
now anthropomorphic (man-made) changes are destabilizing the
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climate resulting in a rate of climatic change never experienced
previously by humans. In conjunction with the destabilization of
the climate we are experiencing the sixth great extinction of living
animals on the planet (the last being 65 million years ago when
dinosaurs as well as 75% of species on earth were exterminated),
and some predict that by the end of this century 50% of the
species will be gone (77, 78). These dramatic changes are caused
by human activity and the excesses we generate: the buildup of
atmospheric carbon, accumulation of contaminants in natural sys-
tems, and overexploitation of natural resources. All of these fac-
tors affect fishes and the worlds they live in as evidenced by the
potential negative effects on larval fish settlement due to ocean
acidification, the destruction of olfactory responses in freshwater
fishes exposed to city and agricultural runoff, and the pressures
of invasive species competing for the food and resources of the
native fish.

11.1. Olfaction and
Global Climate
Change

Climate change caused by global warming results from the
increase in greenhouse gases produced by human activity. The
Intergovernmental Panel on Climate Change (IPCC) concluded
that this human activity has been and continues to be the dom-
inant cause of the temperature increase since the mid-twentieth
century (1.33 ± 0.32 Fahrenheit). A major component of green-
house gases is carbon dioxide (CO2), and rising anthropogenic
CO2 levels affect not only the temperature of the planet but also
the pH of the oceans, causing the pH to decrease (“ocean acid-
ification”) (79, 80). The pH of the oceans has already dropped
by 0.1 units in the past century. As we approach the end of the
twenty-first century the pH is expected to decline by another
0.3–0.5 units (81). As the oceans become less basic there is much
focus on the ability of calcifying animals to adapt, but what hap-
pens to animals dependent upon olfactory cues? Only recently
have scientists started to address this complex question. It has
previously been shown that larval reef fishes such as cardinalfish,
damselfish, and clownfish (44, 45), use olfactory cues for the set-
tlement of their pelagic larvae on their natal coral reefs. Thus,
the ability of these fishes to find mates and a suitable habitat in
which to reproduce is dependent upon their ability to discrimi-
nate odors. A recent study by Munday et al. (75) demonstrated
that ocean acidification affects the ability of marine fish to discrim-
inate odors. Using the clownfish, researchers tested the behavioral
response of the fish to odors at three distinct pH treatments: that
of the ocean at their study site (8.15 ± 0.07), and two lower pH
values (7.8 ± 0.05 and 7.6 ± 0.05), corresponding to the pH of
more acidic oceans as predicted by climate change models. Larvae
reared and tested at pH 7.8 displayed altered behavior, where an
odor strongly avoided changed to a preferred odor, and the abil-
ity to distinguish parents and non-parents was lost. Strikingly, all
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olfactory response was lost at the lowest pH levels (=7.6) even
though their olfactory sensory system was well developed (75).
The only possibility of survival would be if the animals were able
to adapt to these changing conditions, yet the rapid rate of ocean
acidification makes this scenario unlikely.

Because of their rapid development (enabling the creation
of 3–4 generations a year), zebrafish are an ideal model system
to better understand the ability of the olfactory sensory system
to adapt to accelerated climate change. By testing for a specific
behavior, such as recognition of conspecifics (26), and selecting
for this behavior we can test for physiology (EOG), behavior, and
reproductive success. The first step would be to test the olfac-
tory sensory ability under a range of pH values. It is interesting
to note that people raise their zebrafish at fairly different ranges
of pH. Information collected from the wild (48) suggests that
zebrafish are found in streams that tend to be of higher pH (7.8)
than that of the average fish facility (7.3–7.4), although the pH
of freshwater systems can vary with the seasons.

11.2. Contaminants
in Olfactory
Environments

The olfactory sensory epithelia is unique in that the dendrites
of the sensory neurons come in direct contact with the outside
world thus making them extremely sensitive to environmental
insults. The ability of the olfactory sensory neurons to regen-
erate throughout life has been used as an example of the sys-
tem’s adaptability to environmental insult. Contaminants in the
aquatic environments arise from multiple sources and can con-
tain a plethora of known and unknown contaminants. Agricul-
tural runoff can contain a variety of neurotoxic pesticides, and
copper, one of the most ubiquitous and damaging contaminants
(for the olfactory sensory system), has multiple point sources in
modern day society. Due to the multiple sources of copper, many
watersheds contain this contaminant in environmentally relevant
concentrations and copper has now been shown to directly affect
the olfactory sensory system of juvenile Coho salmon. Neuro-
toxic pesticides such as Diazinon have been shown to disrupt
olfactory mediated behaviors such as alarm response and hom-
ing in Pacific salmon (82). In these studies it was shown that the
function of the olfactory sensory system was impaired at both
the physiological level and the behavioral level (response to alarm
pheromone) (83). These findings about the effects of contami-
nants on the olfactory sensory system and the behaviors essen-
tial to survival are very alarming, yet the picture grows worse
as one analyzes the real world. Chemicals do not exist as single
contaminants in the environment; rather water samples generally
contain multiple contaminants and their potential to interact and
intensify toxic effects (84) is poorly understood. Recently toxi-
cology studies have started using zebrafish as a model system to
understand the effects of environmental toxicants on the olfactory
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sensory system. The well-known environmental contaminant cad-
mium is known to cause cell death in the olfactory sensory system
and has now been shown to affect olfactory behaviors in juve-
nile zebrafish (85). In examining the literature in other fishes it
is apparent that the alarm response, a response that zebrafish also
display is a robust response amenable for use as a behavioral assay
for effects on environmental pollution on the olfactory sensory
system.

11.3. Olfaction and
Invasive Species

As human beings developed transport and started to cross the
seas to explore different continents they brought not only their
belongings, but also their livestock and unintended passen-
gers. These invasive species of animals (as well as plants) initi-
ated the wave of introduced species that now wreak havoc in
ecosystems around the world. Subsequent purposeful introduc-
tions of foreign species for biological control as well as agri-
culture/aquaculture have only intensified the problems created
by these introduced species. In Chile, particularly in the South,
the aquaculture industry as well as the sport fishing industry
has introduced a variety of non-native fish into the local ecosys-
tems. Some species such as rainbow trout (Oncorhynchus mykiss),
brown trout (Salmo trutta), and Chinook salmon (Oncorhyn-
cus tshawytscha); (86) have established reproductive populations
within the rivers of Southern Chile. For species such as the
intensively farmed Atlantic Salmon (Salmo salar) it remains
unclear whether the animals are reproducing in the rivers.
In order to understand the dynamics of invasive species at
the behavioral level we (our lab and the Darwin Initiative,
http://www.darwin.defra.gov.uk/project/15020/), have inves-
tigated the effects of introduced species on the behavior of
native species in the rivers of Chiloé Island in Southern Chile
(Fig. 2.6). The small streams and rivers are differentially pop-
ulated by local Chilean Galaxids (including the native “zebra
trout,” Aplochiton zebra, rare). The galaxids are a southern hemi-
sphere fish, and it has been documented that streams contain-
ing invasive trout and salmon have negatively impacted their
local populations (87). One obvious impact is predation, but
what is the response of native population to a newly established
population non-native species? In the case of olfactory behav-
iors essential in the avoidance of predators it may be that the
evolutionary adaptive avoidance response to odorants of preda-
tors is lacking. To determine whether the native Chilean puye
(Galaxias maculates), have a fear response to native versus non-
native predators we performed behavior tests using odors of
brown trout (non-native) and zebra trout (native). To determine
whether this response was a learned response from generations
of cohabitation in the streams, we compared the puye originat-
ing from streams that lacked brown trout with those originat-
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Fig. 2.6. Introduced species can impact local populations through predation and competition for resources (87).
Populations of native galaxids a of Southern Chile c are more severely impacted by introduced species such as the
brown trout b for they must learn the odor of the predator over generations of cohabitation (88). In the interim their
population is impacted by heavy predation.

ing from streams where brown trout were found (REF Young).
The animals were brought to the lab environment, allowed to
acclimate, and then tested in a Y-maze. In brief, we found the
native puye showed avoidance responses to odors of non-native
predators only when they came from sympatric populations (col-
lected from streams where the non-native predator was found).
In contrast, the odor of the native predator always evoked an
avoidance response although it was stronger in sympatric than
allopatric conditions. If the non-native predator was fed puye,
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then the puye showed an avoidance response regardless of the
sympatric/allopatric conditions (88). These studies demonstrate
the subtle nuances of olfactory discrimination: that the puye can
discriminate odors of native predators that have fed on con-
specifics, they can learn the odor of a non-native predator, and
they can couple the odor of an unfamiliar non-native predator
with the odor of consumed conspecifics. The beauty of this sys-
tem is that these data are directly relevant to the ecology of the
system, yet if one wants to tease apart the mechanisms underlying
this fantastic behavior, these fishes are not tractable to molecu-
lar, genetic, and developmental studies. Thus the zebrafish is an
important model system for teasing apart the mechanisms under-
lying the innate versus learned ability to discriminate social odor
cues essential for survival.

12. Parting
Remarks

Where do we go from here? What value does zebrafish olfac-
tory behavioral research hold for society and for our intellectual
curiosity about natural systems? In examining the challenges fac-
ing society, zebrafish olfactory system is an excellent model system
for understanding the crosstalk between basal cells and the differ-
entiating olfactory sensory neurons in determining how a neu-
ron “chooses” to express a receptor of a given type, and whether
the olfactory environment plays a role in this process. Deficits in
the ability to perceive odors in humans is associated with human
neurodegenerative diseases, such as Alzheimer’s disease and spo-
radic Parkinson’s disease (89), and genetic-based syndromes such
as Kallmann Syndrome. Thus zebrafish is a good model system
for dissecting the cellular and genetic basis of human disease.
Zebrafish are also being exploited as a model system for toxicol-
ogy (90), especially useful as we become more cognizant of the
varied contaminants in our environment. But the least explored
yet perhaps most important area of research is how the olfactory
sensory system interfaces with a rapidly changing and degrading
environment. We are faced with worldwide changes in climate and
a future of diminished availability of natural resources. Studies in
fish olfaction will allow us to better understand how rapidly ver-
tebrates can adapt to a changing world, how fish populations will
survive in a much depleted ocean, and how resilient the olfactory
based behaviors are in the face of environmental contaminants
(Fig. 2.7). Finally, fish as a group represent 50% of the verte-
brate animals on this planet. They are fascinating in their variety
of forms and behaviors; knowledge of the important components
of their behavior will allow us to preserve these beautiful creatures
in the face of increasing environmental stresses.
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Fig. 2.7. Fish face many challenges in the natural environment in the twenty-first century. There is ample evidence
that environmental toxicants (heavy metals, pesticides), as well as invasive species and climate change are adversely
affecting the ecosystem in which we live. For fish of both freshwater and marine ecosystems we now know that olfactory
behaviors, alarm response, homing, recognition of conspecifics are being negatively impacted by the plethora of environ-
mental contaminants (91). These behaviors, while an intellectual curiosity for us, are essential to maintain reproductive
populations of these fascinating and beautiful animals.

Acknowledgments

I would like to thank Kyle Young, Paul Howes, and Jessica
Stephensen of the Darwin Initiative for introducing me to the
life of puye, J. Ewer for critical reading of the manuscript, and
my lab for their interest and support. Our work is supported by
FONDECYT 1071071 (KW), MIDEPLAN, Millennium Science
Initiative Program (KW), NIH/NIDCD R01 050820 (KW).

References

1. Alioto, T. S. & Ngai, J. (2005) The odor-
ant receptor repertoire of teleost fish. BMC
Genomics 6, 173.

2. Hashiguchi, Y., Furuta, Y. & Nishida, M.
(2008) Evolutionary patterns and selective
pressures of odorant/pheromone receptor
gene families in teleost fishes. PLoS One 3,
e4083.

3. Buck, L. & Axel, R. (1991) A novel multi-
gene family may encode odorant receptors: a
molecular basis for odor recognition. Cell 65,
175–187.

4. Olender, T., Lancet, D. & Nebert, D. W.
(2008) Update on the olfactory receptor
(OR) gene superfamily. Hum Genomics 3,
87–97.

5. Godfrey, P. A., Malnic, B. & Buck, L.
B. (2004) The mouse olfactory receptor
gene family. Proc Natl Acad Sci USA 101,
2156–2161.

6. Gilad, Y., Przeworski, M. & Lancet, D.
(2004) Loss of olfactory receptor genes coin-
cides with the acquisition of full trichromatic
vision in primates. PLoS 2, E5.

7. Liberles, S. D. & Buck, L. B. (2006)
A second class of chemosensory receptors
in the olfactory epithelium. Nature 442,
645–650.

8. Zhang, X., Rodriguez, I., Mombaerts,
P. & Firestein, S. (2004) Odorant and
vomeronasal receptor genes in two mouse
genome assemblies. Genomics 83, 802–811.



68 Whitlock

9. Yang, H., Shi, P., Zhang, Y. P. & Zhang,
J. (2005) Composition and evolution of the
V2r vomeronasal receptor gene repertoire in
mice and rats. Genomics 86, 306–315.

10. Luu, P., Acher, F. C., Bertrand, H. O., Fan,
J. & Ngai, J. (2004) Molecular determinants
of ligand selectivity in a vertebrate odorant
receptor. J Neurosci 24, 10128–10137.

11. Speca, D. J., Lin, D. M., Sorensen, P. W.,
Isacoff, E. Y., Ngai, J. & Dittman, A. H.
(1999) Functional identification of a goldfish
odorant receptor. Neuron 23, 487–498.

12. Triballeau, N., van Name, E., Laslier, G., Cai,
D., Paillard, G., Sorensen, P. W., Hoffmann,
R., Bertrand, H. O., Ngai, J. & Acher, F. C.
(2008) High-potency olfactory receptor ago-
nists discovered by virtual high-throughput
screening: molecular probes for receptor
structure and olfactory function. Neuron 60,
767–774.

13. Hansen, A., Anderson, K. T. & Finger, T.
E. (2004) Differential distribution of olfac-
tory receptor neurons in goldfish: structural
and molecular correlates. J Comp Neurol 477,
347–359.

14. Sato, Y., Miyasaka, N. & Yoshihara, Y. (2005)
Mutually exclusive glomerular innervation by
two distinct types of olfactory sensory neu-
rons revealed in transgenic zebrafish. J Neu-
rosci 25, 4889–4897.

15. Hamdani, E. H. & Døving, K. B. (2007) The
functional organization of the fish olfactory
system. Prog Neurobiol 82, 80–86.

16. Pfister, P. & Rodriguez, I. (2005) Olfactory
expression of a single and highly variable V1r
pheromone receptor-like gene in fish species.
Proc Natl Acad Sci USA 102, 5489–5494.

17. Lipschitz, D. L. & Michel, W. C. (2002)
Amino acid odorants stimulate microvillar
sensory neurons. Chem Senses 27, 277–286.

18. Schmachtenberg, O. (2006) Histological and
electrophysiological properties of crypt cells
from the olfactory epithelium of the marine
teleost Trachurus symmetricus. J Comp Neu-
rol 495, 113–121.

19. Boehm, T. & Zufall, F. (2006) MHC pep-
tides and the sensory evaluation of genotype.
Trends Neurosci 29, 100–107.

20. Yamazaki, K., Beauchamp, G. K.,
Kupniewski, D., Bard, J., Thomas, L. &
Boyse, E. A. (1988) Familial imprinting
determines H-2 selective mating preferences.
Science 240, 1331–1332.

21. Yamaguchi, M., Yamazaki, K., Beauchamp,
G. K., Bard, J., Thomas, L. & Boyse, E.
A. (1981) Distinctive urinary odors gov-
erned by the major histocompatibility locus
of the mouse. Proc Natl Acad Sci USA 78,
5817–5820.

22. Milinski, M., Griffiths, S., Wegner, K. M.,
Reusch, T. B., Haas-Assenbaum, A. &
Boehm, T. (2005) Mate choice decisions of
stickleback females predictably modified by
MHC peptide ligands. Proc Natl Acad Sci
USA 102, 4414–4418.

23. Reusch, T. B., Haberli, M. A., Aeschlimann,
P. B. & Milinski, M. (2001) Female stick-
lebacks count alleles in a strategy of sexual
selection explaining MHC polymorphism.
Nature 414, 300–302.

24. Olsen, K. H., Grahn, M. & Lohm, J. (2002)
Influence of MHC on sibling discrimination
in Arctic char, Salvelinus alpinus (L.). J Chem
Ecol 28, 783–795.

25. Olsen, K. H., Grahn, M., Lohm, J. &
Langefors, A. (1998) MHC and kin discrim-
ination in juvenile Arctic charr, Salvelinus
alpinus (L.). Anim Behav 56, 319–327.

26. Mann, K. D., Turnell, E. R., Atema, J. &
Gerlach, G. (2003) Kin recognition in juve-
nile zebrafish (Danio rerio) based on olfac-
tory cues. Biol Bull 205, 224–225.

27. Skals, N., Anderson, P., Kanneworff, M.,
Löfstedt, C. & Surlykke, A. (2005) Her
odours make him deaf: crossmodal modula-
tion of olfaction and hearing in a male moth.
J Exp Biol 208, 595–601.

28. Gardiner, J. M. & Atema, J. (2007) Sharks
need the lateral line to locate odor sources:
rheotaxis and eddy chemotaxis. J Exp Biol
210, 1925–1934.

29. Modarressie, R., Rick, I. P. & Bakker, T.
C. (2006) UV matters in shoaling decisions.
Proc R Soc B 273, 849–854.

30. Whitlock, K. E. (2009) Evolution of the ter-
minal nerve. In Binder, M. D., Hirokawa, N.
H. & Windhorst, U. (Eds.) Encyclopedia of
Neuroscience. Berlin, Springer GmbH.

31. Behrens, U. & Wagner, H. J. (2004) Ter-
minal nerve and vision. Microsc Res Tech 65,
25–32.

32. Umino, O. & Dowling, J. E. (1991)
Dopamine release from interplexiform cells
in the retina: effects of GnRH, FMRFamide,
bicuculline, and enkephalin on horizontal cell
activity. J Neurosci 11, 3034–3046.

33. Wirsig-Wiechmann, C. R. & Oka, Y. (2002)
The terminal nerve ganglion cells project to
the olfactory mucosa in the dwarf gourami.
Neurosci Res 44, 337–341.

34. Andersen, O. & Døving, K. B. (1991)
Gonadotropin releasing hormone (GnRH) –
a novel olfactory stimulant in fish. Neurore-
port 2, 458–460.

35. Behrens, U. D., Douglas, R. H. & Wagner,
H. J. (1993) Gonadotropin-releasing hor-
mone, a neuropeptide of efferent projections
to the teleost retina induces light-adaptive



Olfactory Behavior: Making Scents of a Changing World 69

spinule formation on horizontal cell den-
drites in dark-adapted preparations kept in
vitro. Neurosci Lett 164, 59–62.

36. Maaswinkel, H. & Li, L. (2003) Olfactory
input increases visual sensitivity in zebrafish:
a possible function for the terminal nerve and
dopaminergic interplexiform cells. J Exp Biol
206, 2201–2209.

37. Weiss, O. & Meyer, D. L. (1988) Odor stim-
uli modulate retinal excitability in fish. Neu-
rosci Lett 93, 209–213.

38. Vitebsky, A., Reyes, R., Sanderson, M. J.,
Michel, W. C. & Whitlock, K. E. (2005) Iso-
lation and characterization of the laure olfac-
tory behavioral mutant in the zebrafish Danio
rerio. Dev Dyn 234, 229–242.

39. Hasler, A. D. & Scholz, A. T. (1983) Olfac-
tory Imprinting and Homing in Salmon.
Berlin, Heidelberg, Springer.

40. Nevitt, G. A., Dittman, A. H., Quinn, T.
P. & Moody, W. J. J. (1994) Evidence for
a peripheral olfactory memory in imprinted
salmon. Proc Natl Acad Sci USA 91,
4288–4292.

41. Harden, M. R., Newton, L. A., Lloyd, R.
& Whitlock, K. E. (2006) Olfactory imprint-
ing is correlated with changes in gene expres-
sion in the olfactory epithelia of the zebrafish.
J Neurobiol 66, 1452–1466.

42. Barbour, J., Neuhaus, E. M., Piechura, H.,
Stoepel, N., Mashukova, A., Brunert, D.,
Sitek, B., Stühler, K., Meyer, H. E., Hatt,
H. & Warscheid, B. (2008) New insight into
stimulus-induced plasticity of the olfactory
epithelium in Mus musculus by quantitative
proteomics. J Proteome Res 7, 1594–1605.

43. McKenzie, M. G., Harden, M. V. &
Whitlock, K. E. (2006) Odorant modulation
of immediate early gene expression in the
zebrafish olfactory epithelia. Association for
Chemoreception Sciences. Sarasota, FL, Chem-
ical Senses.

44. Gerlach, G., Atema, J., Kingsford, M. J.,
Black, K. P. & Miller-Sims, V. (2007)
Smelling home can prevent dispersal of reef
fish larvae. Proc Natl Acad Sci USA 104,
858–863. Epub 2007 Jan 9.

45. Dixson, D. L., Jones, G. P., Munday, P. L.,
Planes, S., Pratchett, M. S., Srinivasan, M.,
Syms, C. & Thorrold, S. R. (2008) Coral reef
fish smell leaves to find island homes. Proc
Biol Sci 275, 2831–2839.

46. Doving, K. B., Stabell, O. B., Ostlund-
Nilsson, S. & Fisher, R. (2006) Site fidelity
and homing in tropical coral reef cardinalfish:
are they using olfactory cues? Chem Senses 31,
265–272. Epub 2006 Jan 25.

47. Engeszer, R. E., Patterson, L. B., Rao,
A. A. & Parichy, D. M. (2007) Zebrafish in

the wild: a review of natural history and new
notes from the field. Zebrafish 4, 21–40.

48. McClure, M. (1999) Development and evo-
lution of melanophore patterns in fishes
of the genus Danio (Teleostei: Cyprinidae).
J Morphol 241, 83–105.

49. Darrow, K. O. & Harris, W. A. (2004) Char-
acterization and development of courtship in
zebrafish, Danio rerio. Zebrafish 1, 40–45.

50. Derby, C. D. & Sorensen, P. W. (2008)
Neural processing, perception, and behav-
ioral responses to natural chemical stimuli
by fish and crustaceans. J Chem Ecol 34,
898–914.

51. Sorensen, P. W., Hara, T. J., Stacey, N. E. &
Goetz, F. W. M. (1988) F Prostaglandins
Function as Potent Olfactory Stimulants
That Comprise the Postovulatory Female
Sex Pheromone in Goldfish. Biol Reprod 39,
1039–1050.

52. Sorensen, P. W., Scott, A. P., Stacey, N. E. &
Bowdin, L. (1995) Sulfated 17,20 beta-
dihydroxy-4-pregnen-3-one functions as a
potent and specific olfactory stimulant with
pheromonal actions in the goldfish. Gen
Comp Endocrinol 100, 128–142.

53. Guthrie, K. M., Anderson, A. J., Leon, M. &
Gall, C. (1993) Odor-induced increases in
c-fos mRNA expression reveal an anatomical
“unit” for odor processing in olfactory bulb.
Proc Natl Acad Sci USA 90, 3329–3333.

54. Norlin, E. M., Vedin, V., Bohm, S. &
Berghard, A. (2005) Odorant-dependent,
spatially restricted induction of c-fos in the
olfactory epithelium of the mouse. J Neu-
rochem 93, 1594–1602.

55. Hudson, R. & Distel, H. (1998) Induced
peripheral sensitivity in the developing ver-
tebrate olfactory system [Review]. Ann NY
Acad Sci (Nov 30) 855, 109–115.

56. Kleerekoper, H. (1969) Olfaction in Fishes.
Bloomington, IN, Indiana University Press.

57. Uchida, H., Ogawa, S., Harada, M.,
Matushita, M., Iwata, M., Sakuma, Y. &
Parhar, I. S. (2005) The olfactory organ
modulates gonadotropin-releasing hormone
types and nest-building behavior in the tilapia
Oreochromis niloticus. J Neurobiol 65, 1–11.

58. Park, D. & Eisthen, H. L. (2003)
Gonadotropin releasing hormone (GnRH)
modulates odorant responses in the periph-
eral olfactory system of axolotls. J Neurophys-
iol 90, 731–738.

59. Whitlock, K. E., Illing, N., Brideau, N. J.,
Smith, K. M. & Twomey, S. (2006) Devel-
opment of GnRH cells: setting the stage for
puberty. Mol Cell Endocrinol 25, 39–50.

60. Flanagan, C. A., Chen, C. C., Coetsee,
M., Mamputha, S., Whitlock, K. E.,



70 Whitlock

Bredenkamp, N., Grosenick, L., Fernald, R.
D. & Illing, N. (2007) Expression, structure,
function, and evolution of gonadotropin-
releasing hormone (GnRH) receptors
GnRH-R1SHS and GnRH-R2PEY in the
teleost, Astatotilapia burtoni. Endocrinology
148, 5060–5071.

61. Gorelick, D. A., Watson, W. & Halpern, M.
E. (2008) Androgen receptor gene expres-
sion in the developing and adult zebrafish
brain. Dev Dyn 237, 2987–2995.

62. Vickers, N. J. (2000) Mechanisms of animal
navigation in odor plumes. Biol Bull 198,
203–212.

63. Vickers, N. J. (2006) Winging it: moth flight
behavior and responses of olfactory neurons
are shaped by pheromone plume dynamics.
Chem Senses 31, 155–166.

64. Atema, J. (1995) Chemical signals in the
marine environment: dispersal, detection,
and temporal signal analysis. Proc Natl Acad
Sci USA 92, 62–66.

65. Kleerekoper, H. & van Erkel, G. A. (1960)
The olfactory apparatus of Petromyzon mari-
nus. Can J Zool 38, 209–223.

66. Kleerekoper, H. (1969) Olfaction in Fishes.
Bloomington, Indiana University Press.

67. Cox, J. P. (2008) Hydrodynamic aspects
of fish olfaction. J R Soc Interface 5,
575–593.

68. Hansen, A. & Zeiske, E. (1998) The periph-
eral olfactory organ of the zebrafish, Danio
rerio: an ultrastructural study. Chem Senses
23, 39–48.

69. Scott, E. K. (2009) The Gal4/UAS tool-
box in zebrafish: new approaches for defin-
ing behavioral circuits. J Neurochem 110,
441–456.

70. Higashijima, S., Masino, M. A., Mandel,
G. & Fetcho, J. R. (2003) Imaging neu-
ronal activity during zebrafish behavior with a
genetically encoded calcium indicator. J Neu-
rophysiol 90, 3986–3997.

71. Li, J., Mack, J. A., Souren, M., Yaksi, E.,
Higashijima, S., Mione, M., Fetcho, J. R. &
Friedrich, R. W. (2005) Early development of
functional spatial maps in the zebrafish olfac-
tory bulb. J Neurosci 25, 5784–5795.

72. Miyasaka, N., Morimoto, K., Tsubokawa,
T., Higashijima, S., Okamoto, H. & Yoshi-
hara, Y. (2009) From the olfactory bulb to
higher brain centers: genetic visualization of
secondary olfactory pathways in zebrafish.
J Neurosci 29, 4756–4767.

73. Koide, T., Miyasaka, N., Morimoto, K.,
Asakawa, K., Urasaki, A., Kawakami, K. &
Yoshihara, Y. (2009) Olfactory neural cir-
cuitry for attraction to amino acids revealed
by transposon-mediated gene trap approach

in zebrafish. Proc Natl Acad Sci USA 106,
9884–9889.

74. Heuschele, J. & Candolin, U. (2007)
An increase in pH boosts olfactory com-
munication in sticklebacks. Biol Lett 3,
411–413.

75. Munday, P. L., Dixson, D. L., Donelson, J.
M., Jones, G. P., Pratchett, M. S., Devitsina,
G. V. & Døving, K. B. (2009) Ocean acidi-
fication impairs olfactory discrimination and
homing ability of a marine fish. Proc Natl
Acad Sci USA 106, 1848–1852.

76. Hale, R., Swearer, S. E. & Downes, B. J.
(2009) Separating natural responses from
experimental artefacts: habitat selection by a
diadromous fish species using odours from
conspecifics and natural stream water. Oecolo-
gia 159, 679–687.

77. Kingsford, R. T., Watson, J. E., Lundquist,
C., Venter, O., Hughes, L., Johnston, E.
L., Atherton, J., Gawel, M., Keith, D. A.,
Mackey, B. G., Morley, C., Possingham, H.
P., Raynor, B., Recher, H. F. & Wilson, K.
A. (2009) Major conservation policy issues
for biodiversity in Oceania. Conserv Biol 23,
834–840.

78. Kolbert, E. (2009) The Sixth Extinction? The
Earth’s Species in Peril. The New Yorker, May
25, pp. 53–56.

79. Caldeira, K. & Wickett, M. E. (2003)
Oceanography: anthropogenic carbon and
ocean pH. Nature 425, 365.

80. Orr, J. C., Fabry, V. J., Aumont, O., Bopp,
L., Doney, S. C., Feely, R. A., Gnanadesikan,
A., Gruber, N., Ishida, A., Joos, F., Key,
R. M., Lindsay, K., Maier-Reimer, E.,
Matear, R., Monfray, P., Mouchet, A., Najjar,
R. G., Plattner, G. K., Rodgers, K. B.,
Sabine, C. L., Sarmiento, J. L., Schlitzer, R.,
Slater, R. D., Totterdell, I. J., Weirig, M. F.,
Yamanaka, Y. & Yool, A. (2005) Anthro-
pogenic ocean acidification over the twenty-
first century and its impact on calcifying
organisms. Nature 437, 681–686.

81. Guinotte, J. M. & Fabry, V. J. (2008)
Ocean acidification and its potential effects
on marine ecosystems. Ann NY Acad Sci
1134, 320–342.

82. Scholtz, N. L., Truelove, N. K., French,
B. L., Berejikian, B. A., Quinn, T. P., Casillas,
E. & Collier, T. K. (2000) Diazinon dis-
rupts antipredator and homing behaviors in
chinook salmon (Oncorhynchus tshawytscha).
Can J Fish Aquat Sci 57, 1911–1918.

83. Sandahl, J. F., Baldwin, D. H., Jenkins,
J. J. & Scholz, N. L. (2007) A sensory sys-
tem at the interface between urban stormwa-
ter runoff and salmon survival. Environ Sci
Technol 41, 2998–3004.



Olfactory Behavior: Making Scents of a Changing World 71

84. Laetz, C. A., Baldwin, D. H., Collier, T. K.,
Heber, T. V., Stark, J. D. & Scholz, N. L.
(2009) The synergistic toxicity of pesticide
mixtures: implications for risk assessment
and the conservation of endangered Pacific
salmon. Environ Health Perspect 117,
348–353.

85. Matz, C. J. & Krone, P. H. (2007) Cell
death, stress-responsive transgene activation,
and deficits in the olfactory system of larval
zebrafish following cadmium exposure. Env-
iron Sci Technol 41, 5143–5148.

86. Tomelleri, J. (2002) Trout and Salmon
of North America. New York, NY, The
Free Press.

87. McDowall, R. M. (2006) Crying wolf, cry-
ing foul, or crying shame: alien salmonids
and a biodiversity crisis in the southern cool-
temperate galaxioid fishes? Rev Fish Biol Fish
16, 233–422.

88. Howes, P. N. (2008) Predator recognition of
invasive salmonids by native galaxids. School
of the Environment & Society. Swansea, Wales,
Swansea University.

89. Doty, R. L. (2009) The olfactory sys-
tem and its disorders. Semin Neurol 13,
S225–S228.

90. Scholz, S., Fischer, S., Gündel, U., Küster,
E., Luckenbach, T. & Voelker, D. (2008)
The zebrafish embryo model in envi-
ronmental risk assessment – applications
beyond acute toxicity testing [Review].
Environ Sci Pollut Res Int (Jul) 15(5),
394–404.

91. Sloman, K. A. & Wilson, R. W. (2006)
Anthropogenic impacts upon behavior and
physiology. In Sloman, K. A., Wilson,
R. W. & Balshine, S. (Eds.) Behavior and
Physiology of Fish. San Diego, CA, Academic
Press.





Chapter 3
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Abstract

While zebrafish (Danio rerio) are widely utilized as a model species for neuroscience research. They also
possess several qualities that make them particularly useful for studying stress and anxiety-related behav-
iors. Zebrafish neuroendocrine responses are robust, and correlate strongly with behavioral endpoints.
These fish are also highly sensitive to various environmental challenges, including novelty stress, exposure
to predators, alarm pheromone, anxiogenic drugs, and drug withdrawal. In addition, varying levels of
baseline anxiety can be observed in different strains of zebrafish. Collectively, this supports the validity
and efficacy of the adult zebrafish model for studying both acute and chronic anxiety.

Key words: Novel environment, video-aided analysis, stress, anxiety, fear, affective behavior, preda-
tor stress, endocrine response, endocrine signaling, behavioral phenotyping, drug withdrawal, novel
tank test, genetic differences.

1. Introduction

As summarized in several chapters of this book, the zebrafish
is commonly used as a model species in biomedical research
(1, 2). A vast array of genetic knowledge and a complete genome
sequence is available for zebrafish, placing our genetic under-
standing of this species on par with the fruit fly and mouse (3).
Although these studies have predominantly examined genetic and
embryological phenomena (4), zebrafish are increasingly used in
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neuroscience research (5–10). Importantly, zebrafish possess all
of the “classical” neurotransmitters found in vertebrates (11),
suggesting their potential for studying disorders such as Parkin-
son’s, Alzheimer’s, anxiety, and depression (12). While complex
neuropsychiatric disorders are difficult to reproduce in zebrafish,
analogous brain mechanisms may be investigated using such mod-
els (11).

Stress and anxiety have been studied extensively using various
animal (primarily murine) models (13–15). Recently, zebrafish
have emerged as a promising new organism for anxiety research
due to their robust cortisol stress response (16), behavioral strain
differences (17) and sensitivity to drug treatment (7, 18–20), as
well as to various stressors, such as exposure to predators (6)
and alarm substance (21). This chapter outlines several aspects
of zebrafish behavior that are relevant to the study of fear and
anxiety-related states.

2. The Novel
Tank Diving
Paradigm: A Fish
“Open Field”? Zebrafish behavioral assays are currently used for high-

throughput phenotyping and testing various psychotropic drugs
(8, 22, 23). A popular method of behavioral analysis in zebrafish
is the novel tank diving paradigm (Fig. 3.1), conceptually similar
to the open field test used for rodents (Table 3.1). In the open
field test, mice exposed to a novel environment initially exhibit
anxiety-like behavior by staying close to the walls (thigmotaxis),
but begin to display increased exploration as they become accli-
mated to the new setting (24). Similarly, exposure of zebrafish to
a novel environment evokes a robust anxiety response (8), as the

Fig. 3.1. The novel tank diving test (also referred to as the novel tank test) examines
novelty-evoked anxiety. When a zebrafish is exposed to a novel (potentially dangerous)
environment, it initially dives to the bottom, and then gradually explores the top. Inhibited
exploration, reduced speed, and increased frequency of escape-like erratic behaviors
are usually associated with higher levels of anxiety elicited by different stressors (see
Table 3.2 for details).
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animals dive to the bottom and limit exploration until they feel
safe to swim in the upper regions of the tank (Table 3.1).

Until recently, quantification of zebrafish behavior was mostly
performed manually, making it vulnerable to human error and
incorrect data interpretation. In contrast, automated video-
tracking technologies can analyze animal behavior to provide
standardized observation of behavioral endpoints and reduce sub-
jective influence (17). Another advantage of using the video-
tracking approach in zebrafish research is the ability to store,
replay, and reanalyze videos. Finally, during the novel tank diving
test, video-tracking programs can calculate additional behavioral
endpoints not available through manual observation, such as dis-
tance traveled in top/bottom, velocity, meandering, and angu-
lar velocity (Table 3.2). Comparison of data produced by the
video-tracking system with that recorded manually shows signif-
icant (>80–90%) correlation between the two (17), confirming
that the video-tracking approach is a reliable method of analysis
in zebrafish neurobehavioral research.

3. Analyzing
Endocrine
Responses to
Stress Physiological phenotypes contribute markedly to the util-

ity of zebrafish models for anxiety research. The zebrafish
hypothalamus-pituitary-interrenal (HPI) axis is homologous to
the human hypothalamus-pituitary-adrenal (HPA) axis, with cor-
tisol being the primary stress hormone in both axes (25, 26)
(Fig. 3.2). Following animal exposure to stressful stimuli, the
hypothalamus secretes corticotropin releasing hormone (CRH),
which activates the pituitary gland and signals the pituitary to
release andrenocorticotropic hormone (ACTH). Stimulated by
ACTH, the adrenal (mammals) or interrenal (zebrafish) glands
synthesize glucocorticoid hormones from a cholesterol precur-
sor (26, 27). Increased levels of glucocorticoids initiate metabolic
effects that modulate the stress reaction (26, 28), including glu-
coneogenesis, anti-inflammatory effects, and immune system sup-
pression (29). The effects of the stress reaction are harmful in
excess and are alleviated through a negative feedback to the
hypothalamus and pituitary, which suppresses CRH and ACTH
release (30, 31). This evolutionarily conserved stress response
between zebrafish and humans makes zebrafish a valid model to
study cortisol-mediated stress responses (16, 32).

Analysis of the physiological (neuroendocrine) responses to
stress in zebrafish is a valuable tool complementing behav-
ioral studies. The cortisol assay in zebrafish (5, 17) is rela-
tively simple, inexpensive, can be easily adopted in a variety
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Fig. 3.2. Zebrafish endocrine stress axis. “+” or “−” signs indicate activation or inhibi-
tion of activity or secretion, respectively. CRH – corticotropin releasing hormone; ACTH:
adrenocorticotropic hormone.

Fig. 3.3. Zebrafish endocrine responses (whole-body cortisol, ng/g fish) to anxiogenic behavioral effects produced by
withdrawal from diazepam and ethanol. Data are presented as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, #p = 0.05–0.09
(trend) vs. controls, U-test (modified from Egan et al. (17)).

of laboratory settings, and strikingly parallels observed anxiety
behavior (Fig. 3.3). Statistical analysis of correlation between
behavior and endocrine response may further assist in data inter-
pretation. For example, the Spearman’s rank correlation coeffi-
cient, used to assess the relationship between two variables, can
determine the level of correlation between behavioral data and
cortisol concentration values.
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4. Behavioral
Responses to
Experimental
Stressors:
Predators and
Alarm Pheromone
Exposure

The presence of a predator is a universal stressor for animals.
Zebrafish have demonstrated significant behavioral responses to
their natural predator, the Indian Leaf Fish (Nandus nandus),
and to foreign predators (6) (Fig. 3.4). Zebrafish also show an
increase in whole body cortisol levels after visual contact with a
predator fish, confirming their increased stress response (5). In
general, two possible explanations for predator-avoidance behav-
ior include learned antipredatory responses (following exposure
to a harmful predator), or instinctive avoidance behavior.

Mounting evidence supports the importance of learning in
the development of animal predatory responses. For example,
while visual predator recognition skills seem to be based on
unlearned predispositions, antipredatory behavior using olfactory
stimuli can be modified with experience, particularly during the

Fig. 3.4. Anxiogenic effects of predator exposure on zebrafish behavior. a and b Exposure to the sympatric predator
Indian Leaf fish (ILF): a – acute 5-min exposure; b – chronic 24-h (top) and 72-h (bottom) exposure. c Acute 10-min
exposure to the allopatric predator Oscar fish. Data are presented as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p <
0.005, #p = 0.05–0.09 (trend) vs. controls, U-test.



Modeling Stress and Anxiety in Zebrafish 81

initial stages of the predator-prey interaction (33). Olfactory cues
enable zebrafish to recognize predators following a single expo-
sure to the predator fish (34). However, experimentally naïve
zebrafish respond significantly stronger to their natural predator
than to an allopatric predator, suggesting a genetic-based preda-
tor anxiety (6).

Our laboratory has recently examined zebrafish stress
responses to the Indian Leaf fish, a natural sympatric predator,
and the Oscar fish (Astronotus ocellatus), an allopatric predator
native to South America. Using experimentally naïve zebrafish,
we conducted acute and chronic predator exposure tests using
the novel tank diving paradigm. As can be seen in Fig. 3.4a,
b, both acute and chronic predator exposure produced similar
behavioral responses to the Indian Leaf fish. Notably, although
the zebrafish displayed a typical response to stress with an increase
of erratic movements, they also displayed a short latency to enter
the upper half and more time spent in the upper half, which
are not characteristics associated with stress in the novel tank
paradigm (Tables 3.1 and 3.2). However, as the predator fish
spent the majority of the time in the bottom of the tank, it appears
that the zebrafish displayed a distinct learned avoidance behavior
by moving to the area least likely to be occupied by a predator. In
contrast, typical anxiety-like behavior was only significant in the
erratic movement endpoint during Oscar fish exposure, indicating
weaker responses as compared to the Indian Leaf fish experiment
(Fig. 3.4c). Although zebrafish were noticeably stressed by the
Oscar fish, these findings indicate a greater fear of sympatric (than
allopatric) predators. This suggests the importance of a genetic,
innate influence on the zebrafish fear response.

In line with this, we have also examined the effect of alarm
pheromone exposure in zebrafish. As will be mentioned in this
book, the zebrafish olfactory system detects alarm pheromone
released by injured skin cells, and has been shown to cause behav-
ioral responses. While behavioral alterations in zebrafish could, in
theory, be affected by alarm pheromone, the composition of this
molecule is not completely understood. Therefore, exact concen-
trations and dosing cannot be determined when using nonquan-
tifiable extraction from zebrafish skin (35). After extracting alarm
pheromone from the epidermal cells of euthanized zebrafish (21),
we exposed naïve fish to water containing the alarm pheromone,
and measured behavioral responses again through the novel tank
paradigm. Acute alarm pheromone exposure (Fig. 3.5a) resulted
in a robust anxiety-like behavioral response, notably represented
through significantly decreased exploration and increased erratic
movements and freezing bouts (17). A recent study found that
hypoxanthine 3-N-oxide, a molecule common to several fish
alarm substances, elicits more erratic movements and jumps when
zebrafish were acutely exposed to its increasing doses (35). In
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Fig. 3.5. Anxiogenic effects of alarm pheromone on zebrafish behavior in the novel tank diving test: a acute alarm
pheromone exposure (6 min). b Prolonged alarm pheromone (30 min). Data are presented as mean ± SEM, ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.005, #P = 0.05–0.09 (trend) vs. control, U-test (modified from Egan et al. (17)).

contrast, chronic alarm pheromone exposure in our studies pro-
duced no significant change from the control cohort (Fig. 3.5b),
suggesting that alarm pheromone is only effective acutely, most
likely reflecting its natural use as a fast-acting danger signal to
nearby shoals.

5. Pharmaco-
genic and
Withdrawal-
Associated
Anxiety

Past zebrafish studies demonstrated robust behavioral phenotypes
following acute and chronic exposure to psychotropic agents such
as diazepam, caffeine, ethanol, morphine, cocaine, nicotine, bar-
biturates, and hallucinogens (17, 18, 22, 36–38). The observed
predictable bidirectional behavioral responses to known anxiolytic
or anxiogenic drugs indicate that zebrafish demonstrate high
translation value in stress- and anxiety-related pharmacological
research.

Anxiety symptoms are commonly seen in patients withdraw-
ing from chronic drug therapy (39–41). Increasing interest in
the underlying neurobiological mechanisms of withdrawal syn-
drome necessitates the development of appropriate animal mod-
els. Robust anxiety phenotypes have been elicited in zebrafish
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Table 3.3
Comparison of robustness of zebrafish behavioral
phenotypes elicited by different stressors

Type of stress Stressor Phenotype

Alarm pheromone +++

Acute Sympatric predator +++
Allopatric predator +

Alarm pheromone 0
Chronic Sympatric predator ++

Strain differences ++
Drug withdrawal ++

+++, Robust; ++, mild; +, weak effects; 0, no effects; also see Fig. 3.7.

through discontinuation of chronic drug exposure, suggesting
the existence of withdrawal syndrome in this species. For exam-
ple, drug-evoked anxiogenic effects were reported following
abrupt cessation of chronic cocaine administration (23), confirm-
ing zebrafish as a valid animal model of withdrawal syndrome-
associated anxiety (Table 3.3).

6. Strain
Differences
in Zebrafish
Behavior As with other species, genetic differences in zebrafish may lead

to varying behavioral phenotypes. One study found that chronic
ethanol exposure decreased shoaling behavior in wild-type short-
fin zebrafish, but increased shoaling behavior in long-fin striped
strain (42). Our group investigated baseline anxiety levels in
short-fin and leopard strains, reporting that the leopard zebrafish
generally display higher levels of anxiety in the novel tank test
(Fig. 3.6). Interestingly, using automated video-tracking soft-
ware, we found no significant differences in swimming velocity
or total distance travelled between these two strains (Fig. 3.6),
indicating that these differences in anxiety were not due to
motor/neurological deficits.

Understanding the behavioral differences between zebrafish
strains is crucial for expanding this animal model to investigate
population differences in humans and their susceptibility to stres-
sors. In addition, selection of a certain strain could optimize data
generated in screening of anxiolytic or anxiogenic drugs. For
example, due to floor/ceiling effects, choosing a more anxious
(e.g., leopard) strain may provide more robust results if examining
the behavioral effects of an anxiolytic compound, while the use of
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Fig. 3.6. Strain differences in zebrafish novel tank diving test behavior. Two different strains display strain-distinct
patterns of their exploratory behavior, as illustrated by representative swimming traces and selected behavioral endpoints
analyzed using video-tracking software (CleverSys Inc). Data are presented as mean ± SEM, ∗∗p < 0.01, ∗∗∗p < 0.005
vs. wild type, U-test (modified from Egan et al. (17)).

a less anxious strain (such as short-fin zebrafish) could yield more
clear-cut phenotypes while testing anxiogenic drugs and manipu-
lations.

7. Mutant
and Transgenic
Zebrafish Ease of genetic manipulation, high fecundity, and rapid develop-

ment make zebrafish a useful tool to study the genetic factors
involved in pathogenesis (43). Applied to zebrafish, mutagene-
sis, transgenesis, and mapping approaches enable the researchers
to use invertebrate-style forward genetics on a vertebrate organ-
ism (43). There are also certain drawbacks to the use of zebrafish
in genetic research, as they have a duplicate genome, and not
all duplicated genes have been retained through time (44). For
example, it is frequently argued that further comprehension of
zebrafish gene function will only uncover invalid redundant and
species-specific information (44). However, duplicate genes can
also provide significant advantages when zebrafish co-orthologs
represent selected expression patterns and developmental func-
tions of mouse orthologs. Thus, restricted expression of zebrafish
genes, in comparison to the corresponding mouse orthologs, may
lead to an improved comprehension of developmental relations in
cell lineage or tissue patterning in mice (44).

Furthermore, several transgenic zebrafish exhibit robust aber-
rant behavioral phenotypes linked to the knockout of spe-
cific target genes. For example, nevermind (nev) gene mutant
zebrafish display severe disruption of optic nerve innervation
(45). While their muscular morphology is normal, nev dorsal
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retinotectal axon projections terminate on both the dorsal and
ventral side of the tectum, resulting in atypical locomotion, such
as corkscrew swimming, in which zebrafish rotate around their
long body axis. Similarly, sphingosylphosphorylcholine knock-
out zebrafish perform spontaneous erratic movements and escape
behaviors (e.g., rapid turning) without provocation from stressful
stimuli (46).

Some of the transgenic zebrafish models focus on abnormal
developmental patterns that prevent proper innervations between
nuclei and in turn disrupt neurophysiology. One example of this
is the mutation of the Lhx2 homolog, bel, a transcription factor
involved in retinotectal axonal growth. In zebrafish, achiasmatic-
induced oculomotor deficits generate spontaneous eye oscillations
that may model congenital nystagmus in humans, in addition to
causing reversed perception of visual stimuli, misappropriated eye
movements, and circling swimming behavior (47). It is possible
to expect that numerous other zebrafish mutations may lead to
interesting motor- and anxiety-related behavioral phenotypes that
will be revealed in future studies.

8. Conclusion
Although anxiety-related disorders continue to be one of the most
prevalent neuropsychiatric conditions, their pathological mech-
anisms are poorly understood. One hypothesis stipulates that

Acute and chronic  
predator exposure 

Alarm pheromone 

Withdrawal-evoked 
anxiety

High anxiety
zebrafish strains

Anxiogenic drugs 

Novelty stress 

Duration 

S
ev

er
it

y 

Fig. 3.7. A summary of different forms of stress used in zebrafish neurobehavioral research. Fear-like responses are
more likely to occur following alarm pheromone and predator exposure, anticipatory generalized “trait” anxiety is more
likely to occur following anxiogenic drug treatment or novelty stress, whereas chronic long-term “state” anxiety can be
seen following withdrawal, or in more anxious zebrafish strains (genetic differences).
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these disorders are most likely caused by abnormally functioning
biological mechanisms of danger avoidance (35). Current chal-
lenges to phenotype-based drug discovery include expensive
mammalian animal models that require ample physical space and
large quantities of compounds for use in experiments. Mam-
malian animal models also exhibit complex behavioral pheno-
types that are sometimes too difficult to characterize and inter-
pret (4). Using zebrafish as an alternative animal model (Table
3.3, Fig. 3.7) effectively reduces these limitations, and together
with computer-aided video tracking technology, endocrine cor-
relates, and genetic manipulation makes high-throughput behav-
ioral phenotyping and pharmacological screens a promising pos-
sibility (2, 4, 17, 48, 49).
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Chapter 4

Nicotinic Receptor Systems and Neurobehavioral Function
in Zebrafish

Edward D. Levin

Abstract

Nicotinic acetylcholine receptors appear to be quite ancient phylogenetically and are used in the ner-
vous systems of a great number of species across broad parts of the animal kingdom. They play impor-
tant roles in a variety of neurobehavioral functions from neuromuscular activation to cognitive function.
Nicotinic receptor function is an excellent field in which to assess the potential commonalities of neu-
robehavioral functions across animal species. Nicotinic receptors are remarkably consistent across species
and the behavioral effects of nicotinic treatments have been very well determined in mammals. Since
zebrafish are an emerging aquatic model for studying neurobehavioral function, we have determined the
effects of nicotine, the prototypic nicotinic agonist as well as nicotinic antagonists on cognitive function,
exploratory behavior and stress response in a series of behavioral tests we have developed to reliably index
these behavioral functions. The overall hypothesis of this line of investigation was that nicotine would
have similar behavioral effects in zebrafish as in mammals when analogous tests of behavioral function are
used. As with mammalian species, nicotine significantly improves learning and memory at low to moder-
ate doses with an inverted J-shaped dose-effect function. The nicotine-induced learning improvement in
zebrafish is reversed with the nicotinic antagonist mecamylamine and is accompanied by increased brain
dopamine levels, an effect which is also reversed with mecamylamine. Also, as in mammals, nicotine has
anxiolytic effects in zebrafish. Nicotine significantly reduces bottom dwelling in the novel tank diving
task. This effect is reversed by either α7 or α4β2 nicotinic antagonist coadministration. In many respects
nicotine has similar effects in zebrafish as in rodents and humans. These studies point to the value of
zebrafish as models of human neurobehavioral function.

Key words: Acetylcholine receptor, nicotine, nicotinic receptor antagonist, nicotinic receptor sub-
types, spatial learning, spatial alternation, memory, cognitive function, stress response, anxiolytic
drug, 3-chambered tank test, novel tank test.

1. Introduction

Zebrafish are emerging as an excellent model for neurobehavioral
function. Zebrafish provide useful models for studying the neural

A.V. Kalueff, J.M. Cachat (eds.), Zebrafish Models in Neurobehavioral Research, Neuromethods 52,
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bases of cognitive dysfunction (1, 2) as well as stress response (3).
We have conducted a series of studies to determine the biobehav-
ioral effects of nicotine in zebrafish, in particular effects of nico-
tine on cognitive function, learning, and memory and nicotine
effects on stress response.

Nicotinic acetylcholine receptors on neurons are phylogenet-
ically ancient and are used in the brains of a great number of
species across the animal kingdom. Nicotine has been shown to
improve learning and memory (4) in a variety of species includ-
ing, humans, monkeys, rats, mice, and zebrafish. Nicotine given
acutely or chronically significantly improves spatial learning mem-
ory in rats with critical involvement of both α7 and α4β2 nicotinic
receptor subtypes (4). In mammals the hippocampus is a cru-
cial region for nicotinic involvement in memory (4). Although
zebrafish have a very limited telecephalon and no specific hip-
pocampal formation, the receptor basis for nicotinic effects on
cognitive function as described below can be readily seen in the
zebrafish model. The functional mechanisms by which neuronal
nicotinic receptor actions underlie behavior can be usefully stud-
ied in a variety of experimental models. In particular zebrafish
provide an excellent model in which to study nicotine effects on
cognitive and emotional function.

2. Nicotine
Effects on
Cognitive
Function Learning in zebrafish has been assessed in experimental stud-

ies using a variety of paradigms. Zebrafish have been shown
to demonstrate olfactory (5) and visual discrimination learning
(6, 7) as well as active avoidance learning (8, 9). We have docu-
mented zebrafish of spatial and color discrimination learning and
reversal using three-chamber tank (10).

The three-chamber tank (Fig. 4.1) is a useful paradigm for
assessing learning and memory in zebrafish. It consists of a cen-
ter compartment in which the fish is placed to start the test and
two side compartments. Gates are opened to the two side com-
partments and the fish is permitted to make a choice into either
side. Once the fish has chosen the side the gates are closed. If the
correct side is chosen the fish is permitted to swim freely in the
full sized-side compartment. If the incorrect side is chosen the
wall separating the central compartment and the side compart-
ment is moved to 1 cm of the side wall restricting the fish to a
very narrow space. The contingencies can be managed to assess
spatial discrimination and reversal, spatial alternation, and color
discrimination and reversal (10–14).

Nicotine ((–) nicotine hydrogen tartrate) significantly
improves memory in zebrafish as measured by the delayed spatial
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Fig. 4.1. Three-chamber tank for assessing learning and memory in zebrafish (10, 11).

alternation test in the three-chamber tank in which the correct
side was alternated between the right and left sides (13). Nicotine
exposure was given by immersion with the fish placed in a beaker
with fixed doses of nicotine for a 3-min period. The most effective
nicotine dose detected for improving delayed spatial alternation
was 100 mg l–1. As with mammals, there is an inverted J-shaped
dose-effect function (Fig. 4.2) with lower doses improving mem-
ory accuracy and higher doses impairing it.
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Fig. 4.2. Nicotine effects on memory in zebrafish showing an inverted J-shaped dose-
effect function in the delayed spatial alternation task in the three-chamber tank with
moderate doses causing improvement in percent correct performance and higher doses
having significantly (p < 0.005) diminishing effect (13), percent correct difference from
control performance (mean ± SEM).
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In a more rapid seven-trial test of simple spatial position learn-
ing nicotine (100 mg l–1) was found to significantly improve accu-
racy. The economy of zebrafish and the more rapid throughput of
this simple test facilitated study of an extensive time-effect func-
tion of nicotine (14). The choice accuracy and choice latency
measures provided separate indices of nicotine effects on cognitive
function and locomotor activity. This time-effect function showed
that the peak effect of nicotine improving choice accuracy was
20–40 min after dosing (Fig. 4.3). This contrasted with nicotine
(100 mg l–1) increasing choice latency in the same test with peak
effect 5 min after dosing and no effect by 30 min after dosing.
A test of the dose-effect function of nicotine-induced improve-
ment in simple spatial discrimination learning with 40-min inter-
val between dosing and testing showed that 50 mg l–1 was inef-
fective while 100 mg l–1 was fully effective with improvement
also seen with 200 mg l–1 (Fig. 4.4). Concurrent exposure to
mecamylamine together with nicotine did not significantly atten-
uate the nicotine-induced improvement, suggesting that it was
not the activation of nicotinic receptors, which was necessary for
the induction of the improvement caused by nicotine (Fig. 4.5).
Rather, the improvement may have been due to nicotine-induced
receptor desensitization, which is not blocked by mecamylamine.
Interestingly, mecamylamine given shortly before testing and
well after nicotine was effective in eliminating the learning
improvement induced by nicotine given earlier. This suggests that
recovery from nicotinic receptor desensitization may be key in the
expression of nicotine-induced learning improvement.

In a recent study using the more rapid seven-trial test of
simple spatial discrimination learning, we replicated the finding

35

40

45

50

55

60

65

70

75

80

Percent
Correct

Con 0 5 10 20 30 40 80 160
Interval (min.)

Nicotine vs. Control
* p < 0.05
** p < 0.01

Interval Effect Trends
Linear p < 0.025

Quadratic p < 0.05

*

* **

Fig. 4.3. Nicotine (100 mg l–1) improves spatial position learning with the peak effect
20–40 min after dosing (14), percent correct (mean ± SEM).
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Fig. 4.4. Dose-effect function of nicotine-induced improvement in simple spatial dis-
crimination learning with 40-min interval between dosing and testing (14), percent cor-
rect (mean ± SEM).
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Fig. 4.5. The nicotinic antagonist mecamylamine blocking the expression but not induc-
tion of nicotine improvement in spatial discrimination learning (14), percent correct
(mean ± SEM).

that nicotine (100 mg l–1) significantly improved learning in
zebrafish (15). Overall, spatial discrimination accuracy was signif-
icantly correlated with brain levels of 3,4-dihydroxyphenylacetic
acid (DOPAC) the principal metabolite of the neurotransmitter
dopamine (Fig. 4.6). We also found that as in mammals, nicotine
treatment significantly increases dopaminergic activity as mea-
sured by this metabolite and that the nicotine-induced increase
in DOPAC is reversed by the nicotinic antagonist mecamylamine
(Fig. 4.7).

Thus, as in mammals nicotine significantly improves learn-
ing and memory in zebrafish even though the structures in the
zebrafish brain with their highly developed optic tectum and
much smaller telencephalon are quite different from mammals.
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Fig. 4.6. Correlation of percent correct on the simple spatial discrimination test and
brain concentration of DOPAC (15).
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Fig. 4.7. Nicotine (100 mg l–1) significantly increases brain DOPAC concentration in
zebrafish, an effect that is reversed by the nicotinic antagonist mecamylamine (15)
DOPAC concentration (pg/g tissue) difference from control (mean ± SEM).

Nicotine effects on neuroplasticity may be more similar between
fish and mammals. The effect of nicotine improving learning
is delayed, possibly involving recovery from receptor desensiti-
zation. It appears that nicotine-induced increased dopamine is
key to nicotine-induced learning improvement in zebrafish. The
effective nicotine dose of 100 mg l–1 was the same for the efficacy
for improving learning and memory and increasing the dopamine
metabolite DOPAC. Further studies will determine the time and
dose effect functions of nicotine effects on dopamine systems and
how these match the cognitive effects as well as the brain regional
specificity of the critical dopamine effects.
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3. Nicotine
Effects on Stress
Response

It is evolutionarily advantageous for an animal to show protec-
tive stress responses under potentially dangerous circumstances.
Zebrafish have been shown to secrete a specific alarm substance
when in stressful situations (16) and their fear responses in the
presence of predators have been behaviorally characterized (17).
Zebrafish have been found to show anxiety responses induced
pharmacologically with cocaine withdrawal (18).

When introduced into a novel environment (Fig. 4.8)
zebrafish dive to the bottom of the tank and dwell there, and
then over time spend less time at the bottom of the tank and
swim to higher levels in the tank (Fig. 4.9) (3, 19). This div-
ing response in a novel situation is likely a predation avoidance
reaction much like thigmotaxis (wall hugging) of rodents in a
novel open field. By retreating to be near an impermeable sur-
face an animal can reduce the risk of predatory attack from the
direction of the surface. The novel tank diving task is sensitive
to the anxiolytic effects of diazepam and buspirone, however the
anxiolytic drug chlordiazepoxide was not found to be effective
in zebrafish (20). A validation experiment showed that fish with
prior experience in a tank identical in size to the test tank did not
show the diving response and recovery from it over the course
of the 5-min test session compared with fish without such prior
experience (20).

Fig. 4.8. Novel tank diving task test of anxiety response in which zebrafish initially dive
to the bottom of a novel tank and over time swim to spend more time in the upper
levels (2).
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Fig. 4.9. The effect of control zebrafish diving to dwell at the bottom of the novel tank
initially with less time in the bottom over the 5-min session and the effect of nicotine
attenuating this effect (3), seconds per minute in the bottom third of the tank (mean ±
SEM).

To complement our studies of nicotine effects on cogni-
tive function we have conducted a series of studies on nicotinic
involvement in stress response in zebrafish. Nicotine has com-
plex effects on anxiety with anxiolytic or anxiogenic effects being
seen under different situations (21). Smokers report reduction in
anxiety after smoking in a stressful situation despite the fact that
their heart rate is elevated (22). Anxiolytic effects of systemically
administered nicotine have been seen in rats in the elevated plus
maze or social interaction tests of anxiety (23, 24). We investi-
gated whether possible anxiolytic effects of nicotine could be seen
in zebrafish.

Nicotine has an anxiolytic effect in zebrafish (Fig. 4.9) as
measured in the novel tank diving task (3). Initial indication of
an anxiolytic effect was seen with 50 mg l–1 of nicotine ((–) nico-
tine hydrogen tartrate) given by 3 min immersion, but the full
effect was seen with the 100 mg l–1 dose. Nicotine also attenu-
ated the increase in swim speed over time in the novel tank diving
task. The 100 mg l–1 nicotine dose was the same dose that was
found to be most effective for improving learning and memory
performance as reviewed above. Thus, the reduction in the div-
ing response induced by nicotine did not seem to be due to mere
disorientation. In mammals including humans nicotine has car-
diovascular effects of increasing heart rate and blood pressure. It
is not currently known how such cardiovascular effects may be
limiting for efficacy of nicotine effects on stress response and cog-
nitive function.

The peak anxiolytic effect of nicotine was seen 5 min after of
nicotine exposure (3). It persisted for 20 min and was no longer
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Fig. 4.10. Time-effect function of nicotine in the novel tank diving task. The peak nico-
tine effect was at 5 min post dosing with no effect seen at 40 min (3), seconds per
minute in the bottom third of the tank (mean ± SEM).

evident by 40 min after exposure (Fig. 4.10). The nonspecific
nicotinic antagonist mecamylamine blocked the expression, but
not the induction of nicotine-induced anxiolysis (3) as shown in
Fig. 4.11. This is a similar pattern of effect as with nicotine-
induced learning improvement discussed above. The more
specific nicotinic α7 and α4β2 antagonists methyllycaconitine
(MLA) and dihydro-β-erythroidine (DHβE) also significantly
attenuated the anxiolytic effect of nicotine, as shown in
Fig. 4.12 (25).
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Fig. 4.11. Mecamylamine blocks the expression but not the induction of nicotine actions
in the novel tank diving test (3), seconds per minute in the bottom of the tank (mean ±
SEM).
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Fig. 4.12. Nicotine reduced the novel tank diving response, an effect, which was
reversed by either MLA or DHβE nicotinic α7 and α4β2 antagonists (25).

4. Conclusions

Zebrafish can provide excellent information concerning a variety
of neurobehavioral processes. The current research demonstrated
that in the case of nicotine, the zebrafish model can be quite
useful in determining the neurobehavioral mechanisms pharma-
cological response in terms of nicotinic involvement in cogni-
tive function as well as anxiety and stress response. In both of
these categories of neurobehavioral function zebrafish have qual-
itatively similar reactions to nicotine as mammals such as rats
and humans. This foundation of knowledge concerning nicotine
effects on cognitive function and stress response facilitates future
studies of novel nicotinic ligands, which may be candidates for
development as therapeutics. The same strategy can be used for
developing non-nicotinic treatments for these functions. It will
be important to develop other behavioral tests of these functions
in zebrafish to provide greater generalizability of the results. In
addition, efficient and reliable behavioral tests for zebrafish are
needed for a more comprehensive range of biobehavioral pro-
cesses. Of course there will be limitations of the model. Because
of the different organization of the zebrafish brain there may be
limitations in the predictive value of the model for drug actions
with targets in brain regions in humans not present in zebrafish.
However, insofar as the drug effects are receptor based and those
receptors are involved in similar behavioral functions in zebrafish
even though the neurocircuitry may differ from humans, pre-
dictive validity may be intact even though the neural structures
differ. Important for determining the extent and limitations of
the zebrafish model for behavioral pharmacology is to assess in
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zebrafish the effects of drugs known to be effective in mammals.
The current work with nicotine has shown that zebrafish can be
very useful complementary models for studying neurobehavioral
processes, determining neuronal mechanisms of behavioral func-
tion, indicating that it may be useful for screening for new thera-
peutic drugs.
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Chapter 5

QTL Mapping of Behaviour in the Zebrafish

Dominic Wright

Abstract

The study of complex traits is one of the greatest current challenges in biology, and the exact mechanism
whereby individual genes cause small quantitative variation in any given trait still remains largely unre-
solved. In the case of behavioural traits, with lower heritabilities and repeatabilities as compared to other
character-types, this problem is exacerbated even further. One of the principal forms of genetic analy-
sis for quantitative traits is via QTL (quantitative trait loci) mapping, with the power of this approach
even greater in model organisms due to the array of genomic tools available. These tools give a genuine
possibility of identifying the actual causative genes or nucleotides responsible for the variation (the quan-
titative trait nucleotide, or QTN). The zebrafish displays a range of behaviours that are both complex and
bear a striking similarity to some of the behavioural measurements performed in other model organisms,
notably affecting anxiety and social aggregation. The combination of the behavioural variation present in
the zebrafish and the genetic and genomic advantages to QTL mapping available for this species paves the
way for its use in generating a new model for the genetic dissection of such trait types. This chapter aims
to first discuss the zebrafish as a behavioural model suitable for QTL mapping, focussing in particular on
the behaviours of shoaling and predator inspection, before giving an overview of what is contained in a
QTL study and the types of crossings, analysis and their relevance to behavioural QTL mapping. Finally
two case studies are presented, one of anxiety behaviour in mice, one of shoaling and boldness behaviour
in zebrafish.

Key words: Genetic analysis, behavioural genetics, quantitative trait loci mapping, quantitative trait
nucleotide, population differences, domestication, anxiety, shoaling behaviour, behaviour variation,
single nucleotide polymorphism, oligonucleotide array, predator inspection, environment variation,
bioinformatics.

1. Introduction

The study of complex traits is one of the greatest current chal-
lenges in biology, and the exact mechanism whereby individ-
ual genes cause small quantitative variation in any given trait
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still remains largely unresolved (1). Whereas discrete traits have
a clearly defined phenotype, a quantitative trait is a continuous
or metric character, requiring measurement rather than count-
ing (2). These are generally comprised of numerous small-effect
genes, each with primarily additive effects (although even this is
now being challenged). The specific regions of the genome that
are associated with these characters are termed quantitative trait
loci, or QTL.

QTL mapping is based on the same methods that are used for
mapping single gene traits, using linkage disequilibrium between
alleles at marker loci and at the QTL (2). Information from
recombination rates between polymorphic molecular markers is
used to estimate a genetic map (the distance between markers in
recombination likelihood) and on this map framework QTL are
detected, both in terms of their position and effect. The basis of
this analysis is conceptually and statistically rather simple. Two
populations that differ strongly in the trait of interest and can be
separated using polymorphic genetic markers spread throughout
the genome are bred together to form a completely heterozygous
intercross population. These offspring are heterozygous for every
QTL that differs between the parental populations (assuming that
QTL are fixed within each parental line in the case of inbred line
crosses, though as we will see this is not always the case). This
intercross population is often then either bred together to pro-
duce a second generation intercross (F2) or bred back to one of
the parental lines (back cross or BC). In either case there will then
be a mix of genotypes at each of the QTL and marker positions –
both homozygous parental forms as well as heterozygotes in an
F2, or one homozygous and a heterozygous class in a BC. As a
complete marker set is available throughout the genome, some
QTL should be closely linked to the known polymorphic mark-
ers, and the genotypes of which can then be used as a proxy for
the underlying QTL genotypes. By doing a simple correlational
test between the phenotypes of the mapping population and the
genotypes at each marker locus it is then possible to detect dif-
ferences in genotypic means and hence identify the underlying
QTL. Therefore the basic requirements of a QTL study are two-
fold: two populations that strongly differ in a trait of interest, and
a set of markers that are polymorphic between these populations
and spread evenly throughout the genome (3). This approach has
been used repeatedly in both plants and animals and is amenable
to almost any organism with available polymorphic markers. The
problem comes, however, when we want to refine these QTL and
actually identify the gene or genes causing this variation. In the
case of laboratory organisms, with the wealth of genomic and
transgenic tools that are available to them, there is a genuine pos-
sibility of actually detecting such genes, though even here it is by
no means a trivial task (4–6). Given both its physical and genomic
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properties, the zebrafish therefore represents an excellent, if as yet
under-used, candidate for research in such a manner.

The genetic analysis of behaviour is performed in the same
way as for other traits, yet the degree of repeatability which may
or may not be present and certain ethical reservations at look-
ing at the basis of intelligence and aggression, for example, has
meant that the genetics of these trait types was initially restricted
to disease phenotypes and major effect genes (7–9). Though
the knowledge of such mutations is important, the biggest area
for potential gains is in dissecting the genes and genetic archi-
tecture involved in small quantitative variation. The knowledge
about roughly how many genes are involved in determining
these types of traits (termed the number of effective factors), the
mode of action (be it mainly additive, dominance or epistatic)
and any pleiotropic effects with other behavioural and trait types
all require much greater analysis, though lately there have been
some large strides in this field using model organisms (5, 10,
11). Despite this proven ability of model organisms to be both
amenable to genetic analysis, and particularly QTL mapping, and
behavioural analysis, the zebrafish remains largely untapped in this
field.

2. The Zebrafish
as a Model
for Behavioural
QTL Mapping The zebrafish has several advantages that make it excellent for

QTL analysis. The generation times in this fish are short – from
3–4 months for laboratory fish, though longer for their wild
counterpart – making it ideal for genetic analysis. There currently
exist over 60,000 single nucleotide polymorphisms (SNP) mark-
ers available for the zebrafish, while a large number of molecu-
lar microsatellite markers have been available for some time (12),
with more of these being added continually. SNPs are single base
alterations, with usually only two or three variants present (due to
the limit of four bases) but are the most abundant marker type.
Microsatellites in contrast are commonly di- or tri-nucleotide
repeats in non-coding regions and are far more diverse in terms of
repeat length, giving a large number of polymorphisms, but are
less abundant throughout the genome. A zebrafish 16 k oligonu-
cleotide array is already available, as is a 15 k zebrafish Affymetrix
expression chip (see zfin.org for details and links for all genomic
resources). In addition to these, custom oligo arrays are becoming
increasingly cheaper to produce. Although the genome sequence
of the zebrafish is not yet fully annotated, the current build (Zv8)
has a 6.5-7X coverage, though this sequence still contains mis-
joins, misassemblies and artificial duplications (details available
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from the Ensembl website – www.ensembl.org). With any QTL
study, the genetic variation that is present between lines is vital,
not only as a basis for the phenotypic variation to be selected
upon, but also for the presence of informative markers between
lines. An initial allozyme analysis using four populations of wild
zebrafish from West Bengal in India revealed high levels of genetic
variability and weak genetic structure (13). More recently, a com-
parison of expressed sequence tags (ESTs are subsequences of
transcribed cDNA that are generally used to identify genes) to
whole-genome shotgun data (the method used to construct the
zebrafish genome assembly) predicted more than 50,000 candi-
date SNPs, based on the divergence between the assembly and
the ESTs. Around 65% of these were validated in 16 samples
from seven commonly used zebrafish strains (14). This study once
again indicated considerable interstrain variation, ranging from
7 to 37% of polymorphic sites being heterozygous, depending
on the origin (inbred or wild-derived). The proportion of three
allelic variants at a given loci was five times greater than that
present in human or mouse. Furthermore, phylogenetic analy-
sis indicated that comparison even between the least divergent
strains used in this analysis should provide an informative SNP
every 500 nucleotides. This level of variation is not surprising
given the ecology of the wild-derived zebrafish lines, with rapid
reproduction, large numbers and the monsoon-affected habi-
tat leading to both large-scale mixing and a large and varied
environment.

3. Behaviour
in the Zebrafish

Though both behavioural and in particular ecological studies in
the zebrafish have previously been lacking for some time, these
gaps are now being filled (see chapter 1 by Spence, R. in this
book). Such increases can be divided into a straight increase in
the knowledge of the basic ecology and ethology of the zebrafish
(i.e. in the repertoire of behaviours exhibited by the fish) and
how these behaviours can vary between populations and to what
degree (which is of principal importance in any QTL experi-
ment). The zebrafish themselves perform the basic fish behaviours
of shoaling and predator inspection seen in a multitude of fish
species and extensively studied (see below), as well as shoaling
preferences based on familiarity and kin recognition (15), prefer-
ences for the same or opposite sex, depending on age (16, 17) and
dominance (18), preference for shoaling partner based on colour
phenotype (19–22) and activity levels (23), reactions to potential
predators (24) and variation in feeding (25). These behaviours
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are varied and several are dealt with in detail in other chapters
in this book, but certain ones are particularly amenable to QTL
analysis, and have also received the most genetic analyses of the
behavioural traits exhibited by fish, principally shoaling tendency
and predator inspection, though others (notably shoaling prefer-
ences and odour-related behaviour) could also be analysed using
such techniques.

Shoaling is used to describe a social assembly of fish (26),
and includes schooling (a more advanced behaviour involving
close coordination of behaviour). Schooling therefore falls into
the general definition of shoaling. For ease of terminology, the
term shoaling will be used from now on, but will encompass
both schooling and shoaling. Broadly speaking, there are three
main advantages to shoaling, with these being a hydrodynamic
swimming advantage to this type of aggregation, antipredator
advantages and certain foraging benefits. Of these, antipredator
benefits include the “confusion effect” (where the uniformity of
fish serve to reduce hunting efficiency), “many eyes” advantages
(with shoals harder to surprise than solitary individuals) and oth-
ers. See Krause and Ruxton (27), Pavlov and Kasumyan (28) and
Wright et al. (29) among others for more in-depth reviews of
the benefits (and costs) associated with this behaviour. Another
primary form of predator defence in fish is predator inspection.
Predator inspection involves either sudden darts at the preda-
tor or in random directions followed by quick returns to the
school (30), or fish may make slow approaches to the predator
to a distance of 4–6 body lengths and then return (31). Seen in
numerous fish species, this behaviour detects potentially threaten-
ing animals and increases foraging opportunities by exploration at
the expense of increased mortality (though other costs and bene-
fits are also apparent). Once again, several reviews are available on
this topic, including Krause and Ruxton (27), Pitcher and Parrish
(32), Pavlov and Kasumyan (28) and Wright et al. (29).

4. Genetic Basis
of Shoaling
and Predator
Inspection The genetic components of these traits have been given a lim-

ited analysis in a variety of small-scale laboratory studies. These
studies can be divided into population studies with controlled
breeding and environments and selection studies. Initially, studies
on predator inspection in minnows (33) and shoaling in guppies
(34) demonstrated that behavioural differences found between
different populations must have at least a partial genetic basis.
In a study with different laboratory-bred populations of wild-
derived zebrafish Wright et al. (35) found population differences
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in predator inspection, but not shoaling tendency. A potential
problem in conducting such studies, where separate populations
are bred and reared in different tanks and then a comparison
made, is the failure to maintain a population in more than one
rearing and holding tank. Maintenance of a population in more
than one (and preferably several) tank allows minute differences
in rearing environment to be partially accounted for, with these
potentially having quite a strong effect depending on the heri-
tability of the trait under investigation. For instance, in the study
by Wright et al. (35) significant tank effects were found, with
these also being present in a QTL study on shoaling and predator
inspection behaviour (36 – see later). These were most apparent in
the analysis of shoaling tendency, where without the tank factor
significant inter-population differences would have been found
(albeit incorrectly). Failure to take such differences into account
can therefore lead to spurious population differences that are due
to environmental rather than genetic variation. A problem in the
literature is that it is often impossible to tell whether such repli-
cations have been performed (though if it has been it is rarely
formally tested in the analysis, and therefore not statistically con-
trolled for if it is a factor), and for instance several of the earlier
studies using stickleback and guppies have not taken this issue
into account.

In addition to the above experiments involving the
examination of differences between populations, a response to
natural or artificial selection leading to variation in a trait is an
indicator of additive genetic variation segregating within a pop-
ulation. Magurran et al. (34) performed analysis on two trans-
planted guppy populations. In a population transplanted 34 years
prior to testing, a change in behaviour mirroring the environ-
mental alteration (from high to low predation) was noted. In
a population transplanted only 16 years prior to testing, how-
ever, though phenotypic modifications were seen these did not
appear to be genetically based. In contrast, a laboratory selection
experiment on Japanese medaka, Oryzias latipes, found changes
in aggression and shoaling after only two generations (37, 38),
suggesting that substantial additive genetic variation was present
in this population.

5. Population
Differences
in Zebrafish
Behaviour With the behaviours illustrated above and the variety of costs and

benefits associated with exhibiting them, it is unsurprising that
this has led to a wide variety of population variation, depending
on the local environment. Such variation in shoaling tendency and
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predator inspection between wild populations has been shown
in Wright et al. (35) for shoaling and predator inspection in
the zebrafish, whilst evidence of within-population variation for
shoaling (35) and predator inspection (39) also exists. Feeding
behaviour variation is also seen between strains (25). Strong
strain variation is vital for QTL mapping (3) – the larger the
difference, the fewer individuals that are required to establish a
correlation between phenotype and genotype. Similarly, there is
also the problem that the smaller the difference the greater the
possibility that QTL are not fixed in the line, i.e. individuals are
heterozygous rather than homozygous at the QTL of interest,
additionally high QTL may exist in the low line and vice versa.
This leads to transgressive segregation occurring in the observed
QTL and can also be a problem in QTL identification. To com-
bat this, lines often undergo some degree of selection for a few
generations to try and fix such differences (40), however there
is no guarantee that all such variation will be fixed, especially
given that the architecture can be complex and not amenable to
such pressure. Perhaps one of the biggest advantages in estab-
lishing strong population variation is the use of the domestica-
tion paradigm, whereby wild fish are used in combination with
their domesticated counterparts to reveal large population differ-
ences. This is related to the artificial selection of traits over numer-
ous generations in the domesticated populations. QTL examples
exist for several such examples, but include chickens, Gallus gal-
lus (41–43), pigs, Sus scrofa (6) and others. In the case of the
chicken, specific behavioural examples exist (44–46). The differ-
ences related to the causation of such a domestication paradigm
are briefly outlined below.

6. Domestication

Given the uses of comparing a wild with a domesticated (or in the
case of the zebrafish a more accurate term would be ‘laboratory’)
strain, a brief definition of domestication is required, along with a
breakdown of the potential forces that are applied in the process.
Adaptations to the captive environment are achieved through
genetic changes, environmental stimulation and experiences dur-
ing an animal’s lifetime (47). Darwin (48, 49) used the effects
of domestication as proof for natural selection and suggested that
domestication includes breeding animals in captivity and changes
that may occur without conscious effort on the part of man. This
idea of unintentional changes (or rather unintentional selection)
has also been mirrored by others. Ochieng-Odero (50) defines
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domestication as habituation and conditioning to environmental
stimuli associated with the captive environment.

6.1. Environmental
Alterations

During domestication environmental conditions alter greatly
from those found in the wild, with Price dividing these differ-
ences into four main categories:

1. Space limitations: The degree of space available is almost
always limited in domesticated populations, in marked con-
trast to the territories and range sizes available in the wild.

2. Foraging: With food and water generally provided ad libi-
tum in domestication, one of the basic and most vital of
behaviours, foraging, becomes largely obsolete. This leads
to a persuasive argument that a relaxation of selection on
characters associated with foraging, predator avoidance and
exploration (51).

3. Predation: Predation rates on captive-reared animals that
have been released into the wild are almost always greater
than those on wild-derived individuals. This has been most
apparent in the case of captive-reared salmon, Salmo salar,
that has been used to try and repopulate wild stocks. In
this instance the number of successfully returning fish is
often low, with these fish suffering very high predation rates
(52). When captive-reared fish are subjected to condition-
ing using both live predators and predator-associated stim-
uli, an increase in antipredation behaviour is found to occur
(53). Using four clonal lines of rainbow trout, Salmo trutta,
two of which were in captivity for longer, Lucas et al. (54)
found significantly different behaviour between the two lines
which were captive-bred for longer as compared to the two
closer to their wild counterparts. The differences included
longer startle responses and decreased visibility of fish in
the water column and appeared to indicate less antipreda-
tion behaviour in the domesticated strains. Such reduc-
tion in antipredation behaviour is also seen in salmonids
(55, 56).

4. Social environment: Generally, the age and sex structure
present in domesticated populations is more uniform than
in natural populations, with the increased density of cap-
tive populations also often exacerbating this issue. Though
this can have serious effects on behaviour and specifically
agonistic behaviour, the direction of effect often appears
to be changeable. For instance some studies have found
that domestic stocks of salmon (57) and trout (54) dis-
play greater aggression compared to wild-derived fish reared
in similar conditions, whereas a study on medaka found a
decrease in aggression associated with growth, with both
linked to domestication (37, 38). Fleming and Einum (58)
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analysed the various genotype by environment interactions
in salmon, finding that wild-derived fish were more dom-
inant in stream conditions, whereas hatchery-derived fish
were more dominant in tank environments.

6.2. Genetic
Mechanisms

There are three modes of genetic change that can have an impact
on domesticated animals: inbreeding, selection and drift (51).
The primary forms of selection are (i) artificial, (ii) natural selec-
tion in captivity and (iii) relaxation of natural selection (59).

1. Artificial: This can be intentional or unintentional, with
selection often occurring for stress or aggression reduction
to allow ease of handling. Fevolden et al. (60) give an exam-
ple of stress reduction in trout.

2. Natural selection in captivity: All selection that is not artifi-
cial in the laboratory must therefore be ‘natural’ (59). This
can be regarded as adaptation to the current environment,
i.e. a genetic response to the new space, social structure
and foraging requirements. The intensity of any natural
selection is dependent on the extent to which the envi-
ronment allows species-typical biological characteristics (61)
and the number of generations in captivity. The separation of
this from artificial selection (especially inadvertent artificial
selection) is particularly blurred, and the two are arguably
indistinguishable.

3. Relaxed selection: As has been seen previously, foraging and
antipredation behaviour are often obsolete in a captive envi-
ronment and can even incur costs in exhibiting them. This
can therefore either cause an increase in the genetic variabil-
ity present in these traits (in the case of no costs) or a reversal
of the trait direction where costs are incurred.

7. The
Domestication
Paradigm
in the Zebrafish In the case of the zebrafish, laboratory strains of fish have under-

gone a form of domestication for numerous generations (see
www.zfin.org for standard strain histories), with marked differ-
ences apparent in many laboratory strains in comparison to their
wild counterparts. For instance, in the study by Wright et al.
(35), a comparison between AB and wik laboratory-strain fish and
four different populations collected from Bangladesh revealed dif-
ferences in predator inspection, shoaling tendency and growth-
related traits. Similarly, a study by Robison and Rowland (62)
revealed differences in behaviour between a population from
India and two laboratory strains. Population differences have also
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been found with feeding behaviour (25), and given the variety of
predation pressures with aerial as well as water-based predators,
this is unsurprising. However, further work from Moretz et al.
(63) shows that a straight domestic/wild paradigm may be too
simplistic, with the environmental stresses associated with a par-
ticular wild population leading to a large degree of variation that
may on occasion show more extreme phenotypes than certain lab-
oratory populations. What is certain is that the resources present
in such wild strains are of paramount importance in dissecting
quantitative traits, and efforts to both obtain and maintain such
populations should be made.

8. QTL Mapping
Overview

Having seen that the behaviour and population differences exhib-
ited by the zebrafish are open to genetic analysis it now remains to
give a brief overview of QTL mapping, and in particular in rela-
tion to behavioural traits. In addition, fine mapping techniques
and potential problems and limitations of QTL mapping are also
detailed.

8.1. Types of Cross There are several different forms of cross that can be utilised in
a QTL study. Generally the first step involves the isolation of
divergent strains or lines, either through artificial selection or by
identification in natural populations. Selective crossbreeding of
these strains creates a hybrid F1 population. F1 individuals are
then either crossed back to the parents (a backcross design) or
intercrossed to create an F2. These offspring are phenotyped and
genotyped, with divergence between marker classes taken to indi-
cate a QTL at a basic level. Although recombinant inbred lines
can be used, backcrossing and intercrossing have much greater
power to detect QTL effects. For instance, with an F2 study a
sample of over 800 animals has over a 99% power to detect a QTL
that accounts for 4% of the phenotypic variance, as long as selec-
tive genotyping of extremes is not used (with this causing variance
estimates to be much larger than those based on the whole data
set (9)).

• Backcross: If the aim is to detect at least some of the major
QTL present, a backcross design is recommended (64). In
this instance the probability of detecting dominance effects
is double that of an F2 study of similar size (64).

• F2: When a general overview is desired, i.e. the number of
QTL segregating and estimates of their additive and domi-
nance effects, an F2 design is preferred. With an F2 design,
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three genotypes are present at each locus, either homozygous
for one of the parental genotypes, or heterozygous. These
require 30% fewer offspring than a backcross design to detect
additive genetic variance. They were initially thought to be
twice as effective (2), however this was due to a failure to
adjust the design specific thresholds – the required thresh-
olds for a backcross (BC) are lower due to the reduction in
residual genetic variance (65).

• Recombinant inbred lines: Recombinant analysis is per-
formed through brother-sister matings in a line for about
20 generations, producing animals homozygous for recom-
binant chromosomes. In mice the BXD RI set (66) has been
the most popular for behavioural analysis. RI strains tend
to only have the power to detect fairly large effect QTL.
Even using 100 RI strains the QTL to be identified must still
explain at least 12% of the variance in the F2 to be detectable
(67). RI lines are rather used as a technique to detect provi-
sional QTL, which are then confirmed using an independent
(e.g. F2) test. Due to the greater degree of recombination
present, they can also be used to give a higher resolution
when a QTL is detected. One of the biggest advantages of
RIL is the improvement of the mean phenotype of a line,
i.e. you can test many individuals from a particular line (with
these individuals effectively almost clones of one another),
with this serving to provide a very accurate picture of the
phenotype (and thereby increase the heritability of the trait
measured).

• Advanced intercross lines (AIL) (68): Similar to recombi-
nant inbred lines (RIL) to an extent, these are generated in
the same manner as an F2 cross, only instead of stopping
at the second generation, these are continued for a number
of additional generations. Unlike the RILs, these additional
generations avoid inbreeding by using a large breeding pop-
ulation each time. This results in increasing the number of
recombinations present between linked markers, inflating the
map size, and decreasing the confidence intervals of detected
QTL. For an AIL of t generations, the theoretical decrease
in the confidence interval of any given QTL is t/2 ∗ c, with
c being the QTL confidence interval from the F2 genera-
tion. There are certain complicating issues with an AIL, with
probably the greatest being the possibility of non-syntenic
association of unlinked markers, due to markers becoming
fixed in families in preceding intercross generations (69).

8.2. Linkage Map
Construction

Irrespective of the type of cross used, the genotypes of individuals
are required to construct a linkage map of the markers spread
throughout the genome and then to correlate the phenotypes



112 Wright

that are obtained with these markers. In effect the genetic map
provides the framework on which to locate the QTL. Genetic
map construction is the process whereby these markers are placed
in order and the genetic distances between them are calculated.
These genetic distances are based on the number of recombina-
tions, with these distances being additive in the best instance and
referred to in centi-Morgans (with one centi-Morgan equalling a
1% recombination frequency). The problem here is that these dis-
tances are calculated by measuring the number of recombinations
present between the markers, with the total number of recombi-
nations required and only odd numbers of crossovers detected.
In effect what this means is that if a double recombination has
occurred between two markers then it will appear as if none,
rather than two, are present and therefore lead to underestima-
tion of the distance between the two markers. The possibility of
this occurring is obviously decreased as the two markers are closer
together. To correct for both this and the possibility of interfer-
ence (where the presence of one crossover will suppress the for-
mation of another close by), a variety of mapping functions have
been derived. The simplest is Haldane’s (70), which assumes that
crossovers occur randomly and with no possibility of interference.
Others mapping functions allow for a degree of interference, with
one very commonly used function being the Kosambi map func-
tion (71). As well as distance between markers, the second main
problem is the order of the markers themselves. When the dis-
tances between markers are small, it can be easy to confuse the
correct order of markers. In such instances the problem is akin to
minimising the distance between all markers, so in effect getting
the smallest possible map length. A variety of different methods
are used, all based on a ‘multipoint analysis’. These use calcu-
lations based on the recombination between chains of markers,
rather than considering just two markers at a time, and include the
simulated annealing (72), seriation (73), and branch and bound
(74) methods, though the problem here is that all can be very
computationally intensive. Doerge (75) developed a method to
speed up this analysis by starting with a two-point estimation
framework to form a preliminary order which is then finalised
by resolving local inversions by permuting triplets of markers and
using the best fit. One final issue to be aware of during map con-
struction is that of segregation distortion. This problem refers to
any deviation from the Mendelian segregation ratio of a marker,
with either an excess or a lack of homozygous marker classes from
one or both parental genotypes. This can be a serious problem
if it is not detected, and can bias the recombination frequencies
between markers, reduce the power of QTL identification as well
as bias estimates and affect sizes of QTL that are detected. When
such distortion is revealed it is still possible to test the distorted
region, but a separate threshold detection level is required, and a
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specific permutation of the affected region should be performed
(see Section 8.4).

8.3. Types of Analysis • Single marker: At the crudest level of analysis it is possible
to detect differences in the means between marker geno-
types due to linkage to a nearby QTL (although it must be
pointed out that this test only really measures association and
not linkage). This will therefore only look at markers on an
individual basis and will use none of the information present
in the linkage map. As detailed in Falconer and Mackay (2),
if there is no linkage of a particular QTL to a marker (i.e.
c, the recombination fraction between marker and QTL is
0.5) then there will be no difference between the marker
class means derived from the two alternative parental types.
Alternatively, a significant difference can be taken to indicate
if a QTL is present. Using this non-closed method of QTL
detection any effects of the QTL will be diluted by relative
proximity to the marker, i.e. a small effect could be a small
QTL in tight association or a large QTL in relatively weak
association. This type of analysis requires a large number of
progeny to overcome these statistical weaknesses (3).

• Interval mapping (IM): First proposed by Lander and
Botstein (3), this circumnavigates the problem of QTL effect
size and location being confounded by analysing the data in
the form of intervals between markers. As the genetic dis-
tance is known between markers it is possible to search in
increments along this interval. The derived statistic is a max-
imum likelihood estimate of the proposed QTL, with this
being compared to a null model of no QTL present (i.e. no
linkage, or 50% recombination between marker and QTL). It
is therefore a systematic, linear search through the genome
for QTL (76) and as such suffers from problems when a
more complicated architecture is present. In such cases it is
common for numerous ‘ghost QTL’ to be identified, where
neighbouring QTL can give rise to these false-positive errors
(77). Generally, IM calculations are presented in a likeli-
hood map, where the LOD score (log-of-odds) is plotted
along every cM of the chromosomal marker map. When this
curve exceeds the threshold required for significance a signif-
icant QTL has been located. The confidence interval of the
detected QTL is usually indicated by the size of the interval
indicated by one or two LOD drops i.e. if a peak height has
a LOD score of 4.2, then where the curve decreases to either
3.2 or 2.2 on either side is the region considered to contain
the QTL (3). The effect size of a QTL can be calculated in
terms of the amount of variance explained by it. This is calcu-
lated by measuring the proportional decrease in the genetic
model with and without the inclusion of that QTL in the
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model (i.e. the total variation in the trait minus the residual
variation left in the model with the QTL fitted, all divided
by the total variation). The problem here is that technically
estimates are not additive for each QTL analysed, and as such
usually overestimate the variance explained by the QTL (with
this being a particular problem in smaller data sets – see the
Beavis effect later). As well as using maximum likelihood
to calculate the probability of a QTL occurring, at a point
along the interval, a simplified regression model can also be
used, as proposed by Haley and Knott (78) and Martinez and
Curnow (77). This approach makes analysis very straightfor-
ward, and also enables a great flexibility in models that can
be used (due to the low computational power required; 79).
Despite this simplicity, it gives a good approximation to the
ML estimation.

• Composite interval mapping (CIM): This is one of several
multiple QTL analyses devised, whereby the problem of
linked QTL can be distinguished. This arises from looking
for QTL individually when several QTL are present. First
instigated by Zeng in 1993 (with a similar approach known
as multiple QTL mapping by Jansen in the same year), this
extends interval mapping by controlling for any other QTL
effects in other parts of the genome. It achieves this by iso-
lating a ‘window’ around the interval in question and then
introduces additional markers as cofactors. These cofactors
are used to account for the effects of other QTL located in
other regions of the chromosome. This should then decrease
the residual variance of the model and hence increase the
power to detect a QTL. The ‘window of analysis’ works by
blocking out the effects of a region of the genome on either
side of the test site; however if a very narrow window size is
selected then there will be very little recombination between
the markers at each end of the region analysed and hence
little gain in power, due to a failure to reduce the residual
genetic variation in any appreciable fashion. Conversely, if a
very large window is used and many cofactors are added, this
will reduce the power of the analysis as well, by decreasing
the degrees of freedom that are available (80).

• Multiple interval mapping (MIM): This is one of several
methods designed to refine searches for multiple QTL. The
basic goal with these types of analyses is to consider every
position in the genome simultaneously, locating QTL that
act independently, are linked to or interact epistatically with
other QTL. Using both these and Bayesian methods it is pos-
sible to identify genomic regions that would be missed with a
standard one-dimensional, linear search (76). The main lim-
itation here is the vast numbers of interactions that could
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be present making calculations prohibitively large. Although
it is relatively straightforward to define an equation for a
model, selecting the correct model from the potentially mil-
lions available is less so. Research has therefore attempted
to define techniques that are less computationally intensive
and yet are still able to resolve the potentially subtle architec-
ture that may be present in a trait. Kao et al. (81) first sug-
gested the use of multiple interval mapping to address these
issues. With this method individual QTL are first identified
in a conventional manner (IM or CIM usually), with the
model for the multiple interval mapping then constructed
around this. Although meant to be simultaneous, the com-
putational power that would be required means that only
quasi-simultaneous analysis is possible. This technique is still
limited by the initial number of QTL identified, as well as
being unable to map QTL that are not individually signifi-
cant (i.e. any QTL with epistatic effects rendering them invis-
ible during this first-pass mapping will be ignored). Finally,
searching through and defining the most applicable model is
once again a problem. A further technique, that attempts to
deal with the computational problems involved rather than
actual QTL-mapping itself, is the use of genetic algorithms
(GA) in conjunction with any of these multiple mapping
strategies. Using GA, it is possible to search for the opti-
mum multiple QTL genotype by randomly generating mod-
els and continually selecting the ‘fittest’, as defined by a set
of parameters. This method can therefore efficiently search
through and define the most applicable model for use with
any of the other methodologies.

8.4. Threshold Levels When many different intervals are analysed throughout the
genome, a correction needs to be applied for the number of mul-
tiple tests performed. To establish thresholds initially, corrections
were made for a sparse map case whereby the number of inter-
vals tested was used to correct the overall p-value in a standard
Bonferroni manner. However for dense map cases, when asso-
ciation occurs between markers, this correction is too stringent
(3). Permutation tests are now used to tailor thresholds to indi-
vidual data sets (82, 83). These tests randomly reassign the phe-
notypes to genotypes, destroying the relationship between trait
values and genotypes, modelling the null hypothesis that no QTL
are present in the genome. Once thresholds have been established
it is also necessary to correct them for the number of uncorrelated
traits being mapped by dividing the significance value required
by the number of tests (9). This becomes particularly important
in the case of expression QTL data, whereby micro-array chips
are used to generate many thousands of gene expression pheno-
types for each member of the cross population. In this instance,
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a standard Bonferroni correction would be far too restrictive, so
what is often used in such cases is a False Discovery Rate (FDR)
correction (84).

8.5. Marker Density
and Power

The power of a study is a combination of the density of the
markers used to genotype the cross and the number of individ-
uals used in the study. Given that the lowest power to detect a
QTL is at the mid-point between two adjacent markers, where
the genotype information of the individuals is at its weakest, the
denser the map the less this is an issue. The density required for
standard F2 or backcross population for complete coverage (i.e.
no decrease in power) is in fact rather lenient, due to the num-
ber of recombinations present in these populations resulting in
fairly large recombination blocks (with this also being the reason
the confidence intervals for QTL in these populations are rather
large). In general, an average marker spacing of 10–15 cM is suf-
ficient for complete coverage (40), with this also holding true
for an AIL. However, in the case of an AIL the map size will be
inflated due to the increased number of recombinations, therefore
more markers will be required to cover the same physical distance.
Population sample size is the other obvious principal limiting fac-
tor in the power of any QTL study, with the larger the sample
size the greater the chance for detecting smaller QTL. This is
usually expressed in terms of the probability of detecting a QTL
which explains a given percentage of variation in the cross. For
the equation for this calculation and its explanation, see Lynch
and Walsh (40). Though this is principally related to the sample
size and the method of action of the QTL (i.e. principally addi-
tive or principally dominant), the degree of difference between
the two progenitor inbred strains and the potential number of
effective factors can also have a bearing (3). A further issue with
using a small sample size is the Beavis effect (85), named after
its author. By simulation studies Beavis demonstrated that when
QTL studies with small samples sizes do detect a QTL, they tend
to greatly overestimate the effect size of the QTL.

8.6. Behavioural QTL
Mapping

Though potentially more problematic than QTL mapping on
morphological or physiological traits due to the lower heritability
and repeatability often associated with them, nevertheless numer-
ous QTL studies have been performed on behavioural traits. As
such, some knowledge is available on the number of genes mak-
ing significant contributions to these traits, as well as their effect
size and some of their interactions.

• Effect size: Although the majority of studies identify QTL
with around a 10% effect size (9) the actual accuracy of these
estimates depend on the power of the study used. For stud-
ies with a power estimate of greater than 90% this is reliable,
however as most studies have a power of around 50%, this
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effect estimate can be as much as twice the actual value (85).
This estimate is also dependent on the mode of action of the
QTL being detected as well as the type of cross used in the
study – for example a back cross design will not detect cer-
tain dominant QTL. LOD score and effect size are linked
in a complex manner – small effect values of 10% or less
tend to be overestimated, while larger effect sizes tend to be
underestimated, with larger LOD scores being more accu-
rate (9). A further problem can be related back to selec-
tive genotyping of extremes – with these studies there is a
tendency to not include the phenotypic data that has no
corresponding genotypic information – which can lead to
a large overestimation of QTL effect (see Blizard study –
(9)). In general, where large studies of behaviour are per-
formed, small effects tend to be the norm. The Belknap
and Atkins (86) study found only 4 QTL, all with effect
size less than 10%, similarly Turri et al. (87) and Hitzemann
et al. (88) found one QTL of 10%, with the average effect
size being around 5%. In terms of a desirable sample size,
Beavis noted that the effects of the bias he discovered were
greatly reduced when n = 500 or more, so an experiment of
this size or greater is ideal, though this may be more con-
strained by genotyping and other costs. Obviously, smaller
sample sizes can be used, but the effects of inflated effect sizes
and the potential for missing small-effect loci must be borne
in mind.

• Number of factors: Studies in humans often indicate a com-
plex basis for behaviour (89), and often many QTL appear
to influence behaviour. Crabbe et al. (90) found that over
24 QTL for drug abuse had been detected over a number of
studies, although individual studies tend to find fairly small
numbers of QTL. Similarly, with selected traits the architec-
ture appears to be relatively simple with only a small number
of QTL contributing to the bulk of genetic variance (91,
92). There are several reasons for this. On the one hand the
studies used do not often have the power to detect small
effects (in a study that cannot detect factors contributing to
less than 2% of the variance, Otto and Jones (93) argue that
only half the QTL have been identified). Conversely, selec-
tion experiments tend to capture a few loci in opposing lines,
dependent on the number of generations over which selec-
tion has occurred and the initial population size of the exper-
iment. This has been shown by the Turri (87) study, which
was performed in two parts, with the same 6 QTL identi-
fied in each experiment. When the two halves were com-
bined, with a commensurate increase in resolution power,
no further QTL were identified. Finally, as the confidence
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intervals in studies tend to be very large, the detected QTL
could well in fact resolve to be several linked loci, rather
than one.

• Epistasis: These interactions are the hardest component of
any quantitative trait to measure and are therefore often
taken to have little effect, or at any rate effects that are
not quantifiable. For example when quantifying heritability
such epistatic terms that exist are considered equally dis-
tributed throughout the additive and dominance compo-
nents and effectively ignored in standard analysis (40). The
differences in heritability of the various trait types, and in
particular the low narrow-sense heritability of certain traits,
have been used in the past to indicate that significant non-
additive interactions are present. In a study by Mousseau
and Roff (94), morphological traits were shown on aver-
age to have the highest heritability, followed by behavioural
and then life history traits. Hill et al. (95) recently demon-
strated using twin studies that even when such heritabilities
are low, they are often close to the maximum, broad-sense
heritability for the trait in question, therefore leaving little
variation remaining for epistasis. By modelling, it appears
that even if epistatic interactions are possible, the actual influ-
ence in natural populations may be low due to the low allele
frequency required in such circumstances. In QTL stud-
ies epistatic interactions were initially assumed to be rare
(9, 40), although some studies have found effects (96–98).
More recently, QTL studies can actually be considered to be
one of the better methods for analysing epistasis. However,
despite more studies analysing for such a phenomenon, the
extent of observed epistasis is often highly variable, especially
being dependent on the types of trait under investigation. In
some cases large effects are present (see a review by Carlborg
and Haley (99)), though how representative such effects are
remains equivocal. Morphological examples of epistasis pro-
vide perhaps the most striking examples (100–102), though
fitness traits also contain some (103, 104). Generally, where
present, epistatic pairs appear to be in similar numbers to
QTL for additive effects (105). Behavioural epistasis has per-
haps the least evidence for epistatic interactions, possibly
due to the problems associated with obtaining repeatable
measures, with examples including drug tolerance in mice
(106), odour-guided behaviour in Drosophila (107–109),
foraging behaviour in the honeybee (110) and antipredator
behaviour in the zebrafish (111). However, the study with
the largest sample size to look at epistasis in behaviour, anxi-
ety behaviour in selected mice (112), failed to find any major
epistasis, and in total there are relatively few studies that
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have looked at epistasis in relation to behaviour. The main
problem with the analysis of epistasis in this context is the
sample sizes required for accurate assessment, with the large
number of tests leading to a very stringent threshold of sig-
nificance that is required. Though epistasis has been found
in smaller samples (103, 111), it may not be possible to rule
out the possibility of epistasis existing in datasets where it
is not found. Although currently such analyses are mainly
finding two-way allelic effects this is not to say that larger
combinations are not possible or even probable, rather that
higher order interactions cannot be feasibly tested using con-
ventional QTL studies due to insufficient sample size (113).

• Sex limited effects: Sex limitation occurs when a QTL is
expressed in one sex but not the other, however detection
of sex limitation effects can be somewhat controversial (9).
The first study to robustly provide evidence for such effects
was in alcohol preference in mice (114). Often detection is
based on a significant QTL segregating in one sex at a par-
ticular locus but not in the other. However this in itself is
not sufficient – simply put, just because a study does not find
effects in one sex at a locus does not mean that none exist
there. Flint (9) gives a formula that can be used to calcu-
late significant sex effects, calculating likelihoods for each sex
independently as well as in combination and placing them
in the following formula: 2(Lc – (Lf +Lm)), which is chi-
distributed with 2 degrees of freedom.

9. Repeatability/
Robustness
of Assay

One of the first problems when attempting to assay behaviour
is to ensure it is both robust and repeatable. Repeatability is the
degree to which the behaviour is reproducible between tests, or
the correlation between two measures on the same individual (2).
The variance among repeated measures, i.e. within individual vari-
ation, can only be due to environmental variance, which in the
case of a behaviour is far more severe than many other trait types.
The repeatability of a trait gives an upper limit on the heritability
(40). Therefore with the analysis of behaviour, it is highly desir-
able to have both a robust test, which minimises environmen-
tal noise, as well as repeated measures. Repeated measures allow
the repeatability to be ascertained, as well as allow one to use
a mean value per individual which should more accurately reflect
the actual underlying trait. For instance, one of the greatest attrac-
tions about RIL is that multiple individuals can be used per line,



120 Wright

and as individuals within a RIL are essentially clonal, this will serve
to increase the heritability of the trait through repeated measures
over repeated individuals.

10. Genetic
Definition
of Behaviour

An important question when quantifying a behavioural trait is
how relevant the test devised is at defining the behaviour in ques-
tion. It is possible that tests of drug preference, emotion, learning,
etc., are actually mapping different, if related, behaviours. The
fact that significant QTL are found tends to dissuade closer exam-
ination of exactly what has been measured. There is a remark-
able diversity in how people use behavioural tests and how they
interpret the results. For instance, in the open field arena using
the mouse, measures have been made of anxiety, hyperactivity,
latency to move relating to locomotion and emotional response
(92, 115). Crabbe et al. (116) argue that behavioural tests can be
hard to standardise and that it is difficult to control fully for varia-
tions in test performance. It can be difficult to ascertain if animals
are emotionally different or whether some other factor, irrelevant
to anxiety, explains the variation. In this instance, differences in
locomotor activity could masquerade as differences in fearfulness.
In the case of the elevated plus maze, drugs that reduce anxiety
in humans increase entries into the open arms of the maze (117),
however anxiolytic effects are reduced or abolished after a single
exposure (although prior test experience increases base-line open-
arm avoidance (118)). Dawson et al. (119) give evidence that
the anxiolytic effects of chlordiazepoxide are confounded with
increases in motor activity; in fact stimulants have an anxiolytic
effect in the apparatus. Flint (9) argues that problems of inter-
pretation can be dealt with genetically by choosing tests that map
the same underlying trait from different perspectives; it is then
possible to apply QTL mapping to multiple measures. Identified
QTL that act pleiotropically and effect more than one measure in
a way consistent with predictions are then assumed to be those
that actually influence the trait of interest.

As well as the potential for mapping an incorrect behaviour,
the characterisation of a trait generally is also an issue. This is espe-
cially the case with the study of behaviour, as any one behaviour
may contain many different components or facets. Mather and
Jinks (120) defined ‘super’ and ‘sub’ characters to address this
issue. An overall behavioural trait or super-character can often be
better analysed by breaking it down into a series of sub-characters.
Whereas the overall trait may be highly complex with a large num-
ber of genes and numerous interactions, some of the component
parts may be less intricate. By first obtaining information on some
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of these underlying characters the overall trait can thus be more
easily quantified. Generally speaking in almost all behaviours anal-
ysed to date it is these initial components that are first identified
and analysed with further mechanisms leading on from these then
coming under scrutiny.

11. Further
Work – Fine
Mapping,
Selective Sweeps
and
Bioinformatics
Approaches

11.1. Fine Mapping To be able to actually get down to a resolution suitable for
gene isolation techniques it is necessary to identify an interval
of around 1 cM (121, 122). Inbred strains have a poor map-
ping resolution (123), with confidence intervals often encom-
passing the entire chromosome (86). With fine mapping, it now
becomes necessary to shift searching from a genome-wide scale
down to single-QTL detection methods. These tend to be based
around genetic chromosome dissection or GCD, as pioneered in
Drosophila (124, 125). These methods are summarised more fully
in Darvasi (64).

• In recombinant progeny testing individuals are screened for
recombinants over the QTL region of interest. These are
then backcrossed to one of the parental strains, to help deter-
mine the QTL genotype, with the position of the break-
point then narrowing the region accordingly. Reduction of
the interval from y to x cM will require y/x recombinant
individuals. This method does have certain limitations, espe-
cially if the QTL under examination is of rather small effect
making it easy to lose in the background ‘noise’ (and there-
fore requiring a larger number of progeny to ascertain the
QTL genotype).

• Interval-specific congenic strains (ISCS) is a similar pro-
cess whereby individuals with recombinants in the region
of interest are backcrossed for several generations with the
background parental strain, removing alleles from the donor
parental strains at all other QTL affecting the trait. These
animals are then intercrossed, with homozygotes being used
to establish one ISCS (126). This method has the advantage
over the recombinant progeny testing method of decreasing
the background ‘noise’ greatly, though it is obviously more
laborious to perform.
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• The recombinant inbred segregation test (RIST) uses the
theoretical high mapping resolution present in RI strains
in QTL mapping. RI strains are selected with recombina-
tions in the region of interest. These are then crossed with
both parental strains to produce two separate F1 populations,
which can then be crossed or backcrossed. The QTL will
then by necessity be segregating in one population but not
the other, analysis revealing whether the QTL is above or
below the recombination point.

• A further technique that has been used in mice is through
outbred animals such as the genetically heterogeneous (HS)
mice derived from known progenitor strains (122). These
have been randomly intercrossed for more than 30 genera-
tions and can be used to map small-effect QTL to under a
cM. These lines are derived from crossings involving around
eight different progenitor strains. As each different progen-
itor set is known, using these strains as the background,
regions can be finely isolated according to how the QTL
varies in each progenitor strain. It is also theoretically pos-
sible to use a cross between HS mice and an inbred strain
to screen the genome and map a QTL to within a cM rel-
atively cheaply (121). Proof of the efficacy of this approach
comes from a major QTL mapping experiment using such a
mouse HS line: 1,904 mice were phenotyped for 94 different
complex traits and genotyped for 13,459 markers, revealing
a total of 843 QTL with an average 95% confidence interval
of 2.8 Mb (127).

11.2. Population
Disequilibrium
and Selective
Sweeps

A further method of fine mapping, that is particularly amenable
to domestic populations (128), is the use of linkage disequilib-
rium and the identification of selective sweeps in populations that
have actively undergone selection. In many ways this is similar to
association mapping (129), whereby haplotype blocks which are
associated with the trait in question are identified in a population
and used to provide far narrower regions than would otherwise
be possible with standard linkage. In the case of association the
issue becomes how likely a given SNP under selection is both
associated with the phenotype and fixed within the target popula-
tion. Though a straight association mapping could be performed
in zebrafish (given enough individuals from a wild population
that were not too closely related), the use of domestic (or more
correctly laboratory) lines in the zebrafish opens up the possibil-
ity of identity by descent (IBD) mapping with selective sweeps.
In the case of the zebrafish the high within-population variation
even in such laboratory or domestic strains is actually of great
benefit here. The basis of IBD mapping is that when a mutation
occurs in an individual from a population, it will be in LD with all
the other surrounding loci, i.e. it will have a discrete haplotype.
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In subsequent generations this haplotype will be eroded. If one
considers a domestic population that has undergone intense selec-
tion for a trait, the initial haplotype that gave rise to the mutation
that is to be selected upon (be it high growth or reproduction,
decreased aggression, etc.) should eventually become fixed in the
population. This will then cause all polymorphic SNPs around
the mutation site to decrease in heterozygosity, due to the ‘hitch-
hiking’ effect (130), depending on the number of generations
that have elapsed since the mutation, the time taken until fixa-
tion, the degree of recombination in the region and the strength
of selection acting upon the locus (with this also being dependent
on the population size). Obviously, in the case of domestic popu-
lations the strength of selection is often extremely high, therefore
these homozygous haplotype blocks will initially start as being
quite large and then be slowly eroded. This approach has been
used successfully to identify both discrete mutations in domestic
animals – for instance the pea comb mutation in chickens – (131)
as well as to identify QTNs for pig fatness (6), cattle twinning
rate (132) and milk production (133). The main problem with
the identification of selective sweeps to date was the fine-scale
resolution of SNPs that was required to detect what was often
still very small regions (for instance selective sweeps mapping in
dogs, considered to have large haplotype blocks within breeds,
still only found blocks of around 106 kb in size for rod-cone
degeneration (134)). In stickleback a set of natural populations
showed evidence of a selective sweep between 20 and 90 kb in
size (135). This problem can now largely be ameliorated using the
latest next generation sequencing technology, allowing represen-
tatives from strains to be fully sequenced at a relatively low cost,
with the detection of the selective sweeps within the QTL regions
of interest then being excellent candidates for further analysis.

11.3. Bioinformatic
Approaches

With the wide array of bioinformatic tools now available, a vari-
ety of additional methods are now also available to help fine-map
a region and go from hundreds of potential candidate genes to
far fewer. Burgess-Herbert et al. (136) detail these techniques in
the fine mapping of HDL cholesterol in mice, but in brief they
involve using combined cross analysis, comparative genomics and
haplotype block analysis. Depending on the trait being analysed
and the extent to which it has already been analysed in other
populations or species, all of these may or may not be applica-
ble to a particular cross, but the use of one or more can still sig-
nificantly reduce a region. Using combined cross analysis (137),
several different QTL crosses between different strains can actu-
ally be combined, resulting in greater power to narrow a region,
though only if the crosses share mutual QTL (138). Comparative
genomics involves the analysis of conserved regions between dif-
ferent species, with such resources allowing the comparison of
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orthologous regions becoming commoner. For instance, in the
Burgess-Herbert study they use the concordance between QTL
for plasma lipids (139) in humans and mice to assume that the
genes for HDL cholesterol may also be the same in both humans
and mice, so narrowed the regions containing HDL QTL in mice
to regions homologous to concordant human HDL QTL. In the
case of zebrafish behaviour, the large numbers of mouse studies
looking at behaviour could well be an excellent source for com-
parison (127), though obviously this method relies on the same
QTL affecting the trait across species, of which there is still only
limited evidence (140). Haplotype block analysis uses the linkage
disequilibrium evidenced by linkage ‘blocks’ of haplotypes present
in different strains and is another name for the IBD mapping
mentioned above. In this case rather than identifying signatures
of selective sweeps by homozygosity, mutually shared haplotype
regions between populations are identified and used to narrow
down an interval.

12. Problems
of QTL Analysis
and Alternative
Strategies The main problem once a QTL has been identified is making the

step from QTL to the actual nucleotide variation (QTN) (123).
The size of the regions isolated by standard QTL mapping means
a great deal of work is required to make this step. Even in the case
of standard linkage with discrete Mendelian traits, this is by no
means straightforward; so in the case of a behavioural QTL, with
their rather small effect sizes, this can be extremely challenging,
though successful examples even for behaviour do exist (5, 141).
Initial QTL studies tend to find surprisingly simple genetic archi-
tecture due to the large regions that are identified, but when
these are more finely dissected, far more complex architecture is
revealed (142). As QTL mapping detects a region, rather than an
actual gene (though see eQTL studies below), and the regions
tend to be extremely large using a standard analysis (on average
between 20 and 30 cM), there are potentially several actual genes
that are involved in affecting the trait of interest in that particu-
lar region. If these linked genes together act in the same direc-
tion then they will appear to be one large-effect gene, whereas
if they act in opposite directions they may be missed altogether.
A further issue is to what extent an inbred cross actually repre-
sents the variation seen in the original population. Especially when
we are trying to unlock the architecture from a general or wild-
derived population, it is quite possible that many of the impor-
tant genes contributing to variation in other populations may be
missed. However, this does add to the corroborating effect of
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identifying the same QTL using different strains (and can then
also add additional weight to attempts to replicate QTL between
species – (136)). A further problem is that of higher order epista-
sis. Though as has been seen the question of epistatic interactions
can divide the community, it is a certainty that higher order inter-
actions (such as three and four locus interactions) will be entirely
missed in these studies simply due to the massive computing
requirements and stringent significance thresholds, though these
may still be important (see (100) for an example of a four locus
interaction affecting body weight in the chicken).

When studies are attempted to find the QTN responsible,
the more molecular and genomic tools that are available for the
species used, the better. One of the main advantages with the
zebrafish in terms of QTN detection and most importantly ver-
ification is the use of transgenics, which is often considered the
‘purest’ method of proving a given genomic mutation influences
a trait (though there are still numerous difficulties attached to
transgenics see (123) for a brief review of different approaches).
Given that a QTN is a very subtle effect, it is more likely to be
a non-coding mutation in a regulatory region (143), and could
well be in either cis- or trans-effect (i.e. close to or far from the
gene it regulates), even transgenic analysis is by no means sim-
ple. Complementation studies can be used, whereby the gene
of interest is inserted into a transgenic animal, and then both
expression and phenotype are measured. If the effect is addi-
tive, then both should be affected (144). The problem here is
that if the QTL is not confined to a suitably narrow region, it
is impossible to rule out other small effect loci also contribut-
ing to the phenotype from within that region. Even then, the
effects of exogenous DNA may not be analogous to a genuine
diploid mutation. A more refined approach can be made using
quantitative complementation (see (106) for a review), though
this requires deficiency stocks and balancer chromosomes for the
regions of interest and are therefore restricted to Drosophila and
mouse studies at present. Similarly, the Cre-lox engineering sys-
tem in mice is also very powerful, allowing the expression of your
transgene at the specific time and in the specific tissue of your
choice (145). This approach is now also being used in zebrafish
(146), though even here the problem of when and where to
express the gene can be problematic.

One method of circumnavigating the technical difficulties of
transgenics is the use of expression profiling in conjunction with
QTL analysis. Although this will not identify the causative muta-
tion, it should in theory indicate the gene of interest and is far
easier to perform. It is possible to assay cDNA from genes in the
region of interest and check their correlation with the QTL phe-
notype. This approach has been used successfully in the case of
5-lipoxygenase affecting obesity and bone traits in the mouse (4),
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Cd36 in hypertensive rats (147) and Usp46 in mouse immobility
behaviour (5). Although this is becoming increasingly common-
place to perform, it still has associated problems. These are related
principally to identifying the correct tissue and developmental
stage on which to run the analysis – it is highly possible that
expression differences may be restricted to very narrow devel-
opmental time windows in specific regions, and even then may
only have modest expression differences. Finally it is even possi-
ble that the QTN may not even be regulated at the transcription
level. As the cost of expression profiling decreases, a further pos-
sible approach is to map expression QTL or eQTL (148). In this
instance an expression array is run on cDNA from each individ-
ual in the study from a tissue of interest, with these expression
levels then being used as a series of thousands of phenotypes. By
regressing these onto the QTL markers this opens up the possibil-
ity to detect cis- and trans-effects, as not only is the gene position
obviously known but also the region causing the variation. With
such studies it was initially thought that many pleiotropic QTL
hotspots would be found, though this has largely turned out not
to be the case (149).

Mutagenesis screens and the study of single gene mutants is
a viable alternative to QTL mapping to disentangle the genetic
effects of behaviour in the zebrafish (150). Such an approach has
been successfully used to identify behavioural mutations in several
other model organisms, including the neural bases of learning,
courtship and circadian rhythms in Drosophila (151, 152), social
aggregation in C. elegans (10, 153, 154), and larval foraging in
Drosophila (11, 155, 156). Advantages of mutagenesis are prin-
cipally related to the ability to identify the causative gene imme-
diately. This means the myriad of problems associated with going
from a QTL to a QTN no longer apply in this case. Additionally,
it also creates strong mutations having large effects, improving
the signal-to-noise ratio and also has the ability to target any of
the genes involved with the trait due to the resulting mutations
being at random in the genome. As complex traits are made up of
intricate developmental and physiological pathways, in theory this
should increase the probability of disrupting a gene critical for the
trait of interest as compared to a single gene trait. The problems
of mutagenesis are initially similar to other complex trait analysis
methods – namely the reliability on the assay itself and whether
it is repeatable and a true measure of the actual trait of interest
(150) and the large numbers of individuals required for the actual
screen itself. However, one of the main issues with mutagenesis is
that it actually examines an entirely different genetic architecture
to that involved in a QTL study. In the latter, numerous units
responsible for small quantitative change are identified, whereas
the former looks more at the basic machinery involved in the trait,
with effects on these genes causing such massive and fundamental
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changes it is highly unlikely that such genes are also responsible
for subtle variation (156).

This zebrafish itself is also highly amenable to genetic screens;
in fact the first vertebrate genetic screens were performed on
the zebrafish, identifying over 2,000 mutated genes that con-
trol development (157, 158). It is possible to perform both hap-
loid and homozygous diploid screens with the zebrafish, through
the use of early pressure (EP) or heat shock (HS) on eggs fer-
tilised with UV sterilised sperm. This allows easy analysis of reces-
sive mutations without the need to generate large numbers of
F2 individuals (in the case of haploid screens), or ensures that
50% of F2 individuals created are homozygous for the reces-
sive mutation (in the case of homozygous diploid screens). Of
the mutagens available, most are effective in the zebrafish. ENU
(ethyl nitrosourea) induces mainly point mutations, and can gen-
erate mutations in most genes although the mutation frequency
can vary widely between loci. EMS (ethyl methane sulfonate)
is a mild mutagen in zebrafish (as opposed to having potent
mutagenic effects in Drosophila), while radiation can cause a var-
ied degree of mutations, ranging from point through large-scale
genomic deletions and translocations (159). A chemical mutagen,
trimethylpsoralen, is also available that can produce more modest
deletions (from 100 bp to 1.5 kb). With all these induced muta-
tions, the positional cloning is made far easier by the knowledge
of the zebrafish sequencing project. Though principally used to
examine disease phenotypes (160), this by no means precludes
behavioural phenotypes. Drug tolerance (161), visual behaviour-
response (162, 163), defective tail-flick response (164, 165) and
resistance to epileptic seizures (166) have all been analysed using
this technique.

13. Case Study:
QTL Mapping
Anxiety in Mice

Though QTL mapping has been more commonly used for other,
more easily measured, traits there are nevertheless still numerous
examples of it being applied to behavioural trait types. Such cases
can highlight how these behavioural analyses are performed, and
also what can be obtained using the technique. One of the largest
sets of studies on animal behaviour via QTL mapping comes from
the Flint laboratory in Oxford. These studies include a series
of conventional F2 crosses using large populations of mice, and
more recently a heterogeneous strain (HS) cross comprising of a
series of heterogeneous intercrossed populations. Although this
latter study has mapped a huge number of QTL to very narrow
regions, the initial studies will be presented here to demonstrate
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behavioural QTL mapping, as they are an excellent example of a
standard cross type that is more likely to be seen, at least initially,
in the zebrafish. The crosses in question are set up between two
inbred mouse strains that have been assayed for different mea-
sures of anxiety. These measures are made using numerous appa-
ratus, including an open field arena, elevated plus maze and a
light-dark box. The open field arena consists of a 60-cm square
box that is brightly lit. Animals placed here are considered to be
in a stressful environment with differences at both the level of
the individual and between populations observed in the extent of
movement within this apparatus. An elevated plus-shaped maze
consists of four different arms suspended over a drop, two of
which are closed and considered less anxiogenic, two of which
are open and considered more anxiogenic. A light-dark box con-
sists of two joined rooms – one lit, the other dark. Latency to
emerge to the lit side as well as activity in either side is mea-
sured. It is possible to select for extremes in this anxiety-based
behaviour; if the experiment results in animals that show consis-
tent heritable differences in the apparatus, selection is assumed
to have produced a stable model of the behavioural trait (87).
Using the open-field arena to measure anxiogenic behaviour in
mice, only 3 loci were revealed in mice selected for high and low
activity (91). A larger-scale study, using all of the aforementioned
apparatus, was then performed by Turri et al. (87), negating the
problems of small effects being missed due to insufficient sam-
ple sizes (85) and also demonstrating replication of results. These
two new studies of 815 and 821 individuals each genotyped for
79 markers, both identified the same six QTL. By combining
the two studies there is a much greater power to detect small
effect QTL, yet no more were detected, enabling researchers to
be confident that no further small-effect QTL had been omit-
ted. Although it is possible that within the large chromosomal
regions isolated by the study different molecular variants are seg-
regating within it, this region was reduced via composite interval
mapping and analysis of chromosomal structure of the four strains
(with this region agreeing with actual QTL positions of the com-
mon chromosomal structure) indicating that the different effects
may be due to the same QTL, especially regarding activity in the
open field arena. Elevated plus maze and light-dark box trials also
found a similar pattern, with small numbers of loci influencing
the phenotypes in both crosses, suggesting the QTL are acting
in a pleiotropic manner, as indicated by the close map positions.
Assuming such pleiotropy, as little as 12 loci could account for the
variation in all of the phenotypes measured. As well as standard
analysis of the data by combining groups of related characteristics
within tests, factor analysis was used to try and obtain compos-
ite values relating to several tests at one time (167). Although
these were found to be weaker than standard within-test analysis,
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several broad measures of anxiety were identified in this study (87,
167), including (i) tendency to avoid the more anxiogenic areas
of the test environments and (ii) hesitancy to enter novel areas
of the test environment, with all of the QTL identified through
the analysis influencing at least two of the five general anxiety
measures. A standard concern with activity-based and anxiety-
based behavioural phenotypes is the possibility that these defi-
nitions can be misleading, with exploration in the low anxiogenic
regions considered to be an assessment of general activity level
whereas activity in the more anxiogenic areas is considered to be
a measure of anxiety level. Henderson et al. (167) point out that
out-of-cage test environments range from moderately to severely
anxiogenic; hence all behaviours are in fact a measure of anxiety.

14. Case Study:
QTL Mapping
for Behaviour
and Growth
in the Zebrafish
Using the Wild ×
Domestic
Paradigm

The only current QTL experiment to be performed using
zebrafish is that by Wright et al. (111, 168), and utilised
the wild × domestic paradigm detailed earlier. The cross was
made using a wild-derived population obtained from Bangladesh
(named Santal after the village nearest to the collection site) and
the AB laboratory strain.

14.1. Population
Differences

Shoaling tendency and boldness (as determined by the approach
to a novel object) had previously been shown to vary between
wild populations and, given the strong differences between wild
and domestic zebrafish, these two behaviours were used as the
starting point in a behavioural analysis between the AB and Santal
populations mentioned above (35). Tendency to shoal was mea-
sured using a preference tank consisting of a central arena, flanked
on either side with two outer compartments. Two 40-mm stim-
ulus zones were demarked in front of both outer compartments.
A stimulus shoal of six fish was placed randomly in one of the
two outer compartments. These compartments were separated by
one-way glass dividers so only visual cues were given to the focal
fish, while the stimulus shoal was unaware of the focal individ-
ual. Focal fish were first acclimatised in a beaker for 10 min, prior
to being gently poured in to a release tube in the arena, where
they acclimatised for a further 5 min. The release tube was then
remotely raised, and once the stimulus fish had entered the stim-
ulus zone adjacent to the stimulus shoal the test began, lasting
for 10 min, with the amount of time spent associating with the
shoal recorded. Trials were conducted twice for each fish, with
fish being housed in a tank subdivided into mesh compartments
(allowing fish not only to see and smell conspecifics, but also to be
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identified again, see below). Boldness measures were performed
using a 600-mm long tank, with a 140 mm, long, roughly cylin-
drical ‘novel’ object, suspended at one end of the tank. The focal
fish was placed in a release tube at the opposite end of the tank and
given 5 min to acclimatise prior to remote release. The measures
for boldness were time spent within 1.5 standard body-lengths of
the novel object, the time the novel object was first approached
and the number of times the zone around the novel object was
entered. Once again, all trials were performed twice per fish. An
analysis of 20 Santal and 19 AB fish showed differences between
the two population means ranging from 1–2 standard deviations
for measurements taken from these two tests (see Fig. 5.1). Wild-
derived (Santal) fish appeared less ‘bold’, taking more time to
enter the zone around the novel object and spending less time in
the zone, and more ‘social’, spending more time associating with
the stimulus shoal of conspecifics. This appears to be broadly con-
sistent with heightened predator-avoidance behaviour in the wild
fish, certainly in terms of an increased tendency to shoal, though
the desire to approach the novel object can be seen in a number
of ways (e.g. potentially the domesticated laboratory fish showed
more fear of anything novel, conversely the wild fish could also
be displaying greater predator inspection behaviour). Other mea-
sures taken also included standard body-length, weight and per-
cent body fat, with these all measured post-mortem following the

Fig. 5.1. Box and whisker plots of population means, S.E. and S.D. of wild-derived (Santal) and laboratory (AB) strains
for boldness and shoaling tendency.
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final behavioural tests. In terms of growth rates relating to food
consumption, all fish were fed ad libitum, to ensure food was not
a limiting factor for growth.

14.2. Repeatability
of Tests

As mentioned previously, with the analysis of any behaviour the
repeatability of individual performances is an obvious concern, as
is the robustness of the assay. There is therefore a strong need
to conduct multiple replicates per fish, however distinguishing
unmarked fish in a tank containing even a small number of indi-
viduals is virtually impossible. Similarly, the isolation of individuals
(i.e. in individual containers) has been shown to affect behaviour
(21) and in the case of the experiment described here was found
to increase stress, resulting in a strongly increased tendency to
shoal between the first and subsequent trials. To navigate this
issue and allow repeated measures of the same individuals, Wright
et al. used a holding tank consisting of several compartments sep-
arated by a thin gauze mesh to house fish between trials. This
enabled fish housed within to see, smell and even, to a limited
degree, touch conspecifics. Fish treated in such a way displayed
no adverse reactions to this apparatus, though other methods may
also be used. In the case of the zebrafish PIT tags (passive inte-
grated transponders, used routinely to distinguish fish) are too
large, though coloured polymer injected under the skin has been
used repeatedly on guppies (169) and could be a possibility. In
this case, some thought has to be given to the potential effect on
the behaviour being analysed, though at least the same treatment
is given to all fish. In terms of the robustness of the assay described
here, the primary uncontrolled environmental stress acting on fish
in these instances is that of netting and handling stress. The stress
in this instance can easily serve to modify the desire to aggregate
or explore, and as such conditions should be as standardised as
possible, with handling kept to a minimum. In the case of Wright
et al. (168), the authors first netted the focal fish from the holding
tank and placed into a beaker of water for 10 min to acclimatise.
Before the start of the experiment, fish were then poured into the
release tube of the test apparatus and left to acclimatise for a fur-
ther 5 min. Though rather laborious, this decrease in stress does
result in repeatabilities for the behavioural measures recorded to
be between 58 and 75% (depending on whether extreme outliers
are removed from the dataset (35)). Further details of the hold-
ing tank construction and the shoaling protocol are available in
Wright and Krause (36).

14.3. Mapping
Density, Sample Size,
Power of Study
and Map
Construction

A total of 66 markers were used, spread out over the 25 linkage
groups, with 2–4 markers per chromosome, an average marker
separation of 29 cM, and an average distance between the dis-
tal marker and the telomere of 17 cM. The F2 population con-
sisted of 166 fish derived from one F1 pairing and 18 from a
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second F2 pair. As can be seen in comparison to previous QTL
experiments, these sample sizes are therefore rather small, with
this being reflected in the relatively low power of the study. Using
a critical p value of 5%, this experiment had approximately a 90%
probability of detecting a QTL which accounted for a minimum
of 5% of the differences between populations, where this QTL is
fully associated with a marker. At the midpoint between markers
or at the telomere, where the power of detection is at its lowest,
there was approximately a 90% probability of detecting a QTL
with a 10% effect size.

14.4. Analysis – LOD
Scores, GA Approach

Analysis of the data was performed with two separate tech-
niques – interval mapping and a genetic algorithm. As is com-
mon in these experiments, rearing tank was found to have some
effect on the traits in question and therefore included as a fixed
factor in the IM model. Similarly, though body-length fell just
short of significance, this was also included as a covariate. The
threshold for significance was determined by permutation testing,
as detailed previously, while the threshold was also addition-
ally modified by the number of uncorrelated tests performed.
Here the traits broadly fell into two separate suites of antipreda-
tor and growth traits, leading to a Bonferroni correction of 2,
giving a final threshold of 3.3. Using this threshold a total of
three behavioural and three morphological QTL were obtained.
See Fig. 5.2 for an LOD score graph of one of the boldness
QTL. In addition to a standard regression-based interval map-
ping analysis, a genetic algorithm was also used to search for
loci (170). This approach fits multiple loci with models selected
using Akaike’s information criterion (AIC), and as such should
allow a global analysis of the genetic architecture. The prob-
lems with this approach is that first missing data is a problem to

Fig. 5.2. QTL LOD graph for a boldness measure (time first entered stimulus zone) on
chromosome 9, as presented in Wright and Krause (36). Positional markers are indicated
with grey triangles, while the horizontal bar represents the significance threshold cut-off.
The graph was calculated using interval mapping (IM) analysis.
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the approach and second false QTL may be identified as long
as their inclusion serves to decrease the AIC, due to the AIC
being slightly more liberal than the likelihood tests used by IM.
This approach detected all those QTL found by IM, as well as
revealing several additional loci for all traits considered, leading
to a total of 20 QTL over all traits. Of particular note is that
two of the QTL for boldness (on chromosomes 9 and 16) were
detected in multiple measures of the boldness assay, increasing
the likelihood that the loci were actually involved in boldness in
general.

14.5. Epistatic
Analysis

Two-locus epistatic interactions were analysed throughout the
genome for this cross. This was performed by taking every posi-
tion of the linkage map and analysing it in combination with every
other position, using a regression method (171). Though statisti-
cally simple, the problem is the large number of calculations that
are required, and the resulting significance threshold calculation.
In this case, a genetic algorithm (172) was used to help permute
the data to find the required threshold for significance and sug-
gestivity (where QTL may fall short of actual significance, but
a potential QTL is suggested at a given location). This analy-
sis revealed two suggestive and one significant set of pair-wise
epistatic interactions for boldness, involving four different loci
that created a small network of loci. The effects of these are shown
in Fig. 5.3, with a strong degree of dominance present. One of
the loci (on chromosome 21) was dominant over two of the other
loci, while the loci on chromosomes 9 and 12 had a multiplica-
tive effect (so, the presence of alleles increasing the trait at these
two loci caused an even greater increase in the phenotype than
would be expected). Though this does give possible indications of
what may be occurring in the architecture of a behavioural trait,
the effect sizes in this instance must be treated with caution due
to the small sample size used (186 F2 fish). In terms of the ideal
sample size for the analysis of epistatic interactions, it is generally a
case of the bigger the better, with even two-way interactions serv-
ing to decrease the number of double homozygotes (with these
providing the most power for additive × additive interactions)
by half, as compared to a single QTL analysis. That is, in a stan-
dard F2 QTL analysis, there are 50% homozygotes (25% of each
parental class) and 50% heterozygotes at any given loci, however
when looking at two loci simultaneously, only 25% will be double
homozygotes and of these only half will be double homozygotes
of the same parental class (so possessing for instance two wild-type
alleles at each of the two loci analysed). Therefore a correspond-
ing doubling or even quadrupling of sample size would be ideal
to accurately measure epistatic interactions, though often not
practical.
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Fig. 5.3. Two-loci interaction graphs for boldness (time first entered stimulus zone) in the zebrafish, as presented in
Wright et al. (43). QTL genotypes are given for the two loci as SS (homozygous Santal, or wild-type), SA (heterozygous
and AA) (homozygous AB, or laboratory) for each of the two QTL, with the mean and S.E. for each class.
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15. Summary

Overall, the study by Wright et al. serves as an important proof-
of-principle (were one required) that behavioural QTL mapping
in zebrafish is not only possible, but has great potential. Though
the study does indicate the potential of epistasis in such a sys-
tem, the issue of the small sample size limits what it is possible
to conclude about the genetic architecture of shoaling and bold-
ness in this animal, and further studies are definitely required if
these behaviours are to be more completely mapped and used
in comparison with some of the more established anxiety and
aggregation-related behaviour measures performed in other labo-
ratory organisms. More generally, the further use of the zebrafish
in behavioural QTL mapping could add considerably to the
understanding of behaviour in general, and more fully open up
the use of another model organism in the genetic dissection of
such traits with a complexity level above that of the Drosophila
but below that of the mouse.
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Chapter 6

Genetics of Ethanol-Related Behaviors

Cynthia A. Dlugos

Abstract

Alcoholism is a disorder that affects human beings during every stage of the lifespan. Many animal models
have been developed to study alcoholism, including those used to assess alcohol preference, the effects
of alcohol withdrawal, and the development of tolerance. Knowledge gained from multiple studies on
twins has supported a strong genetic basis for predisposition to alcohol. Our laboratory has chosen to
investigate the use of the zebrafish, a vertebrate with an accessible and 75% sequenced genome as a pos-
sible model for ethanol research. We have used a simple, noninvasive evaluation of swimming behavior
in which we measured the distance between each fish and its nearest neighbor to gage the response
of the central nervous system to pharmacologically relevant doses of acute and chronic ethanol. In the
acute studies, we have shown that WT (wild type) zebrafish show a dose dependent increase in nearest
neighbor distance. Conversely, another strain, the LFS (long-fin striped) zebrafish demonstrated a bipha-
sic response to acute alcohol exposure in that change from baseline was larger at the 0.5 than at the
1.0% (v/v) ethanol concentration. A third strain, the BLF (blue longfin) zebrafish, showed no apparent
response to acute alcohol exposure. Subsequent studies showed that behavioral response to ethanol in
BLF zebrafish was age dependent, as nearest neighbor distance was increased in juvenile but not in adult
fish. Investigations using chronic ethanol exposure in zebrafish also support differential strain sensitivity
to ethanol and the capacity to develop tolerance. Ethanol-induced alterations in gender were also inves-
tigated. Gender does not appear to be a factor in acute sensitivity to ethanol. Chronic ethanol treatment
demonstrated that female WT zebrafish are preferentially affected compared to males of the WT strain.
The results of chronic studies suggest that the zebrafish may be a useful model for dissecting the rather
complex differential effects of ethanol on gender. Taken together, these studies demonstrate with a simple
noninvasive behavioral test that zebrafish of three strains demonstrate differential sensitivity to ethanol
and suggest that zebrafish are useful models in sorting out the genetic factors concerning the mechanisms
of ethanol’s actions.

Key words: Alcoholism, alcohol withdrawal, tolerance, ethanol, genetic differences, genetic long
fin striped, blue longfin, nearest neighbor distance, strain sensitivity, chronic treatment.
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1. Introduction

The National Longitudinal Epidemiologic Survey indicates that
alcohol abuse in the US population is on the rise, having increased
from 3.03 to 4.65% in the decade between 1991 and 2001 (1).
Alcohol abuse exerts its effects on US citizens during every phase
of the life cycle. For example, 1 in 100 children in the United
States are born with FASD (fetal alcohol spectrum disorders) as a
consequence of maternal drinking during pregnancy (2). In addi-
tion, adolescent drinkers suffer deficits in learning and memory
due to ethanol-related disruption of developing neural pathways
while young adult drinkers (18–29 years of age) suffer from more
accident-related deaths than their nondrinking peers (3). Heavy
drinking in midlife (30–59 years of age) is associated with alco-
holic liver disease, pancreatitis, cancer, heart or circulatory prob-
lems, and brain disorders. Alcohol abuse in seniors, moreover,
may exacerbate other health conditions, complicate drug side
effects, and result in increased falls and accidents in a population
already susceptible to these conditions (3).

Genetics plays a major role in susceptibility to alcohol, as
demonstrated in numerous studies of identical twins. From these
studies, it has been estimated that 50–60% of the risk of devel-
oping alcoholism is genetic (4–7). Gender differences in alco-
hol sensitivity are also well recognized and many of these are
pharmacokinetic. For example, it is well known that more body
fat and greater bioavailability to ethanol in females compared to
males predisposes women to ethanol’s effects. These effects occur
at lower doses than in males of equal size (8, 9). It is likely,
however, that in addition to pharmacokinetics, there are other
unidentified factors that increase female sensitivity to ethanol
and predispose females to ethanol-related diseases such as gas-
tric ulcers, fatty liver, and hypertension. These conditions occur
following shorter durations of exposure to lesser concentrations
of ethanol than in males (10, 11). Studies in animal models
have reiterated that female subjects may have increased sensitiv-
ity to alcohol under a variety of experimental paradigms (12–
14). The importance of gender in ethanol withdrawal has also
been shown with microarrays (15). Age can also alter genetic
expression and sensitivity to alcohol, resulting in different pre-
dispositions to ethanol-induced damage throughout the lifespan.
For example, the effects of chronic ethanol treatment on motor
coordination and memory are more lasting in adolescent com-
pared to adult rats (16, 17). The elderly may be predisposed to
ethanol effects on motor functions, nutrition, and cognitive status
as these factors may already be compromised by their advanced
age (18).
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Rodents comprise the majority of animals used for ethanol
research. Their proliferative behavior and understandable genetics
have been extensively employed to develop models with specific
ethanol-related characteristics. For example, rats and mice have
been developed that express specific characteristics pertaining to
alcohol sensitivity, alcohol preference, the development of toler-
ance, withdrawal, organ damage, and ablation or overexpression
of specific genes (19, 20). One disadvantage of the rodent model
is that generation of transgenic and mutant models in rodents is
costly and time consuming compared to the efficiency of genetic
manipulations in models with shorter developmental periods and
easier access for genetic manipulations (21). Invertebrate mod-
els such as Drosophila melanogaster (fruit fly) and Caenorhabditis
elegans (nematode) are useful models for genetic manipulations
and have provided important insights into molecules with poten-
tial roles in alcohol intoxication (22, 23), acute ethanol sensitivity
(24), and the molecular targets for ethanol’s actions (25). It has
been recognized, however, that despite the advantages of inverte-
brate models, the dissimilarities between the vertebrate and inver-
tebrate central nervous systems is a major drawback in extrapo-
lating the results of invertebrate studies to human beings (19).
Additional drawbacks include the crucial metabolic differences
between C. elegans and vertebrates and the time consuming strain
construction that is required in Drosophila prior to each inves-
tigation (21). The fact that the signaling pathways that occur
during development in Drosophila are conserved in vertebrates
is an apparent advantage until it is realized that these pathways
code for body parts that differ both in structure and in function,
thus creating difficulties in relating a particular pathway to the
structure produced. For example, some common signaling path-
ways result in somite formation in vertebrates and segmentation
in Drosophila (26).

Danio rerio (the zebrafish), the little teleost described as
the canonical vertebrate, is bridging the gap in many disci-
plines between the efficiency, low cost, and mutagenic capacity of
invertebrate models and the obvious similarities between rodent
models and humans (27). Zebrafish are low-cost models with
high fecundity, producing 70–300 eggs per clutch (28). Zebrafish
share marked organ similarities with other vertebrates. Genetic
manipulations, including the production of mutants and trans-
genics, are much easier in zebrafish than in rodent models. In
zebrafish, fertilization occurs externally and the development
from fertilized egg to free-swimming larvae takes only 72 h.
In addition, 75% of the zebrafish genome is sequenced by the
Sanger Institute (http://www.sanger.ac.uk/Projects/D_rerio/).
Zebrafish are excellent models for drug studies as both embryos
and adults are extremely permeable to small molecules, provid-
ing potential for identification and validation of gene targets for
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drugs as well as for drug screening and toxicological studies (29).
Zebrafish have been used to evaluate a variety of drugs such as the
antipsychotic clozapine (30, 31), nicotine (32), roscovitine (33),
cocaine (34), atorvastatin (Lipitor) (35), and alcohol (36–42).
Many of the alcohol studies focus on larval development (36–42),
but the remaining studies focus on ethanol-related adult behav-
iors. There are also disadvantages to the use of the zebrafish.
The study of alcohol preference or non-preference is irrelevant
in zebrafish and is better accomplished in mammals with a cere-
bral cortex. The duplicity of about 30% of zebrafish genes is a
disadvantage that may confound interpretation of mutant charac-
teristics if a single member of a duplicated pair is altered. Finally,
alcohol is a drug that affects all organ systems, some of which,
such as the cerebral cortex, are present in humans but not in the
zebrafish.

The first adult teleost to be used for alcohol studies was not
the zebrafish but the goldfish. In these early studies, the ben-
efits of teleost use in studying alcohol were enumerated. For
example, at room temperature (20◦C), it was demonstrated that
the metabolism of the carp more closely corresponds to human
metabolism than does the much higher (10x) metabolism of the
rat (43). In addition, in the goldfish, constant absorption of
ethanol through gills and skin allows ethanol levels in the fish
to come into equilibrium with the tank water (44). A similar time
course has since been confirmed in the zebrafish, showing that
brain alcohol levels rise rapidly for the first 2 h and plateau at 6 h.
Constant ethanol levels are maintained for at least 24 h (45). The
ability to survive long periods in ethanol has also been determined
in goldfish for the study of the biochemical, physiological, and
pathological basis of alcohol effects (43). Ethanol-related deficits
in learning (64) and enhancement of aversive learning (46) have
been demonstrated in the goldfish.

Additional teleost species have been used to show ethanol-
induced alterations in aggressive behaviors. For example, ethanol
treatment increased aggression in Siamese fighting fish (Betta
splendans) (47). Convict cichlids were used to show increases in
aggressive behavior after acute exposure to low levels of ethanol
(0.15%), although the converse was true at higher concentra-
tions (0.30%) of ethanol (48). This ethanol-induced response to
aggression was determined in adult zebrafish at 0.25 and 1.0%
(v/v) ethanol in a study that also showed that high acute doses of
ethanol (1.0%) resulted in decreased locomotor activity and pref-
erence of the zebrafish for the bottom of the tank (41). Subse-
quent studies have shown ethanol-induced alteration in response
to a predator with fish of different strains (49, 50).

Efforts in our laboratory have focused on assessing ethanol-
related alterations in swimming behavior in several zebrafish
strains as an index of the response of the central nervous system
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to ethanol (45). Zebrafish swim together in shoals, where the
fish benefit from enhanced access to mates, food, and reduced
risks from predators (51). We have not analyzed shoaling per se,
but rather used the shoaling behavior to assess ethanol-induced
increases in distance between each zebrafish and its nearest neigh-
bor within the shoal. A surveillance camera was used to observe
the normal swimming behavior of the fish so that habituation
or human manipulation did not confound the analysis. Other
studies have also used this behavioral test to correlate with the
effects of ethanol-induced changes in proteins such as VDAC1
(voltage-dependent anion channel 1) and Hsp70 (heat shock pro-
tein 70), as assessed with proteomics (52). We have also deter-
mined ethanol-related alterations on the startle reaction, a reac-
tion often used to assess alcohol-induced effects in human and
animal studies (53, 54). The overall goal of the studies presented
here was to determine whether the zebrafish, with its accessible
genome, was an appropriate model to study alcoholism, a disease
with a very strong genetic predisposition. Results of our analyses
are presented below.

2. Methods/
Results/Discussion

2.1. Methods Approximately 700 zebrafish were used in these studies. In our
initial study (45), all fish were obtained from a local zebrafish
supplier (The Fish Place; Tonawanda, NY) except for the blue
longfin fish (BLF) that were obtained from Markeim Tropical
Fish and Pet Store (Amherst, NY). Subsequent studies used off-
spring from the original fish raised in our laboratory. All zebrafish
were housed in an Aquatic Ecosystems Benchtop Systems Habitat
(Aquatic HabitatsTM, Apopoka, FL) in 3 l tanks (25 fish/tank).
Ammonium levels and pH of the water were monitored bi-weekly,
temperature was maintained at 24ºC, and lighting was regulated
to a 14 h light/10 h dark cycle. Fish were fed Tetra Flake fish
food once daily and their diet supplemented 3 times/week with
live brine shrimp nauplii. Three strains of zebrafish were used in
these experiments. They included WT, LFS , and BLF zebrafish.
The WT fish had steel blue body stripes and were about 3 cm in
length. The LFS were slightly longer than the WT (3.25 cm in
length) with markings identical to the WT except for the pres-
ence of very long pectoral and dorsal fins. BLF fish were the
longest (3.8 cm) with a single stripe composed of many small
spots. The spots are evidence of derivation of the BLF zebrafish
from the leopard danio strain of zebrafish (http://animalworld.
com/encyclo/fresh/cyprinids/LongfinBlueDanio.php). Females
of the WT and LFS strains can be readily distinguished by their
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slightly distended gray to white abdomens compared to the slim-
mer, yellow abdomens of the males (55).

For both swimming and startle studies, the behavioral appara-
tus used was a 20-cm diameter bowl, containing 700 ml of 24ºC
tank water or ethanol solution. A 324 cm2 grid, subdivided into
36 blocks (9 cm2/block) was aligned under the bowl. Fish were
acclimatized to the bowl for 10 min prior to testing. Single fish
were added to the bowl for the startle study and 8 fish were
added to the bowl for the swimming behavior study. Observa-
tion of swimming behavior was noninvasive with the fish isolated
in a quiet room with no humans or distractions. In this test, the
swimming behavior of the eight fish in each bowl was recorded
every 30 s over a 30-min period with an Intel digital camera and
Intel Create and Share software (Intel, Hudson, MA). The startle
reaction of the fish was captured by video in the first seconds after
a glass bead was dropped about 12 cm away from the fish’s head.
Fish always faced the bead when tested. The response measured
the number of squares the fish traversed on the grid in the rapid
swimming phase following the fast turn away component of the
fast start response to startle (56). All animal care and experimental
procedures were approved by the Institutional Animal Care and
Use Committee at the State University of New York at Buffalo.

Captured frames were analyzed for swimming behavior by
measuring the distance between each fish and its nearest neigh-
bor. The distance between the most cranial points on each near-
est neighbor pair was determined with the Image Tool Program
(http://ddsdx.uthscsa.edu/dig/itdesc.html). Means (± S.E.M.)
were determined for each frame and treatment group. Videos of
the startle reaction were analyzed by quantitating the mean (±
S.E.M.) number of squares that each fish traversed in the fast-
swimming phase of the startle response. ANOVA (analysis of vari-
ance), repeated measures ANOVA, Student’s t-test, and Tukey
post-hoc tests using the SPSS program were used to analyze the
data. An alpha level of 0.05 was accepted as significant.

2.2. Acute Studies The purpose of this study (45) was to determine whether swim-
ming behavior in zebrafish was sensitive to acute ethanol treat-
ment and whether there is differential strain sensitivity in the
ethanol response. The WT, LFS, and BLF strains and alco-
hol concentrations of 0.25, 0.5, and 1.0% (v/v) ethanol were
used. All fish were ethanol naive until they were exposed to
ethanol 2 h prior to testing. The 2 h period was selected
on the basis of a time course which demonstrated that after
2 h in ethanol solution, brain alcohol levels were near maxi-
mum (45). Statistical analyses of the data showed that nearest
neighbor distance in LFS and WT fish was increased at 0.50,
and 1.0% (v/v) ethanol (p < 0.001) relative to baseline. The
LFS fish also showed significant ethanol-induced increases in
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nearest neighbor distance at the 0.25% (v/v) ethanol concen-
tration. In contrast, the BLF fish proved insensitive to acute
ethanol treatment at either 0.50 or 1.0% (v/v) ethanol con-
centrations, and thus, were not tested with lower ethanol con-
centrations. A 2 (concentration) × 3 (strain) ANOVA, holding
baseline as a covariant, revealed effects of strain [F(2, 191) =
10.598, p < 0.001] and a significant strain × concentration
interaction [F(2,191) = 7.882, p = 0.001] (45). For presenta-
tion here, data were converted to percent change from baseline
(Fig. 6.1) and tested again to confirm the effect on strain. In the
WT strain, percent change from baseline increased with increased
dose. In the LFS fish, there was a biphasic response to dose in that
there was an increased change from baseline at 0.25 and 0.50%
(v/v) ethanol, but a decrease at 1.0% (v/v) ethanol. LFS perfor-
mance at 1.0% (v/v) ethanol may be atypical as baseline values
in this group were significantly larger than baseline values at the
other two ethanol concentrations (p < 0.001).

The lack of ethanol-induced changes in nearest neighbor dis-
tance in the BLF fish was not due to pharmacokinetic differences
between the BLF and other strains, as brain alcohol levels mea-
sured at 7 time points over a 24-h period did not differ when the
three strains were compared (45). Genetic differences between
the three strains may be responsible for their differential sensitivity

Fig. 6.1. Mean (±S.E.M.) percent change from baseline in WT, LFS, and BLF fish acutely
exposed to ethanol. Data were tested with ANOVA and showed significant effects of
strain [F(2, 191) = 10.598, p < 0.001]. Pair-wise comparisons showed that at 0.25%
ethanol percent change from baseline was larger in LFS than in WT fish (∗, p = 0.012).
Post-hoc analysis showed that a similar effect was noted at 0.50% (v/v) between LFS
and WT (∗∗, p = 0.006). At 1.00%, the WT showed a larger percent change than the
LFS (∗∗∗, p = 0.001). Percent change in the BLF fish was significantly less at 0.5% (v/v)
(+, p < 0.001) and 1.0% ethanol (++, p < 0.005) than in WT and LFS strains.
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to ethanol. The fact that the WT and LFS fish responded simi-
larly to acute alcohol, albeit with slightly different dose response
curves, taken with the similar phenotype between the two strains,
is suggestive of strong similarities of the genomes of WT and
the LFS zebrafish. The only gross phenotypic difference between
them, in fact, is in the length of their fins. The gene for long
fins (lof) was developed within the tropical fish trade (57) to add
beauty to the stalwart and hardy zebrafish. The lof gene has since
been mapped in inbred strains and shown to be a single point
mutation (58). In contrast, the BLF strain has several pheno-
typic dissimilarities in coloration and patterning compared to the
WT and LFS strains that may be attributed to its origin from the
leopard danio. These dissimilarities are suggestive of more genetic
dissimilarities between the BLF and WT strain than between the
WT and LFS strain.

To further our understanding of ethanol effects on the BLF
fish, we then raised our own from adults in our lab. In this study,
64 BLF zebrafish, approximately 3 months of age and approx-
imately 2 cm in length (compared to 3.8 cm; 45) were used.
Fish were divided into eight groups (n = 8/group). Groups 1
and 2 were treated acutely with 0.5% (v/v) ethanol for 2 h and
assessed for nearest neighbor analysis. Groups 3 and 4 served as
their baselines or controls. Groups 5–6 and 7–8 were similarly
treated, except that groups 5 and 6 received 1.0% rather than
0.5% (v/v) ethanol. Following testing, each group was reintro-
duced into the system and maintained until 15 months of age
when fish were retested. Results showed that at 3 months, near-
est neighbor distance was significantly increased at 0.50 and 1.0%
(v/v) (p < 0.001) ethanol compared to the baseline controls and
percent change at 1.0% (v/v) ethanol was greater than at 0.5%
(v/v) ethanol. At 15 months, there was no difference between
baseline controls and treated fish at either of the ethanol con-
centrations. Data (Fig. 6.2) were transformed to percent change
from baseline and were analyzed with repeated measures ANOVA
that showed significant effects of age (F(1, 64) = 58.984, p <
0.001). Significant differences in the percent change from base-
line at 3 compared to 15 months at the 0.5% (p < 0.001) and 1.0%
(p < 0.001) (v/v) ethanol concentrations were also observed.

Results showed that BLF fish display alterations in sensitiv-
ity to ethanol with age. In the previous study, the age of our
BLF fish (45) was unknown, as we acquired them from a pet
supplier. Zebrafish do, however, become larger in adulthood.
Reviewing the digitized frames used for swimming behavior and
measuring the size of the fish with the Image Tool program, we
did find a marked correspondence in size, and perhaps age, in
15-month-old BLF fish from the current study and those from
the previous study (45), suggesting that the two groups were
of the same age. This observation taken with the current find-
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Fig. 6.2. Mean (±S.E.M.) percent change from baseline in two separate groups of BLF
fish acutely exposed to ethanol at 3 months and a year later as adult fish, 15 months
of age. At 3 months of age, ethanol-treated fish had significantly larger nearest neigh-
bor distances compared to baseline at both 0.5 and 1.0% (v/v) ethanol (p < 0.001).
There were no significant changes relative to baseline at 15 months. Repeated measures
ANOVA showed a significant effect of age on percent change from baseline [F(2, 191) =
10.598, p < 0.001]. Pair-wise comparisons showed that at 3 months of age changes
relative to baseline were significantly greater at 0.5% (+, p < 0.001) and 1.0% (++, p <
0.001) (v/v) ethanol than similar values at 15 months of age.

ing of decreased acute ethanol sensitivity in the 15-month-old
compared to the 3-month-old zebrafish suggests that additional
studies with BLF fish of different ages should be undertaken to
confirm age-related alterations in acute ethanol sensitivity. Size
should also be addressed although it may be a secondary factor
that correlates strongly with increased age. Age-related alterations
in gene expression are not unlikely as they have been confirmed in
Drosophila (59) and acute ethanol exposure has also been shown
to alter gene expression in the zebrafish brain (60). The rather
short lifespan of the zebrafish (5 years) makes it a good candidate
for studies of ethanol-related alterations in gene expression across
the lifetime and the BLF zebrafish may prove an important model
for these explorations.

In the next study (61), ethanol-induced effects on gender
were addressed in 64 young adult (32/gender) WT and 64 young
adult LFS zebrafish (32/gender). Fish were separated by gen-
der and exposed to 0.125, 0.25, 0.5, or 1.0% ethanol. Base-
line measures of nearest neighbor distance were obtained in
the same animals that were subsequently treated with ethanol,
the day prior to ethanol exposure. There were 16 test groups
(8/ethanol concentration and 8/gender) of ethanol-naive males
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and females and exposure to ethanol occurred two hours prior to
testing. Results were converted to percent change from baseline
(Fig. 6.3) because, due to different body size, the LFS have larger
nearest neighbor distances. A4 (concentration) × 2 (gender) × 2
(strain) factorial ANOVA showed a significant effect of concentra-
tion [F(3, 476) = 99.26, p < 0.001], strain [F(1, 476) = 64.627,
p < 0.001], and gender [F(1, 476) = 7.942, p = 0.005]. Signif-
icant strain × concentration [F(3, 476) = 17.644, p = 0.001]
and gender × concentration [F(3, 476) = 7.811, p = 0.001]
interactions were also observed. Dissection with pair-wise com-
parisons supported our previous studies as it showed that acute
exposure to 0.5 and 1.0% (v/v) ethanol resulted in consistently
larger nearest neighbor distance in WT and LFS fish relative to
baseline. In the WT strain, the effects of gender, if any, are unclear
as, at 0.5% (v/v) ethanol, change from baseline was higher in
females, whereas at 1.0% (v/v) ethanol, the converse was true.
In the LFS strain, there was no difference in gender response at

Fig. 6.3. Mean (± S.E.M.) percent change from baseline in WT and LFS fish separated
by gender and acutely exposed to ethanol. Data were tested with three-way ANOVA
which showed significant effects of gender [F(1, 476) = 7.942, p = 0.005], strain
[F(1, 476) = 64.627, p < 0.001], and concentration [F(3, 476) = 99.26, p < 0.001]. Pair-
wise comparisons of the 0.5 and 1.0% (v/v) ethanol concentrations were undertaken
as, at these concentrations, fish of both strains and genders showed ethanol-related
increases in nearest neighbor distance. In the WT strain, gender responses varied with
respect to ethanol concentration as WT females were more sensitive than WT males at
0.5% (v/v) ethanol (+, p < 0.001) but less sensitive than WT males at 1.0% (v/v) ethanol
(++, p = 0.003). In the LFS strain, ethanol-related increases were not gender depen-
dent. Analysis of strain differences showed that at 0.5% (v/v) ethanol, change relative to
baseline was greater in WT females (#, p < 0.001) and males (∗, p = 0.001) compared
to respective genders in the LFS strain. At the 1.0% (v/v) ethanol dose, change relative
to baseline was significantly increased in WT compared to LFS males (∗∗, p < 0.001).
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0.5 or 1.0% (v/v) ethanol. In contrast to the previous study, WT
males (p < 0.001) and females (p = 0.001) showed a greater per-
cent change from baseline at 0.5% (v/v) ethanol than LFS male
and female fish. A similar effect was shown at 1.0% (v/v) ethanol
in male WT versus LFS fish (p < 0.001). These findings suggest
either that separation by gender results in increased ethanol sen-
sitivity in the WT compared to the LFS fish, or that, as is more
likely, the WT and LFS populations respond similarly to acute
ethanol exposure. Individual differences within the two groups
are responsible for the crisscrossing effect between the WT and
LFS fish in these studies (45, 61).

2.3. Startle Reaction The startle reaction was assessed 2 h after ethanol treatment and
showed that the WT and LFS fish demonstrated ethanol-induced
decreases in the startle reaction (45). Data were converted to per-
cent change from baseline for inter-strain testing and presentation
here (Fig. 6.4) and effects of strain were noted [F(7, 77) = 5.768,
p = 0.005] but could not be localized with post-hoc analysis. At
0.25% (v/v) ethanol, pair-wise comparisons showed a greater per-
cent change in the LFS compared to the WT fish (p < 0.001). The
presence of a decreased startle reaction in the WT and LFS strains
correlates well with human and animal studies in which similar
effects have been observed (53, 54). In fact, the startle behavior

Fig. 6.4. Mean (±S.E.M.) percent change from baseline in results of the startle test in
WT, LFS, and BLF fish exposed to 0.25, 0.50, and 1.0% (v/v) ethanol. BLF fish were not
tested at 0.25% (v/v) ethanol. ANOVA with significant effect of concentration [F(3, 152) =
6.641, p = 0.001] and strain [F(2, 152) = 6.552, p = 0.005]. Pair-wise comparisons
showed that at 0.25% ethanol, the startle reflex was more decreased in the LFS fish
compared to the WT strain (∗∗, p < 0.001).
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of the zebrafish (56) may be a more appropriate model system in
which to assess ethanol-induced alterations in the startle reaction,
as it is often used in behavioral screens (62) and is likely simpler
than a similar response in rats, in which 46 strain-dependent phe-
notypes of the startle reaction have been observed (63).

2.4. Chronic Study The purpose of these studies was to determine the effects of
chronic ethanol on swimming behavior. In one study (45),
baseline measures for two groups/strain (8/group) of WT and
LFS fish were taken prior to ethanol exposure. Fish were then
transferred into a tank containing 0.5% (v/v) ethanol for a period
of 2 weeks. The swimming behavior of the fish was tested after 1
and 2 weeks of ethanol exposure. Alcohol levels within the tanks
were monitored and adjusted daily. WT fish had a significantly
increased nearest neighbor distance following 1 and 2 weeks in
alcohol but LFS fish did not show a significant change in near-
est neighbor distance over the two full weeks of ethanol treat-
ment (45). The conclusion reached was that during the first week
of treatment, the LFS fish developed tolerance, or a declined
response to alcohol disruption due to adaptive compensation in
behavior and bodily functions (64–66). In our second chronic
study, the LFS fish was used as a model because of its ability
to develop tolerance (52). In this study, LFS fish were tested
for baseline measures of swimming behavior, exposed to ethanol
for 4 weeks, and tested again to ensure that tolerance had been
attained. Fish were then euthanized and their brains assessed for
ethanol-induced alterations in protein expression with proteomic
analyses using 2-D electrophoresis and MALDI-TOF mass spec-
trometry. Several proteins were identified as up-regulated as a
result of chronic ethanol treatment which may shed light on cel-
lular signaling pathways that are altered by chronic ethanol treat-
ment and tolerance. The proteins that were increased following
4 weeks of ethanol treatment were VDAC1 (voltage dependent
ion channel 1), VDAC2 (voltage dependent ion channel 2),
apolipoprotein A1, Hsp70 (heat shock protein 70), and the alpha
unit of the G0 protein. Proteins that were decreased follow-
ing chronic ethanol treatment were GOT-1 (glutamic-oxaloacetic
transaminase soluble), VHA-B2 (vacuolar type H+ transporting
ATPase subunit B2), and subunit A of the catylytic domain of
H+ transporting ATPase. Of particular interest is elevation of the
VDAC1 protein, the primary transporter of the outer mitochon-
drial membrane. VDAC1 has been shown to be alcohol respon-
sive (67) and increased in alcoholics (68).

In the current study, fish of the WT, LFS, and BLF strain
were treated chronically with ethanol for the lengthy duration
of 10 weeks to determine whether tolerance to ethanol in the
LFS fish would persist and if the WT fish would develop toler-
ance to ethanol. The BLF fish were also included in this study,
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as their age-related response to acute ethanol exposure (Fig. 6.2)
promoted them as an interesting model for chronic ethanol con-
sumption. All fish were approximately 3 months of age at the
initiation of the study. The Bonferroni correction for p values was
used following one-way ANOVA to account for repeated test-
ing of baseline against weeks of treatment. Observations in the
WT strain (Fig. 6.5), similar to results previously observed after
2 weeks (45), showed increased nearest neighbor distance over
baseline for the full 10 weeks.

The peak of disruption was at week 1, after which nearest
neighbor distance decreased somewhat but remained significantly
greater than baseline. In the LFS strain, complete tolerance to
ethanol was achieved after 1 week as there was no difference rel-
ative to baseline from weeks 2–5. Development of tolerance here
took slightly longer than in our previous study (45). Tolerance
to alcohol, however, has a strong genetic component (69) and
its timing is probably highly subject to individual variation. The
development of complete tolerance to ethanol within the LFS
strain in both studies, however, confirms the results of our previ-
ous studies (45, 52) and also a strain difference between the LFS
and WT strain. The absence of tolerance between weeks 6 and 10
in the LFS strain is also notable, as it is suspected that by 6 weeks,
constant submersion in 0.5% ethanol resulted in neuronal and

Fig. 6.5. Digital images of swimming behavior over the 10 weeks of chronic 0.5% (v/v) ethanol treatment in WT, LFS,
and BLF strains of zebrafish. In WT fish, 0.5% chronic ethanol treatment disrupted swimming behavior and resulted in
increased nearest neighbor distance from weeks 1 to 10. In the LFS strain, nearest neighbor distance was most disturbed
at the onset and conclusion of treatment as shown here in weeks 1 and 10 where their nearest neighbor distance was
increased over baseline. During weeks 2–5, the LFS fish developed tolerance to ethanol and a representative frame from
week 4 showing normal swimming behaviors pictured here. In the BLF fish, tolerance developed during weeks 2 and 3
followed by increased disruption and death between weeks 5 and 6.
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hepatic toxicity in the LFS strain, which prevented tolerance from
being maintained. Chronic ethanol consumption in rodents and
human beings results in neurotoxic and neurodegenerative effects
(70–73).

In the BLF fish, complete tolerance to alcohol took longer to
develop than in the LFS fish, occurring during treatment weeks
3 and 4. At week 5, nearest neighbor distance again increased
above baseline and the BLF fish died between weeks 5 and 6. The
BLF strain was the sole strain to display mortality. Fish death was
gradual over the course of a week and was attributed to ethanol
toxicity. This toxicity demonstrated as increases in nearest neigh-
bor distance during week 5 relative to weeks 2 and 3 most prob-
ably involved the nervous system as behavior is largely a neuronal
response. Ethanol toxicity in other ethanol-sensitive organs such
as the liver, however, may have also invoked death. For compari-
son between strains, data were converted to percent change from
baseline (Fig. 6.6) and tested with repeated measures ANOVA
and revealed a significant effect of strain on change from base-
line [F(2, 193) = 206.863, p < 0.001] and a strain × change
from baseline interaction [F(2, 193) = 3.257, p = 0.041]. The
WT group showed the largest change relative to baseline. For
example, during weeks 1–5, WT change from baseline was sig-
nificantly larger than the other two strains (p < 0.02) and, dur-
ing weeks 7, 8, 9, and 10 WT zebrafish were considerably more
disturbed than the LFS strains (p < 0.001). Change from base-
line was also larger during weeks 1 (p = 0.002), 2 (p < 0.001)
and 5 (p < 0.001) in the BLF versus the LFS strain. Results of
these studies demonstrate genetic variability in the response of
the zebrafish strains to chronic ethanol treatment and the abil-
ity of the zebrafish to develop tolerance. These results also ignite
further interest in studying chronic ethanol treatment in older
BLF fish to determine whether similar age-related responses to
ethanol develop with chronic treatment as those observed with
acute treatment.

The effect of chronic ethanol treatment on gender sensitivity
was then investigated in the WT strain, as this strain showed the
greatest overall sensitivity to chronic ethanol treatment. In this
study, 8 male and 8 female WT fish, 4 months of age, were sepa-
rated. One day prior to treatment, a baseline for nearest neighbor
distance was established. Fish were then exposed to 0.5% (v/v)
ethanol for the next 10 weeks and nearest neighbor distance was
tested weekly. The Bonferroni correction was again applied to the
p value to assess for ethanol-induced effects and confirmed that
female and male WT fish were sensitive to ethanol effects. For
comparison between the genders, data were converted to per-
cent change from baseline. Repeated measures ANOVA showed
a significant effect of gender on percent change from baseline
[F(1, 50) = 40.494, p < 0.001] with females being more sensitive
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Fig. 6.6. Mean (±S.E.M.) percent change from baseline in the WT, LFS, and BLF zebrafish exposed to 0.5% (v/v)
ethanol for 10 weeks. Repeated measures ANOVA showed a significant effect of strain on percent change from baseline
[F(2, 193) = 206.893, p < 0.001]. Pair-wise comparisons show greater change from baseline in WT compared to BLF
and LFS (++, p < 0.001) in weeks 1–5 of treatment. The degree of disruption was also larger in BLF compared to LFS at
weeks 1, 2, 3, and 5 (+, p < 0.001). Ethanol treatment led to mortality in the BLF strains following 5 weeks of treatment.
During weeks 7, 8, 9, and 10, pair-wise comparisons showed a greater change in the WT compared to the LFS strain
(∗, p < 0.001).

than the males. Pair-wise comparisons showed that female WT
fish showed a greater percent change from baseline during 5
(p < 0.001), 6 (p = 0.035), 7 (p < 0.001), 8 (p = 0.001), and
10 (p < 0.001) weeks of treatment.

These data suggest that female zebrafish are more sensitive to
chronic ethanol than male zebrafish. This is consistent with find-
ings in humans as women develop ethanol-induced injuries to key
organ systems at shorter durations and lower ethanol doses than
men (10, 11). It is well recognized that pharmacokinetic factors,
such as levels of blood alcohol and alcohol dehydrogenase, may
contribute to the more pronounced ethanol effects that occur in
human females compared to males (8, 9), but these have not been
investigated in the zebrafish. It is known, however, that, when a
time response curve was generated from groups of mixed gen-
der fish, brain alcohol levels did not vary among the WT, LFS,
and BLF strains (45). This result would probably not occur if
there were large differences in brain alcohol levels between males



158 Dlugos

and females as the number of fish/gender in each group was not
controlled and multiple time points were assessed. It is assumed
that, in addition to pharmacokinetics, gender differences in alco-
hol responses may be attributed to other factors. For example,
gender has been identified as a strong factor of gene expression
during withdrawal (15).

3. Conclusion

These studies used a noninvasive and easily interpreted test of
swimming behavior as a gage of central nervous system sensi-
tivity in three strains of zebrafish to acute and chronic ethanol
paradigms. Differences and similarities were determined within
the strains that promote the use of the zebrafish in alcohol
research. Results in the BLF zebrafish also demonstrated that
there are age-related alterations in sensitivity to alcohol. From
these studies, it can be concluded that the zebrafish would be
useful for studying the effects and genetics behind addiction, tol-
erance, and withdrawal from ethanol.

Zebrafish have many advantages for ethanol research such
as their fecundity and capacity for mutagenesis which enhances
the productivity of large-scale genetic screens. Transgenic and
knockout fish are easily generated while orthologs and synteny
between the zebrafish and human genomes may be more marked
than between the human and mouse (27) genomes. Alcohol lev-
els in zebrafish which absorb alcohol through their gills and skin
remain at steady state for a longer period of time compared to
the rapid escalations and depressions of blood alcohol levels that
occur in rodent models. This is an advantage in morphologic and
pharmacological studies (13, 40, 70, 71) where ethanol-related
alterations at specific ethanol concentrations are assessed to deter-
mine the minimal ethanol concentrations required to develop
pathologies. It is also an advantage in separating the effects of
ethanol’s specific actions from the effects of withdrawal from
ethanol which occur in human binge drinking.
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Conditioned Place Preference Models of Drug Dependence
and Relapse to Drug Seeking: Studies with Nicotine
and Ethanol

Caroline H. Brennan, Amit Parmar, Layla K.M. Kily,
Arani Ananthathevan, Arti Doshi, and Salma Patel

Abstract

Addiction is a complex psychiatric disorder characterised by a spectrum of compulsive drug-seeking
behaviours and a persistent tendency to relapse (return to drug taking) even after prolonged periods
of abstinence. The most commonly used models for the study of drug reward and dependence involve
drug self-administration paradigms in mice, rats or monkeys. However, assays using drug-induced con-
ditioned place preference (CPP) have become increasingly popular due in part to the non-invasive and
simple nature of the procedure. Using self-administration and conditioned place preference assays we
and others have shown that zebrafish show reinforcement responses to common drugs of abuse includ-
ing ethanol, nicotine, amphetamine, cocaine and opiates and are thus a suitable model for analysis of
factors affecting ‘reward’. Our work reviewed here further demonstrates that on prolonged exposure to
nicotine or ethanol, zebrafish show persistent drug seeking in the face of adverse stimuli, and that drug
seeking can be reinstated following extinction using stimuli that induce reinstatement in mammalian
models and relapse in humans. Thus our work supports the use of zebrafish as a model system for the
study of genetic/molecular mechanisms underlying vulnerability to drug dependence and addiction.

Key words: Dependence, conditioned place preference, nicotine, ethanol, zebrafish, reinstatement.

1. Introduction

1.1. Assessing Drug
Reward
and Dependence
in Animal Models

Addiction is a complex psychiatric disorder characterised by a
spectrum of compulsive drug-seeking behaviours and a persis-
tent tendency to relapse (return to drug taking) even after pro-
longed periods of abstinence. The most commonly used models
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for the study of drug-reward and dependence involve drug
self-administration paradigms in mice, rats or monkeys. However,
assays using drug-induced conditioned place preference (CPP)
have become increasingly popular (1–4) due in part to the non-
invasive and simple nature of the procedure.

Self-administration is an instrumental conditioning paradigm
based on response learning (in that the drug is administered
in a response-contingent way). In self-administration paradigms
animals are trained to perform a task (commonly press a lever
for a defined number of times) in order to obtain the drug.
It may be argued that such self-administration paradigms more
closely resemble the human condition; clearly they provide a face-
relevant model. They also have the advantages of being able to
assess increases in self-administration and the amount of work an
animal is prepared to undertake in order to obtain the reward –
thus more easily assessing the incentive value.

Conditioned place preference is based on Pavlovian stimulus
learning: the drug is given in a response-independent manner;
the animal is trained to associate, originally neutral but distinct,
environmental cues with the presentation of the drug. Typically,
the animal is allowed to explore the conditioning apparatus that
consists of two arenas with distinct environmental cues and the
basal preference (time spent in either chamber) is determined.
Then, on alternate days the animal is confined to one or other of
the chambers and given the drug or saline. Over repeated train-
ing sessions the animal learns to associate the environmental cue
with experiencing the subjective effects of the drug. A change in
place preference reflects the ability of the environmental cue to
gain incentive value as a result of being repeatedly paired with
the drug. Although the simple nature of conditioned place pref-
erence paradigms limits the variables that can be tested, it is this
simplicity that has led to increased popularity of conditioned place
preference assays for the study of reward and dependence. There
is also good agreement between drugs and neural pathways that
are inferred to be involved in reward and relapse based on self-
administration assays and those inferred to be involved based on
conditioned place preference assays (4–6).

Animal reinforcement models of drug seeking and taking
have given great insight into the mechanisms underlying the
rewarding effects of drugs of abuse. These studies have led to
understanding of the primary targets of abused drugs and the
key role played by the mesolimbic dopaminergic system in drug
reward, as well as knowledge of adaptation that occurs in these
systems on chronic exposure (7). However, addiction involves a
loss of control of drug use such that drug taking becomes pro-
gressively habitual and then compulsive (see (8, 9) for reviews),
and is characterised by a persistent tendency to relapse. Individu-
als differ in their vulnerability to progress to compulsive drug use
as well as their vulnerability to relapse; thus there are individual
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differences in vulnerability to addiction. As discussed by Everitt
et al. (8), studies of addiction must seek to understand these indi-
vidual differences in propensity to compulsive drug taking and
vulnerability to relapse and must therefore incorporate extended
periods of drug taking in their behavioural models.

Drug taking in the face of adverse consequences can be seen
as a measure of compulsive drug taking and is a key characteris-
tic of addiction or ‘dependence’ as defined by DSM-IV, although
many factors (see Table 7.1) are taken into account when diag-
nosing addiction. It is this compulsive aspect of drug addic-
tion that is commonly used in animal models as an indicator of
the establishment of dependence. (Note regarding terminology:
Addiction involves both ‘physical’ dependence; adaptation as a
result of normal physiological processes to oppose the presence
of the drug, that contributes to physical withdrawal syndromes;
as well as ‘dependence’ as defined in the DSM-IV that refers to
compulsive drug taking. When used here ‘dependence’ refers to
compulsive drug taking).

Table 7.1
Formal criteria for diagnosing substance-use disorders

According to the Diagnostic and Statistical Manual of Mental Disorders (DSM, issued by the American
Psychiatric Association), the diagnosis of substance dependence requires at least three of seven
criteria and the diagnosis of substance abuse requires one of four criteria. The criteria listed below
are those described in the fourth edition of DSM (DSM-IV) published in 1994.

Criteria for substance dependence:
• The need for markedly increased amounts of the substance to achieve intoxication or desired effect,

or diminished effect with continued use of the same amount (tolerance).

• Withdrawal syndrome or use of the substance to relieve or avoid withdrawal.
• One or more unsuccessful attempts to cut down or control.

• Use in larger amounts or over a longer period than intended.
• Important social, occupational or recreational activities are given up or reduced because of substance

use.

• A large amount of time is spent in activities that are necessary to obtain, to use or to recover from
the effects of the substance.

• Continued use despite knowledge of having persistent or recurrent physical or psychological
problems that are caused or exacerbated by the substance.

Criteria for substance abuse:
• Recurrent use resulting in physically hazardous situations.

• Recurrent substance-related legal problems.
• Continued use despite persistent or recurrent social or interpersonal problems that are caused or

exacerbated by the substance.

• Recurrent use resulting in failure to fulfil the main obligations at work, school or home.
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Drug addiction is also characterised by a persistent tendency
to relapse. Much of our understanding of the neurobiology of
relapse has come from analysis of reinstatement models of relapse
in mammalian laboratory animals. In reinstatement assays animals
are trained to associate an activity with receipt of the drug and
then undergo ‘extinction training’ during which the activity no
longer elicits the drug reward and behaviour returns to basal lev-
els. Subsequently, the effect of pharmacological and environmen-
tal stimuli to reinstate the non-reinforced activity (as a measure of
reinstated drug seeking) is determined. The observations that fac-
tors that stimulate reinstatement in laboratory animals also induce
relapse in humans, and compounds that attenuate reinstatement
increase abstinence rates in human addicts demonstrate the cri-
terion validity (see (10) for discussion) of reinstatement models
and support their use for the study of relapse. Thus, as in humans,
the three major stimuli that induce reinstatement in mammalian
laboratory animals are re-exposure to the drug (drug priming),
drug-associated cues and mild stress (2, 3, 5, 11–14).

1.2. Zebrafish
as a Model
for Reward
and Dependence

A number of recent studies have investigated the potential of
zebrafish as a model system for identifying factors influenc-
ing drug-associated reward (15–18). Zebrafish show conditioned
place preference responses to cocaine (16), amphetamine (19),
opiates (15) ethanol and nicotine (17) and the amphetamine-
induced response is modified by pathways known to influence
‘reward’ in other systems (18). These results demonstrate the
existence of a conserved drug-responsive ‘reward’ pathway in
zebrafish.

In mammals the mesolimbic dopaminergic system has been
shown to play a critical role in drug-induced reward and rein-
forcement. Thus, blockade of dopamine signalling within the
nucleus accumbens using antagonists prevents drug-induced
reward responses and direct stimulation of the ventral tegmen-
tal area can induce them (reviewed in e.g. (3)). The mammalian
mesolimbic dopaminergic pathway consists of dopamine neurons
that have their cell bodies in the midbrain ventral tegmental area
and send projections to the ventral striatum (nucleus accumbens),
pre-frontal cortex and amygdala (see Fig. 7.1). In anamniotes,
including zebrafish, dopaminergic neurons are absent in the mid-
brain; however, dye-tracing experiments have identified a con-
served ascending dopaminergic system in zebrafish that is essential
for ‘reward’ responses. Here dopamine neurons of the posterior
tuberculum of the dorsal hypothalamus project to the dorsal and
ventral (limbic) striatum. These projections are proposed to rep-
resent the mesostriatal and mesolimbic systems, respectively (21).
Based on similar tracing experiments, the dorsal-medial region of
the telencephalon is considered to correspond to the mammalian
amygdala (22, 23).
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Fig. 7.1. Schematic view of dopaminergic projections involved in reward and addic-
tion. VTA: ventral tegmental area, NAc: nucleus accumbens. Modified from Kelley (20).
Co-ordinated signalling within the dopaminergic system shown here and brain gluta-
matergic systems is thought to integrate motivation, memory and learning so as to
enhance the motivational value of memories thus reinforcing associated patterns of
behaviour. Drugs of abuse, acting predominantly via increased dopaminergic transmis-
sion in the mesolimbic system exert their effects on these pathways and are apparently
able to induce very long term, or even permanent, alterations in motivational networks,
ultimately leading to changes in/loss of control of, behaviour (i.e. addiction).

Although details of the dopamine systems in zebrafish are not
fully understood, evidence in support of the dopamine projec-
tion from the posterior tuberculum representing the mammalian
mesolimbic projection comes from recent analysis of ‘reward’
responses in too few mutant fish. Too few homozygous mutant fish
lack the fez1 transcription factor and lack dopamine and 5HT
neurons in the hypothalamus (24, 25). Homozygous mutants
are indistinguishable from their wild-type siblings in terms of
size, morphology, anatomy, fertilisation, escape, feeding and prey-
seeking responses but show a reduced reward response to opi-
ates (15). Further evidence for conservation of neural networks
involved in the regulation of reward comes from analysis of the
acetylcholinesterase (AchE) mutant zebrafish (AchE). In mam-
mals AchE terminates cholinergic synaptic transmission and AchE
inhibitors block cocaine and morphine induced CPP suggesting
a critical role of cholinergic systems in the regulation of ‘reward’
responses to drugs other than nicotine. AchE mutant fish have a
loss of function mutation in the AchE gene (26). Homozygote
fish die by 5 days post fertilisation but heterozygote fish are
morphologically indistinguishable from wild-type siblings. These
heterozygote fish have reduced AchE activity and show reduced
reward responses to amphetamine (18) without involvement of
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concomitant defects in exploratory activity, learning, and visual
performance indicating conservation of the cholinergic regulation
of drug-associated reward. Thus, these findings suggest that key
neural networks underlying reward are conserved in zebrafish.

1.3. Using Genetic
Screens in Zebrafish
to Identify Factors
Affecting Reward
and Dependence

In situ expression analysis, immunohistochemical staining or anal-
ysis of morphological phenotypes has been successfully used in
genetic or pharmacological screens in zebrafish to identify factors
influencing developmental phenotypes (e.g. reviewed in (27)).
Behavioural genetic screens are also becoming increasingly pop-
ular (28–31). Mutagenesis screens, where the genome is muta-
genized, phenotypes identified and the gene cloned, can lead to
novel and unexpected findings: genes and pathways not previously
thought to be involved in a given phenotype may be discovered
to have a critical role. This approach can therefore lead to sig-
nificant breakthroughs. Recently, two groups have demonstrated
the feasibility of the use of behavioural genetic screens to iden-
tify factors affecting reward responses to drugs of abuse (16, 19).
Darland and Dowling (16) used conditioned place preference in
response to cocaine administration to screen for factors affecting
cocaine sensitivity. Ninkovic et al. (18) used a similar approach
to screen for factors affecting amphetamine reward: of the 1,128
mutagenised zebrafish genomes screened by Ninkovic et al. 26
were identified as potentially mutant in the reward response to
amphetamine. Although potential effects on the visual system may
influence conditioned place preference responses, these studies
demonstrate the feasibility of applying behavioural genetic screens
in zebrafish to the study of addiction if suitable behavioural assays
that assess compulsive drug taking and relapse can be established.

We have examined zebrafish conditioned place preference
responses to two of the most commonly abused drugs, nicotine
and ethanol, with an aim of developing assays of addiction in
zebrafish. We used persistent conditioned place preference despite
adverse consequences as a criterion for dependence, and rein-
statement or ‘reactivation’ of conditioned place preference fol-
lowing extinction as a model for relapse. Our data demonstrate
that zebrafish are indeed a relevant model for the study of addic-
tion and pave the way for the use of this system for the analysis of
genetic factors influencing vulnerability to drug dependence and
addiction.

2. Methods

2.1. Subjects
and Maintenance
of Zebrafish

Zebrafish were maintained according to established protocols
(32). Experiments were performed on sex and age matched,
4–6 month old, 0.5–0.7 g Tuebingen or Queen Mary wild-type
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zebrafish (originally sourced from a local pet shop) bred in house.
The fish were maintained at 28 ± 1◦C on a 14 h light, 10 h dark
cycle. All zebrafish were handled in accordance with home office
licensing regulations.

2.2. Conditioned
Place Preference
Paradigm

A balanced conditioning paradigm modified from Darland and
Dowling (16) was used to assess the reinforcing properties of
ethanol or nicotine in zebrafish as described in Kily et al. (17). The
testing apparatus was a 2 l rectangular tank (Aquatic Habitats,
Apopka, FL, USA) that could be divided in half with a Perspex
divider. Each end of the tank had distinct visual cues (1.5-cm
diameter black spots uniformly distributed on all sides versus ver-
tical 0.5-cm wide black and white stripes). Basal preference was
determined for each fish each day over a 3-day period: individual
fish were transferred to the conditioning apparatus and allowed
to settle for 5 min before the time spent on a given side of the
tank over the following 2 min being determined. After 3 days
of baseline determination fish were subject to conditioning: indi-
vidual fish were transferred to the testing tank, allowed to settle
for 5 min before being restricted first to the preferred side for
20 min using a Perspex divider and then to the least preferred
side for 20 min in the presence of either 30 μM (5 mg l–1) nico-
tine, 175 mM [1.0% (v/v)] ethanol or fish-water. Drugs were
added in a volume of 10 ml so as to give the desired final concen-
tration. After treatment the fish were removed to fresh water in
clean tanks and returned to the aquarium. To determine the rein-
forcing effects of ethanol or nicotine, the place preference of each
fish was determined either the following day (for single exposure
analysis) or after 1–4 weeks of daily conditioning. Any change in
place preference was determined by subtracting the baseline time
spent on the drug-treatment side from the final time spent on the
drug-treatment side expressed as a percent of the testing period.
Fish that showed a greater than 70% baseline preference for either
side of the tank (i.e. spent more than 70% of the testing period
on one side of the tank), approximately 10% of fish tested, were
not used further. All fish tracking was performed manually with
assessment of place preference performed by an observer blinded
to the treatment conditions.

2.3. Mecamylamine
Inhibition
of Nicotine-Induced
Place Preference

Following determination of basal preference the effect of pre-
incubation in the nicotinic receptor antagonist mecamylamine
on nicotine-induced place preference was determined. Individual
fish were submerged in 30 ml of 100 μM mecamylamine in a
50 ml beaker for 5 min before being transferred to the condi-
tioning tank. Fish were allowed to settle for 5 or 15 min in the
conditioning tank before being restricted to their least preferred
side and exposed to either 30 μM nicotine or saline for 20 min.
The effect of pre-treatment with mecamylamine on changes in
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place preference following a single conditioning session or fol-
lowing repeated daily conditioning over a 3-week period was
determined.

2.4. Conditioned
Place Preference
Despite an Adverse
Stimulus

Removal from the tank to the air was used as punishment in an
adverse stimulus test as described in Kily et al. (17). Following
4 weeks of conditioning, the effect of punishment compared with
restriction on the number of returns made to the drug-treatment
side over a 10-min period was determined. Single fish were placed
in the conditioning apparatus, allowed a 5-min settling period
and then each time the fish entered the drug-treatment side it
was restricted to the non-drug-treatment side for 30 s using a
Perspex divider. After 30 s the divider was removed and the fish
allowed free access to the whole tank. The number of returns
made over a 10-min period was determined. An hour later each
fish was returned to the testing apparatus, allowed 5 min to set-
tle and then each time the fish entered the drug-treatment side it
was removed from the tank to the air for 3 s. On return to the
tank, the fish was restricted to the non-drug-treatment side for
30 s to allow recovery. After this time the divider was removed
and the fish allowed free access to the tank. Again the number of
returns made over a 10-min period was determined. Tests were
carried out on 18–20 fish for each treatment group with two par-
allel control groups.

2.5. Reactivation
of Conditioned Place
Preference Following
Extinction

Following 4 weeks of daily conditioning fish were assessed for
their conditioned place preference as described above. Fish were
then subject to extinction training: individual fish were placed in
the conditioning apparatus, allowed to settle for 5 min before
the visual cues were placed round the tank. Fish were allowed
free access to all areas of the tank (in the absence of a divider)
for 20 min before being returned to their housing tanks. This
procedure was repeated each day over a 2-week period. After 1
and 2 weeks the place preference of each fish was assessed (as
described above). After 2 weeks preference had returned to, and
remained, within 5% of basal and the ability of drug-priming to
reactivate the conditioned place preference was assessed: individ-
ual fish were placed in a plain experimental tank (in the absence
of a dividing panel) and allowed to settle for 5 min. Fish were
then exposed to either 1% ethanol, 10 μM nicotine or fish water
for 10 min. After this time fish were transferred to clean water in
a fresh tank, allowed to settle for 3 min before the visual cues
were placed round the tank. The time spent in the previously
drug-conditioned side in 2-min increments over the next 15 min
was determined. An increase in time spent in the drug-paired side
compared to the extinction basal was taken as indicative of reacti-
vation of conditioned place preference.
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2.6. Statistical
Analysis

CPP was analyzed using ANOVA followed by Tukey’s post-hoc
comparison and by paired or two sample t-test as appropriate.
Conditioned place preference despite an adverse stimulus data
were analyzed using two-way ANOVA with a repeat measure
over condition (restricted versus punished) using Graphpad Prism
5, Instat (GraphPad, San Diego, CA, USA), followed by post-
hoc two-sample or paired t-test, as appropriate, with Bonferroni
adjustment.

3. Results
and Discussion

Using self-administration (15) and conditioned place preference
assays (16–18) we and others have shown that zebrafish show
reinforcement responses to common drugs of abuse including
ethanol, nicotine, amphetamine, cocaine and opiates, and are
thus a suitable model for analysis of factors affecting ‘reward’.
Our work reviewed here further demonstrates that on prolonged
exposure to nicotine or ethanol, zebrafish show persistent drug
seeking in the face of adverse stimuli, and that drug seeking can
be reinstated following extinction using stimuli that induce rein-
statement in mammalian models and relapse in humans. Thus
our work supports the use of zebrafish as a model system for the
study of genetic/molecular mechanisms underlying vulnerability
to drug dependence and addiction.

3.1. Prolonged
Exposure to Ethanol
or Nicotine Induces
Persistent
Conditioned Place
Preference
in Zebrafish

As described previously (17) zebrafish show conditioned place
preference reinforcement responses to both ethanol and nico-
tine following either single or repeated drug exposure (Fig. 7.2).
However, there are a number of criteria (see DSM-IV 1994,
Table 7.1) that need to be met before conditioned place prefer-
ence can be considered a model of dependence rather than rein-
forcement. These include the persistence of the response despite
prolonged abstinence and conditioned place preference in the
face of adverse consequences. We examined our model against
these criteria following 1–4 weeks of daily conditioning using
1–3 weeks as a period of abstinence and 3 s removal from the
tank as an adverse consequence. As the number of conditioning
sessions increased both the magnitude (Fig. 7.2) and persistence
(Fig. 7.3) of the conditioned place preference response increased.
After 4 weeks of daily conditioning robust conditioned place pref-
erence that persisted over 3 weeks of abstinence was established
(Kily et al., Fig. 7.3). Persistent drug seeking despite adverse con-
sequences was seen after 4 weeks of daily conditioning (Fig. 7.4)
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Fig. 7.2. Conditioned place preference induced by nicotine or ethanol exposure. a Nicotine. b Ethanol. For both nicotine-
treated (a) and ethanol-treated (b) fish a single 20-min conditioning session or daily conditioning over a 1–3 week
period induced significant change in preference for the treatment side (∗p < 0.05, ANOVA). Conditioned place preference
increased as the number of conditioning sessions increased such that the place preference seen after 3 weeks of
conditioning was significantly greater than that seen after either a single exposure or after 1 week of conditioning
(∗∗p < 0.05).

but not after lesser treatment periods (not shown). This is consis-
tent with the idea proposed by Everitt and Robbins (9) and others
that, on prolonged exposure, there is a gradual loss of control of
drug taking towards compulsion; not until fish had experienced
4 weeks of exposure did they exhibit compulsive drug taking (or
dependence) defined by drug seeking in the face of adverse con-
sequences. However, as in our adverse stimulus test the fish must
learn not to enter the punishment area, it is also possible that
the continued entrance into the punishment-paired area resulted
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Fig. 7.3. Ethanol and nicotine induced conditioned place preference persists over prolonged periods of abstinence.
a Nicotine. b Ethanol. a Fish that had been subject to 3 or 4 weeks of daily conditioning to 30 μM nicotine showed
significant place preference for the drug-paired side 1 day or 1 week after last drug exposure. Fish that had been
subject to 4 weeks of daily conditioning showed significant conditioned place preference that persisted over 3 weeks of
abstinence (∗p < 0.05). b Fish that had been subject to daily conditioning to 175 mM ethanol for 1 day or 1–4 weeks
showed significant place preference for the drug-paired side 1 day after last drug treatment. Fish that had been subject to
3 or 4 weeks of conditioning showed persistent place preference 1 week after the last drug exposure. Fish that had been
subject to 4 weeks of daily conditioning showed significant place preference that persisted over 3 weeks of abstinence
(∗p < 0.05).

from decreased ability to acquire new learnt behaviours. There is
indeed evidence that repeated exposure to and withdrawal from
drugs of abuse, including ethanol (33), leads to a decreased ability
to acquire new learnt behaviours. This decreased ability to learn
has been interpreted as due to effects on synaptic plasticity (33).
Further work is required to determine whether decreased ability
to learn contributed to the increased drug seeking despite adverse
consequences seen here.
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Fig. 7.4. Conditioned place preference despite an adverse stimulus. Reproduced/adapted with permission from Kily et al.
(17). Fish were punished by 3-s removal from the tank each time they entered the treatment-paired side: a punished
versus unpunished/restricted control fish; b nicotine-treated and paired control fish; c ethanol-treated and paired con-
trol fish. a Fish that were punished by removal from the tank for 3 s made significantly fewer returns to the treatment
side compared to unpunished/restricted fish (two-sample t-test ∗p < 0.01). b and c Number of returns made to the
drug-paired side in the face of restriction or punishment. Data were subject to two-way repeat-measures ANOVA anal-
ysis followed by post-hoc, paired or two-sample, t-test, as appropriate, followed by Bonferroni adjustment. Following
Bonferroni adjustment comparisons were significant at the p < 0.01 level. b Fish that had been conditioned for 4 weeks
with 30 μM nicotine made more returns to the drug-paired side than control fish when either restricted (two-sample
t-test, P=0.03) or punished (two-sample t-test, ∗p < 0.01). 3-s removal from the tank caused a significant reduction in
returns made by control fish (paired t-test, restricted compared with punished, ∗∗p < 0.01) but not nicotine-treated fish.
Repeat-measures two-way ANOVA analysis showed there to be a significant interaction between drug treatment and
punishment (punishment plus drug interaction F1,34 = 8.74, p = 0.006). c 3-s removal from the tank caused a signifi-
cant reduction (paired t-test, restricted compared with punished, ∗p < 0.01) in number of returns made by both control
fish and fish that had been conditioned for 4 weeks with 175 mM ethanol. Fish that had been conditioned for 4 weeks
with 175 mmol l–1 ethanol made significantly more returns to the drug-paired side when punished (two-sample t-test
∗∗p < 0.01) but not restricted. Repeat measures two-way ANOVA analysis showed there to be a significant interaction
between drug treatment and punishment (punishment plus drug interaction F1,34 = 7.24, p = 0.011).

3.2. Nicotinic
Antagonists Prevent
Nicotine-Induced
Conditioned Place
Preference

In order to confirm that conditioned place preference responses
were due to effects of the drug rather than general environmen-
tal habituation, we examined the ability of pre-exposure to the
nicotinic antagonist mecamylamine to prevent nicotine-induced
conditioned place preference. As expected, nicotine-induced con-
ditioned place preference was prevented by pre-exposure to
the nicotine-receptor antagonist mecamylamine 15 min prior to
conditioning (Fig. 7.5a). Interestingly, when conditioning was
performed only 5 min after mecamylamine pre-treatment, fish
exposed to mecamylamine alone showed a change in preference
towards the conditioned side (Fig. 7.5b). There was no signif-
icant difference between the change in preference seen when
mecamylamine pre-treatment was followed by conditioning to
saline and when mecamylamine pre-treatment was followed by
conditioning to 30 μM nicotine. Although detailed explana-
tion of this result requires further investigation, it suggests that
the neural networks regulating dopaminergic signalling and rein-
forcement in zebrafish are conserved with mammals. In mam-
malian systems nicotinic acetylcholine receptors are present on
dopaminergic, GABAergic and glutamatergic neurons within the
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Fig. 7.5. Inhibition of nicotine-induced conditioned place preference by pre-exposure to mecamylamine. a 15-min expo-
sure to mecamylamine 15 min prior to conditioning. b 15-min exposure to mecamylamine 5 min prior to conditioning.
a A single 20-min exposure to 30 μM nicotine or daily conditioning over a 3-week period induced a significant (p < 0.05)
change in place preference for the drug-paired side. 15-min pre-exposure to mecamylamine before the conditioning
sessions prevented this nicotine-induced conditioning place preference. b A single 20-min exposure to 30 μM nicotine
induced a significant (p < 0.05) change in place preference for the drug-paired side. 15-min pre-exposure to mecamy-
lamine 5 min before the conditioning session reduced but did not prevent the nicotine-induced place preference. 15-min
exposure to mecamylamine 5 min prior to conditioning led to a significant change in preference for the treatment-paired
side (in this case saline).

ventral tegmental area. The major endogenous cholinergic input
appears to contact GABAergic rather than dopaminergic neu-
rons with nicotinic stimulation of GABAergic neurons inhibiting
dopaminergic neuron firing (34, 35). Thus, inhibition of endoge-
nous nicotinic tone would be predicted to lead to inhibition of
these GABAergic neurons and an increase in dopamine release
(see Fig. 7.6) that may be sufficient to cause reinforcement
responses. Furthermore, as the kinetics of mecamylamine action
at different nicotinic receptors differs such that in rats non-α7
receptors present on GABAergic interneurons appear to be more
sensitive to inhibition by mecamylamine (36) than those present
on glutamatergic interneurons, these data are consistent with a
similar organisation of nicotinic receptor subtypes in the zebrafish
ventral tegmental area: nicotinic receptors present on GABAergic
neurons were more sensitive to inhibition by the dose of mecamy-
lamine used here than hypothesized nicotinic receptors present
on glutamatergic neurons. Thus these data suggest that cholin-
ergic regulation of the neural networks regulating dopaminer-
gic signalling and reinforcement in zebrafish are conserved with
mammals.

3.3. Reactivation
of Conditioned Place
Preference
in Zebrafish

As stated above, relapse to drug taking even after prolonged absti-
nence is a characteristic of addiction and is a major problem for
its treatment. Our understanding of the neurobiology underly-
ing relapse, as well as the identification of several therapeutics,



176 Brennan et al.

ACh

GABA

+

DA

+

–

non α7 nAchR.

α7 
nAchR

To nucleus 
accumbens

From
pre-
frontal
cortex

Fig. 7.6. Schematic illustrating the role of nicotinic receptors in the control of dopamine neuron activity in the ventral
tegmental area. Based on Mansvelder and McGehee (35). Dopaminergic (DA) neurons receive input from excitatory glu-
tamatergic (Glu) neurons from the prefrontal cortex as well as inhibitory input from GABAergic neurons. Endogenous
acetylcholine (ACh) release from brainstem cholinergic neurons contributes to the GABAergic input to ventral tegmen-
tal area dopaminergic neurons. Non-α7 nicotinic acetylcholine receptors (nAChR) present on both dopaminergic and
GABAergic neurons can excite dopaminergic and GABAergic neurons directly, while α7 receptors can enhance release
from glutamatergic terminals. In the presence of low levels of nicotine the non-α7 receptors desensitize rapidly effec-
tively inhibiting GABAergic inputs to the dopamine neurons. The α7 nAChRs are less sensitive to desensitization at low
nicotine concentrations. Thus low doses of nicotine enhance glutamatergic inputs relative to GABAergic inputs leading to
a net increase in excitation of the dopaminergic neurons.

has come in large part from analysis done in reinstatement
models of relapse in laboratory animals. Reinstatement of drug
seeking following extinction either by periods of abstinence or
by active training is an established model for relapse (3, 10).
Our data demonstrating that zebrafish show persistent condi-
tioned place preference and conserved persistent changes in gene
expression (17) following repeat exposure to ethanol or nico-
tine suggests that zebrafish may also show stimulus-induced rein-
statement/reactivation following extinction. Thus, to determine
whether zebrafish can be used as a model system to assess fac-
tors contributing to vulnerability to relapse we have conducted
preliminary studies to determine whether drug-induced condi-
tioned place preference could be reactivated in zebrafish using
single non-contingent drug exposure. As shown in Fig. 7.7
ethanol-induced conditioned place preference, and to a lesser
extent nicotine-induced conditioned place preference, can indeed
be reactivated in zebrafish by non-contingent drug exposure as in
mammals.
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Fig. 7.7. Drug-primed reinstatement of conditioned place preference. Following
4 weeks of daily 20-min exposure to either 1% v/v ethanol or 30 μM nicotine fish
showed a 50 or 35% change in preference for the ethanol or nicotine-paired side
respectively (not shown). This preference was extinguished by daily conditioning in the
absence of any drug until preference returned to basal and remained there for a one-
week period (not shown). 10-min exposure to either 1% ethanol or 10 μM nicotine
reinstated the ethanol-induced (∗p < 0.05) or nicotine-induced (∗∗p < 0.1) conditioned
place preference.

4. Conclusion

In summary, our work demonstrates that zebrafish show robust
reinforcement responses to both ethanol and nicotine, the two
most commonly abused drugs in society today. We also demon-
strate that on repeated exposure to either of these drugs zebrafish
show the addiction-related behaviours of drug seeking despite
adverse consequences (compulsive drug seeking) and stimulus-
induced relapse following prolonged periods of withdrawal. Thus,
our work establishes zebrafish as a behavioural model system for
the analysis of neurobiological mechanisms underlying addiction.
Our assays, coupled with the relative ease with which one can per-
form genetic analysis, including forward mutagenesis screening,
and the existence of detailed microsatellite maps, make zebrafish
an attractive model for studies addressing factors influencing vul-
nerability to addiction.
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Chapter 8

Zebrafish Biogenic Amine Transporters and Behavior
in Novel Environments: Targets of Reuptake Inhibitors
and Pesticide Action as Tools for Neurotoxicology Research

Georgianna G. Gould

Abstract

Central monoamine systems (e.g., dopamine, serotonin, norepinephrine) are associated with motivation,
locomotion, social behavior, emotion, and mood. Biogenic amine transporters regulate neurotransmis-
sion by removing neurotransmitters from synapses and extracellular fluid. Despite evolutionary diver-
gence, teleost fish and mammalian transporter proteins appear similar, particularly at active binding sites.
However, it is not clear if the similarities extend to functional responses, reuptake-inhibiting drugs, or
involvement in delayed neurotoxic responses to pesticide exposures. Under certain exposure conditions,
alterations in expression and function of these transporters may be more sensitive biomarkers of pesticide
exposure or neurodegenerative disease risk than acetylcholinesterase inhibition. Zebrafish (Danio rerio)
behavioral assays targeting associative responses such as anxiety are useful as pharmacological and toxi-
cological screens, or for studying modulation of behavior by central neurotransmitter systems. In novel
environments, zebrafish go to tank bottoms and dark backgrounds, a stereotypical behavior (attributed
to predator anxiety) forming the basis of the novel light/dark aquatic plus maze characterized in this
chapter. Such behavioral paradigms are an essential component to establish zebrafish as pharmacological
and toxicological research models. Herein adult zebrafish are exposed to reuptake inhibitors and repre-
sentative organochloride, organophosphate, or pyrethroid pesticides at 1 μg day−1 for 21 days, tested
for anxious response in the light/dark plus maze, then assayed for dopamine and serotonin transporter
density by radioligand binding. Exposures to these compounds variably affect dopamine and serotonin
transporter density and alter behavior in the maze as compared to controls.

Key words: Dopamine, serotonin, norepinephrine, monoamine systems, amine transporters, acetyl-
cholinesterase inhibition, mammalian homology, SERT, DAT, transporter mechanisms, Parkinson’s
disease, pesticide, light-dark plus-maze, expression regulation, toxicology.
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1. Occupational
Pesticide
Exposures
and Elevated Risk
for Parkinson’s
Disease

For agricultural and horticultural workers, formulators, or others
routinely using pesticides, repeated occupational exposures pose
long-term neurotoxicological health risks. Epidemiological stud-
ies indicate that individuals working with pesticides and their
immediate families are at higher risk of developing neurodegen-
erative disorders than the population at large (1–4). There is
a strong association between Parkinson’s disease and pesticide
exposure, but insufficient evidence for a causal link, due in part to
the broad chemical spectrum of pesticides used (5–7). Aside from
the paraquat-like neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), mechanisms linking exposures to neurode-
generation are evasive (8). Other Parkinson’s risk factors, such as
farming, drinking well water, and rural living, are also associated
with environmental pesticide exposure (6, 9). Risks of neurotox-
icological effects from low-to-moderate level pesticide exposures
increase with frequency, and depend upon chemical composition
and the person’s vulnerability at the time of exposure.

Typical occupational pesticide exposures are in the ppb–ppt
range, occurring semiannually over weeks or days (10–14). In
general, pesticide exposures collectively increase the overall risk of
developing neurodegenerative disorders by 2–3% (5, 15). Further
elevation of risk is linked to specific pesticides, high-dose poi-
soning events, and exposure to mixtures (8, 16–19). With pes-
ticide mixtures, additive or synergistic effects may enhance the
adverse properties of individual compounds (e.g., (20, 21)).
In animal models, certain pesticides or combinations reproduce
anatomical, neurochemical, behavioral, and/or pathological fea-
tures of Parkinson’s disease (22–24), allowing mechanistic studies
of pathology.

Cognitive and emotional impairments may also result from
pesticide-induced alterations of the central nervous system, the
mechanisms of which can be uncovered through exposure and
behavioral studies in animal models. High-dose exposure to
organophosphate pesticides is associated with depression and anx-
iety disorders in farmworkers (25–27), and anhedonia is evident
in rats following perinatal exposure to chlorpyrifos (28). Further,
chronic low-level pesticide exposures are associated with impair-
ments in concentration, learning, problem solving, and memory
that last long after discontinuation of exposure, and can be repro-
duced in rodent behavioral parallels (29, 30). Hence, while mech-
anistic links between pesticide exposure, neurodegenerative, and
psychiatric disorders are evasive, the association seen in work-
ers is reproducible in animal models. Comprehensive exposure
testing in representative systems is needed to establish criteria
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for acceptable levels of occupational and environmental exposure,
and to estimate long-term health risks.

2. Potentiation
and Exposures
During Critical
Stages of Brain
Development

Elevated risk for Parkinson’s disease from “take-home” environ-
mental pesticide exposure during childhood or prenatal develop-
ment has been documented in agricultural families (16, 31–35).
Parkinson’s arising late in life may stem from cumulative effects of
earlier pesticide exposures. In rodent models, pesticide or MPTP
pre-exposure can exacerbate dopaminergic degradation in sub-
sequent pesticide exposures (e.g., (8)). Early exposure to some
pesticide classes may persistently increase dopamine transporter
(DAT) expression or function, providing a ready window for
MPP+-like metabolites to enter dopamine (DA) neurons, render-
ing them more vulnerable to subsequent neurotoxin challenges
(36–40). Pre-exposure to certain pesticides during critical stages
of brain development can amplify these effects in animal mod-
els, and serotonin transporters (SERT) may be similarly upreg-
ulated (41–44). Potentiation by repeated pesticide exposures is
consistent with a “Multiple Hit Hypothesis” of Parkinson’s dis-
ease, in which age-related DA neuron degeneration is accelerated
in a stepwise fashion by various factors (16, 24, 45, 46).

The underpinnings of pesticide potentiation mechanisms can
be readily studied in zebrafish (Danio rerio) with their rapid devel-
opment, but the sensitivity of their monoamine systems to dif-
ferent pesticide classes needs further characterization (47). Also,
exposure techniques and dosing levels for hydrophobic pesti-
cides (and other compounds) require refinement in zebrafish
toxicity studies to reduce uptake variability and solvent effects
(48, 49). Nevertheless, headway has been made: for exam-
ple, zebrafish larvae, like humans and primates, are sensitive
to Parkinson’s-inducing MPTP, while rodents are less so (47,
49–52). As in rodents (41, 42, 53), zebrafish SERTs are sensitive
to organophosphates like chlorpyrifos (54). Given that chil-
dren of workers occupationally exposed to pesticides are them-
selves also exposed, it is important to model exposure during
critical stages of development for comprehensive environmen-
tal risk assessment. Early developmental exposure of zebrafish
to chlorpyrifos impairs swimming activity and spatial learn-
ing into adulthood (55, 56). Characterization of potentiation-
inducing circumstances in repeated pesticide exposure scenar-
ios may stimulate safer practice guidelines, and lead to better
approaches to neuroprotection for pesticide workers and their
families.
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3. Sensitivity
of Acetyl-
cholinesterase
versus Biogenic
Amine Systems

Inhibition of acetylcholinesterase (AChE), the enzyme respon-
sible for breakdown of the neurotransmitter acetylcholine, is
often used as a biomarker of acute high-dose pesticide expo-
sures. However, AChE inhibition may be too crude an indicator
to monitor and identify low-to-mid level repeated pesticide expo-
sures, while biogenic amine system receptors and transporters may
be more sensitive indicators. Clinical evidence suggests resultant
mood and cognition impairments from pesticide exposures are
not due to AChE inhibition, but may instead be due to functional
changes in biogenic amine systems (18, 29, 57). Chlorpyrifos
exposure during critical stages of brain development, at doses
below the threshold for AChE activity inhibition, persistently
alters monoamine metabolism, serotonin receptor and transporter
expression in rats (41, 42, 53). It also produces behavior consis-
tent with animal models of depression, and impairs associative
learning, despite psychostimulant reward, in conditioned place
preference tasks and spatial learning (28, 30, 58). This suggests
that mammalian biogenic amine systems and associated emotional
or cognitive behaviors may be more prone to chronic low-level
pesticide exposure effects than AChE activity. Zebrafish AChE
activity is inhibited by chronic (144–250 day) organophosphate
bath exposure (parathion) at ≥1 μg l−1 concentrations, as is the
AChE of fathead minnows, a standard EPA aquatic toxicity model
(59, 60). Whether zebrafish biogenic amine systems are also more
sensitive than their AChE activity to sub-acute, low-to-mid level
pesticide exposures is of interest.

Central dopamine and serotonin systems are associated with
motivation, locomotion, social behavior, emotion, and mood.
Serotonin (SERT) and dopamine (DAT) transporters take up
serotonin (5-HT) or dopamine (DA) from synapses and extra-
cellular fluid in brain into neurons for reuse. Chronic admin-
istration of 5-HT or DA reuptake inhibitors reduces SERT
or DAT binding (61, 62). In rodents, during all life stages,
chronic organochloride exposures persistently increase DAT den-
sity in brain, and deplete DA levels (3, 63–65). DAT is upreg-
ulated for up to a month following discontinuation of low-
dose (1.5 mg kg−1), subchronic pyrethroid exposures (37,
63, 66). Chlorpyrifos exposures during critical stages of brain
development increase SERT levels into adulthood (41, 42,
44, 53). If human and zebrafish DAT and SERT are also
more sensitive than AChE activity to intermittent, developmen-
tal, or chronic low-dose pesticide exposures, their expanded
use as biomarkers could improve exposure modeling and
monitoring.
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4. Zebrafish
to the Rescue:
Teleost Serotonin
and Dopamine
Systems

Zebrafish (Danio rerio) are an excellent model organism for
toxicological studies of pesticide exposures and pharmacological
screening because of their shared properties with mammalian cen-
tral neurotransmitter systems, rapid development, ease of culture
and dosing, and recognition as a refinement to the use of mam-
mals to reduce animal suffering (67–73). Despite over 350 mil-
lion years of divergence and two gene duplication events (74, 75),
biochemical and molecular properties of critical DA and 5-HT
system proteins are largely conserved among zebrafish and mam-
mals, particularly at active binding sites (76, 77). Structurally,
zebrafish monoamine systems are simpler, yet they exhibit par-
allels with mammals (49). Neural fibers connecting part of the
zebrafish diencephalon (midbrain equivalent) and pallial regions
of the telencephalon (paleostriatum) resemble rodent ascending
limbic pathways, and function in learning memory and locomo-
tion (78–80). Differences such as zebrafish dopamine neurons
being expressed in diencephalon instead of mesencephalon, and
an apparent lack of epinephrine (adrenaline) neurotransmission
in zebrafish brain are to be expected (49). Yet in balance, if most
functional binding properties and pathways are indeed conserved,
zebrafish hold great promise for high throughput toxicity and
pharmaceutical screening.

The fish serotonin (5-HT) system is associated with social
interactions, mating, learning, and memory (81–84). There are
multiple high-affinity binding sites for 5-HT in the teleost
brain (85). A high-affinity binding site for the 5-HT reuptake
inhibitor [3H] paroxetine occurs in teleost lymphocytes (86).
Two serotonin transporters (SERTa and SERTb) with 77% shared
sequence identity have been cloned from zebrafish brain and
appear to share functional properties with mammalian SERTs
(87). SERTa, by phylogenetic sequence analysis is more homol-
ogous to human, mouse, rat, and chicken SERTs than SERTb,
which shares 75% sequence similarity with other vertebrate SERTs
(87). Zebrafish embryonic and adult SERTs are located presy-
naptically, SERTa is highly expressed in the raphae and dien-
cephalon, while SERTb is limited to the medulla and retina
(88). Functionally, the pharmacological profile of zebrafish and
mammalian SERTs is largely conserved, except for the zebrafish
SERTa expressing high affinity for desipramine and related com-
pounds (89).

Dopamine in fish is associated with locomotion, foraging,
and addictive behavior (90–92). A region anatomically similar
to the DAT-rich striatum occurs in the zebrafish telencephalon
(93). A zebrafish DAT was cloned from cDNA to facilitate
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ontogenetic studies of the embryonic DA system (94). The
zebrafish DAT and human DAT appear homologous, with 76%
amino acid identity (94). Following withdrawal from repeated
cocaine administration, zebrafish DAT expression decreases and
DA levels increase (95). In MPTP-challenged zebrafish, DAT
was protected by the DA reuptake inhibitor nomifensine, but
not by the norepinephrine reuptake inhibitor desipramine, hence
pharmacologically it is more similar to human DAT than the
nematode Caenorhabditis elegans DAT, which is blocked by both
inhibitors (47). Zebrafish monoamine systems are responsive
to pesticide exposures at occupationally relevant doses, particu-
larly during embryonic development (47, 50, 51). Thus, there
is a great extent of conservation between teleost and mam-
malian central biogenic amine system function, receptors, and
transporters.

Biogenic amine systems are involved in both learning and
substance dependency, and zebrafish are particularly amenable
to associative learning tasks, and as their motivation and reward
pathways closely parallel those in mammals, they are increasingly
used in addiction studies (68, 96–98). Multiple versions of condi-
tioned place preference paradigms for zebrafish have been devel-
oped to examine drug sensitivity and to study learning behavior
and its genetic or pharmacological impairment (e.g. (99–101)).
Exposure of embryonic zebrafish to the pesticide chlorpyrifos
produced learning deficiencies in adult zebrafish (55, 56, 71).
Conditioned place preference tests in zebrafish may also reveal
pesticide-induced learning deficiencies that involve alterations in
dopaminergic and serotonergic systems, consistent with clini-
cal reports of impaired cognition following pesticide exposures
(29, 30). Hence, given that most functional binding proper-
ties and pathways are either conserved with or closely paral-
lel mammalian systems, zebrafish hold great promise for high
throughput toxicity testing with both neurochemical and behav-
ioral endpoints.

5. The Aquatic
Light/Dark Plus
Maze: A New Tool
for Pharmacology
and Toxicology
Screening
with Zebrafish

Anxiety affects emotion and cognition and is associated with
stereotyped behavioral responses in humans and animal mod-
els. The elevated plus maze for rodents is a widely used exam-
ple of an anxiety-based behavioral performance test sensitive
to drugs, genetic manipulations, neurotoxins, and other factors
affecting emotionality (102). Anxious responses can be altered by
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administration of benzodiazepines, serotonin or norepinephrine
reuptake inhibitors (see e.g., (103)) and other compounds,
including pesticides such as chlorpyrifos (28). One approach to
modeling anxiety in fish focuses on associative learning wherein
fish are confronted with predator odor, alarm-pheromones, flee-
ing conspecifics, or electric shock (49, 104–106); the perceptible
cues employed are tied to very real environmental risks, so anxious
behavior is reflexive. An alternative approach places zebrafish in
unfamiliar environments and observes their response. Individual
zebrafish introduced into novel tanks initially swim close to walls
and tank bottoms, a thigmotaxic and putatively anxious predator
avoidance response (107). Levin et al. (108) compared the ver-
tical location of nicotine-treated zebrafish to control zebrafish in
a novel dive tank for 5 min: upon introduction, untreated fish
dove to tank bottoms, and swam higher in the tanks after sev-
eral minutes, while nicotine-exposed fish swam high sooner in a
dose-dependent manner. This assay holds great promise for rapid
pharmacological and toxicological screening for anxiolytic prop-
erties of compounds in zebrafish.

A new and different novel environment-based test is
described here for zebrafish that can be used alone or in con-
junction with the dive tank of Levin et al. (108) to reveal sev-
eral dimensions of defensive versus exploratory behavior. It is
a light-dark plus-maze for zebrafish (and similar species) based
upon the rodent elevated plus-maze anxiety test, with black arms
analogous to closed arms, and white arms in place of open arms.
The aquatic plus-maze is predicated on the innate preference of
zebrafish for dark backgrounds when introduced into novel envi-
ronments (109), which can be altered by exposure to ethanol and
other anxiolytic compounds (68). In the study presented in this
chapter and in validation studies with other drugs, adult zebrafish
were used, but the maze at full size is also amenable for testing
older juvenile zebrafish, and adults of other fish species such as
goldfish (small) or fathead minnows. The concept that the maze
can be scaled down for more efficient and effective testing of lar-
val and young juvenile fish is currently being validated. In the
following study, zebrafish are chronically exposed to the pesti-
cides chlorpyrifos, dieldrin, the SERT uptake inhibitor sertraline
(a demonstrated anxiolytic in rodent elevated plus maze), and the
DAT uptake inhibitor GBR 12909 for 21 days via spiked diet.
Zebrafish are subsequently tested, first in the dive tank, then in
the aquatic light/dark plus maze. With some exceptions, results
from the two tests generally agree for most exposures performed.
However, the instances in which the two tests yield different
results present a tantalizing basis for further dimensional discrim-
ination and interpretation of innate anxious responses in novel
environments.
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6. Effects
of Chronic Dietary
Pesticide
or Pharmaceutical
Exposure on Adult
Zebrafish SERT,
DAT and Behavior
in Novel
Environments

6.1. Introduction Chronic exposure to low-to-moderate levels of pesticides may
elicit neurobiological changes in all vertebrate central biogenic
amine systems. The aim of this study was to determine if chronic
exposure to pesticides can produce neurobiological changes in
zebrafish central biogenic amine systems. The working hypoth-
esis was that zebrafish SERT and DAT, like rodent SERT and
DAT, might be more prone to altered expression and/or function
from chronic pesticide exposures from one or more commonly
used classes (organophosphates, organochlorides, or pyrethroids),
than AChE activity might be. Such effects, on serotonergic
and/or dopaminergic systems may manifest in altered behav-
ior in a novel environment-based anxiety test. Both the novel
dive tank and aquatic light-dark plus maze tests were used to
determine if such effects occurred with these pesticide expo-
sures. If similarities between rodent and fish biogenic amine
systems extend to their response to pesticides, then chronic expo-
sures should produce similar neurobiological changes in zebrafish
biogenic amine systems that may affect their behavior in novel
environments.

6.2. Methods Animals: Zebrafish 60–120 days old were obtained from Aquatic
Eco-Systems (Apopka, FL). Zebrafish of mixed sex were housed
in groups of 6 per 3-l tank in a benchtop aquatic habitat on
a 14:10 light/dark cycle with lights on at 7:00 AM CST. Fish
were fed Wardley Total Tropical flake food (Hartz Mountain,
Secaucus, NJ) twice a day at approximately 8:00 AM and 17:00
PM CST. Water temperature was maintained at 27◦C. Habitat
water was filtered and deionized through a Nanopure water filtra-
tion system (Barnstead, Dubuque, IA), and supplemented with
0.2 g l−1 Instant Ocean Salt (Aquatic Eco-Systems) to reduce
osmotic stress (51). Zebrafish acclimated to their new environ-
ment for 21 days prior to commencement of experiments. The
Institutional Animal Care and Use Committee at the University
of Texas Health Science Center, San Antonio, in accordance with
the NIH Office of Laboratory Animal Welfare (110) guidelines,
approved all animal procedures.
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Pesticide Exposures: For chronic pesticide exposures, zebrafish
were housed in groups of 6 (3 males and 3 females) in 3-l aquar-
iums with under-gravel filtration systems, airstones, and pumps
(Hawkeye International, Fenton, MO). Aquaria were filled with
deionized water supplemented with 0.2 g l−1 Instant Ocean
Salt (tank water). Every day 1 l of water from each tank was
removed and replenished with fresh tank water to keep nitro-
gen waste levels low. Zebrafish received 1 μg day−1 of either
sertraline (Pfizer, Groton, CT), GBR 12909 (Sigma, St. Louis,
MO), chlorpyrifos, dieldrin, or permethrin (Chem Service, West
Chester, PA), or a mixture of all three pesticides at 0.33 μg day−1

each for 21 days. Pesticides or pharmaceuticals were mixed into
gel food (Aquatic-Ecosystems, Apopka, FL) at a concentration
1 μg/10 mg, because in a pilot study, single adult zebrafish read-
ily consumed about 7–10 mg of food within 5 min.

The gel fish food was generally mixed as follows: To adminis-
ter 1 μg day−1, 1 mg of drug or pesticide was dissolved in 250 μl
ethanol and 3,750 μl deionized water. This solution was added
to 6 g of gel food mix to achieve 10 g of food with a dose of
1 μg/10 mg. The food was mixed with a spatula in 20-ml drug
vials. Vials were stored at 4◦C with the lids off for 48 h prior to
use to allow ethanol to evaporate and food to solidify. Twice each
day 30 mg of spiked food was weighed, crumbled, and crushed
into small pieces in a plastic weigh boat, and fed to the zebrafish
in the aquaria. Control zebrafish were fed the gel fish food mixed
and weighed as for treatment groups except the food contained
no pesticides or pharmaceuticals.

Quantitative Autoradiography of Zebrafish SERT and DAT:
Following 21 days of pesticide exposure, fish were housed in clean
tanks with fresh tank water and were fed Wardley Total Trop-
ical flake food (Hartz Mountain, Secaucus, NJ) for 2 days to
allow residual drug from their systems to wash out. Fish were
then rapidly decapitated, their lower jaw severed at the mandible,
and the dorsum of the head (containing the brain) was rinsed
in ice-cold saline, patted dry with paper towel, and frozen on
crushed dry ice. Heads containing brain were stored at –80◦C
until sectioning. Coronal sections (20 μm) from frozen fish
brains (contained within skull) were cut in a cryostat (Reichert
Jung-Leica, Deerfield, IL). Sections were mounted onto gelatin-
coated, chilled microscope slides in a series of 16 slides each, with
6–7 brain sections from rostral to caudal on each slide, and dried
under vacuum for 18 h at 4◦C. Sections on slides were stored at
–80◦C until use. A zebrafish brain atlas (111) was used to identify
pertinent anatomical structures in autoradiograms.

Serotonin Transporters: Serotonin transporter (SERT) density
was determined in zebrafish brains as previously described (112).
Brain sections were prewashed for 1 h in 4◦C 50 mM Tris–HCl,
120 mM NaCl buffer, pH 7.4, incubated at 4◦C in 1 nM [3H]
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cyanoimipramine (80–85 Ci mmol−1; American Radiolabeled
Chemicals, St. Louis, MO) in the same buffer at 4◦C pH 7.4,
for 18–24 h. Nonspecific binding was determined using 5 μm
sertraline (Pfizer, Groton) and was 15–20% of total binding.

Dopamine Transporters: Dopamine transporter (DAT) den-
sity was measured in the zebrafish brains as described in (113).
Briefly, sections on slides were pre-incubated in 50 mM sodium
phosphate buffer (9.5 mM NaH2PO4

∗H2O, 40.5 mM Na2PO4),
pH 7.4 buffer at 4◦C for 20 min. Sections on slides were incu-
bated for 2 h in the same buffer containing 10 nM [3H] WIN
35428 (86 Ci mmol−1; Perkin Elmer-NEN). Nonspecific bind-
ing was determined using 5 μM mazindol (a dopamine and nore-
pinephrine antagonist, Sigma) and was 15–20% of total binding.

Quantitative Autoradiography Data Analysis: In both assays,
sections were washed in buffer at 4◦C, dipped in ice-cold deion-
ized water and dried on a slide warmer. Tritium labeled sec-
tions (on slides) were exposed to Kodak MR film (Kodak,
Rochester) for 6 weeks along with [3H] standards (American
Radiolabeled Chemicals) calibrated against [3H] brain mash per
Geary et al. (114). Films were developed using Kodak GBX
developer. Optical densities of brain images were converted to
fmol mg−1 protein and autoradiograms were captured as digi-
tal images and quantified using NIH image-based Scion Image
1.60c (http://scioncorp.com) on a Macintosh G4 running OS
9.2. ANOVA was used to analyze the effects of the chronic pes-
ticide and drug treatments on the brain regions quantified using
Statistica (StatSoft, Tulsa, OK).

Homogenate Binding to Zebrafish DAT: Brains from an addi-
tional exposure of 6 zebrafish each to 1 μg meal−1 dieldrin,
GBR 12909, or control diet were assayed for DAT site density
by homogenate binding, using the DAT and SERT specific lig-
and [125I] RTI-55 (Perkin-Elmer, Boston, MA). Binding assay
procedures were modified from Boja et al. (115). Samples were
pooled from freshly collected brains of 3 zebrafish adults each.
Brains were homogenized in 30 mM sodium phosphate buffer
containing 0.32 M sucrose, pH 7.4, that was chilled to 4◦C. The
homogenate was centrifuged at 30,600 × g (16 K rpm for a SS34
rotor), resuspended, and recentrifuged once to wash. The final
pellet was resuspended in 200 μl of buffer. Protein concentration
was assayed with Bradford reagent (Sigma, St. Louis, MO, as in
116) and measured on a spectrophotometer (Beckman Instru-
ments, Fullerton, CA). The incubation solution contained the
radioligand [125I] RTI-55 at a concentration of 50 pM in 30 mM
sodium phosphate buffer containing 0.32 M sucrose. To specify
DAT binding, 50 nM citalopram (Forrest Labs, Jersey City, NJ)
was added to the assay to mask SERT binding. Each assay was
performed in triplicate. Nonspecific binding was determined by
addition of 10 μM mazindol to a subset of tubes. Incubation took
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place for 2 h at room temperature. The incubation was stopped
with 4 ml of 30 mM sodium phosphate wash buffer, pH 7.4 at
4◦C. Labeled homogenates were captured by filtration under vac-
uum using a Brandel tissue harvester (Gaithersburg, MD) onto
glass fiber filters (Schleicher and Schuell#25, Keene, NH) pre-
soaked in 5% polyethyleneimine. Filters were then washed with
two additional 4 ml aliquots of wash buffer. [125I] Radioactivity
trapped by the filters was determined using a Packard Cobra II
auto gamma counter (Packard Instrument Co., Downers Grove,
IL) with a counting efficiency of 40%. Homogenate binding
data was analyzed by one-way ANOVA with Statistica (StatSoft,
Tulsa, OK).

Acetylcholinesterase Assays: Fish brain and muscle tissue sam-
ples were assayed for AChE activity as described in Wheelock
et al. (117) and Ellman et al. (118), with modifications. Frozen
samples were weighed and added to 2 ml of 50 mM Tris–
HCl buffer pH 8, and homogenized on ice by hand with 20
strokes in a Potter Elrehijem homogenizer. Homogenates were
centrifuged for 2 min at 5,000 × g. A 15 μl aliquot of super-
natant was assayed for protein using Bradford reagent (Sigma,
St. Louis, MO) with bovine serum albumin as a standard in 96
well microplates, and absorbance was measured at 595 nm on a
BioAssay microplate reader (HTS 7000, Perkin Elmer, Boston,
MA). Of the remaining supernatant, 100 μl was diluted 1:10,
and 100 μl of the dilution was assayed for AChE activity, using
as directed the Amplex Red Acetylcholine/Acetylcholinesterase
Assay Kit (Molecular Probes-Invitrogen, Eugene, OR) in 96 well
microplates (Costar, Corning, NY). After 30 min of incubation,
fluorescence was measured in the microplate reader with excita-
tion set at 540 nm and emission detection at 595 nm. Statistical
comparisons were made by ANOVA using Statistica (StatSoft).

Novel Environment Behavioral Assays: Zebrafish behavior in
novel environments was tested in one round of two novel envi-
ronment assays performed back to back, taking approximately
15 min for each fish to complete. Zebrafish were tested 24 h
after their last dietary exposure to pesticide or pharmaceuti-
cal. Behavior was recorded using a 7 megapixel digital camera
(HP Photosmart R742, OfficeMax, USA), mounted on a tripod
(Targus, Anaheim, CA) for the dive tank assays, or on a Kaiser
RS1 copy stand (B&H Photo and Video, New York, NY) for the
light/dark plus maze. Water filling both mazes was refreshed with
habitat water after each fish’s trial.

Dive Tank: Zebrafish were transferred from home tanks into
a 1-l beaker containing 500 ml of tank water for 3–5 min (this
step is for consistency, in other studies we exposed fish to drugs
during this time). From the beaker, fish were transferred by net
into a trapezoidal 4-l fish tank (Aquascene 1, TopFin, Phoenix,
AZ) prefilled to a depth of 18 cm with tank water, which they
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had never been housed in before. The transparent tank bottom
was placed on a black countertop, and a white board was placed
vertically behind the tank and opposite the camera and observer.
Lines dividing the tank into thirds were drawn on the outside to
facilitate behavioral scoring. Fish were observed in the dive tank
for 5 min, during which they were timed and digitally recorded
for the amount of time spent in the top 2/3 versus bottom 1/3
of the dive tank.

Light/Dark Aquatic Plus Maze: The plus maze is a mod-
ule of the offset cross maze available through Ezra Scientific
(www.ezrascientific.com, San Antonio, TX). The whole offset
cross maze is constructed of clear 0.32 cm (1/8′′) Acrylex acrylic
and is 28′′ × 20′′ high, subdivided into 4′′ × 4′′ modules by drop-
in doors. For the light/dark plus maze paradigm, the offset cross
maze is configured in a module with a 10 × 10 cm (4′′ × 4′′)
square center section that serves as the starting position for the
fish, and four arms consisting of two additional 10 × 10 cm sec-
tions opened, and all other sections closed off by sliding doors.
The maze is 10 cm deep, and was filled to a uniform depth of
5 cm with home tank water. Two opposite arm bottoms and sides
were lined with black polypropylene and the other two oppos-
ing arms were lined with white polypropylene sections cut from
file folders (OfficeMax, USA). Poly sections were clipped to the
sides with binder clips and placed on the bottom of the maze. The
gray background of the copy stand (Kaiser RS1) showed through
the middle 10 cm2 section of the maze. A 60 W clip-on light
was perched on the copy stand above the maze and behind the
camera.

After completing the dive tank, each fish was netted and
placed into the center of the light/dark plus maze to begin
a 5 min trial. The number of entries into each arm and the
amount of time the fish spent in the white versus center and dark
arms of the maze was recorded and filmed. Fish behavior in the
light/dark plus maze was scored as in the rodent elevated plus
maze (102, 103).

6.3. Results SERT and DAT Density Following Dietary Pesticide Exposures:
Serotonin transporter density was significantly reduced in
zebrafish treated for 21 days with 1 μg day−1 sertraline (SRT)
or chlorpyrifos (CPF) in the optic tectum and periventricular
hypothalamus (caudal zone), (F(6,19) = 2.4 and 3.7, p = 0.05 and
0.013, Fisher’s LSD p < 0.05). This brain region corresponded to
cross section#168 in the zebrafish brain atlas (111). These results
are shown in Fig. 8.1a, b.

Consistent with the findings of Rink and Wullimann (78, 79),
DAT density was sparsely labeled by radioligand in several areas of
the zebrafish forebrain. In the dorsal telencephalic area (cross sec-
tion#92 in zebrafish brain atlas), there was a thin layer expressing
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A. Optic Tectum     

B. Periventricular Hypothalamus

Fig. 8.1. SERT Density in the zebrafish optic tectum (a) and hypothalamus (b) follow-
ing chronic dietary exposure to 1 μg day−1 pesticides or pharmaceuticals. SERT was
labeled with 1 nM [3H] cyanoimipramine (CN-IMI). N = 4, CTRL = control, SRT = sertra-
line, GBR = GBR 12909, CPF = chlorpyrifos, DIEL = dieldrin, PER = permethrin, 3 PB =
3 pesticide blend (1/3 dose each). Bars represent means and lines are standard error.
SRT and CPF treatment significantly reduced SERT density in both brain regions, while
the 3 PB reduced SERT density in the hypothalamus (b) but not in the optic tectum (a).

high density [3H] WIN 35428 labeling in a series of small spots
resembling cell body clusters (Fig. 8.2a). Densities of dark spots
in the dorsum of each brain section were measured, the averages
of which are shown in Fig. 8.2b. Following dietary exposure,
GBR 12909 significantly reduced DAT density, while dieldrin
significantly increased DAT density, as measured by [3H] WIN
35428 binding in the dorsal telencephalon (F(6,21) = 2.6, p =
0.05, Fisher’s LSD p <0.05), shown in Fig. 8.2b. When whole
brain membrane homogenates were assayed for DAT density,
labeled by [125I] RTI-55, after chronic dietary exposures, again
GBR 12909 reduced DAT density while dieldrin increased DAT
density (F(1,2) = 80, p = 0.012, Fisher’s LSD p < 0.03).

Acetylcholinesterase (AChE) Activity: AChE activity in mus-
cle was significantly inhibited for all pesticide and drug treatment



194 Gould

B. Dorsal Telencephalic Area (DTA = Dorsal Subpallium)

C. DAT Density in Whole Brain 

A. DTA↓

Fig. 8.2. a and b Measurement of DAT density in zebrafish dorsal telencephalon by
autoradiography (N = 4), and c DAT density by homogenate binding in whole brain
membranes (N = 2). Autoradiogram insert a shows typical [125I] RTI-55 labeling in a
control fish brain (DTA = dorsal telencephalic area, VTA = ventral telencephalic area),
b shows mean and standard error for DAT density labeled by [3H] WIN 35428 in the
telencephalon (for treatment abbreviations, see Fig. 8.1), and c shows whole brain DAT
density labeled with [125I] RTI-55.

groups (F(6,16) = 4.17, p = 0.01, Fisher’s LSD p < 0.03) at the
1 μg day−1 dietary concentration, shown in Fig. 8.3. This indi-
cates that with this chronic, dietary mode of administration, this
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Fig. 8.3. Inhibition of AChE activity in zebrafish muscle tissue following 21-day dietary exposure to drugs or pesticides
at 1 μg day−1. For abbreviations, see Fig. 8.1. N = 3–4. Bars are mean milli-units of activity mg−1 protein, measured
by fluorescence following excitation.

dose produced effects consistent with high dose pesticide expo-
sures. AChE activity in zebrafish muscle and brain has a correla-
tion coefficient of r2 = 0.85, hence muscle tissue can be assayed
for AChE activity so brain tissue can be conserved for assays of
SERT and DAT density and function.

Zebrafish Behavior in Novel Environments: In the dive tank,
zebrafish chronically exposed to 1 μg day−1 dieldrin in diet spent
significantly more time in the top 2/3 of the dive tank than con-
trol fish (F(4,24) = 5.3, p = 0.003, Fisher’s LSD p < 0.005), see
Fig. 8.4.

In the light/dark aquatic plus maze, as shown in Fig. 8.5,
chronic dietary exposure to 1 μg day−1 of sertraline or dieldrin
significantly increased the percent of total crosses into white arms
(F(4,24) = 11.8, p = 0.00002, A), and the amount of time spent in

Fig. 8.4. Zebrafish behavior in the dive tank following 21-day dietary administration
of pesticides or drugs at 1 μg day−1. N = 4–7. Bars represent mean and lines show
standard error. See list of abbreviations in Fig. 8.1. Dieldrin (DIEL) significantly increased
the amount of time spent in the top 2/3 of the tank (p < 0.05) relative to the control
(CTRL) group.
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A. Percent White/Total Arm Entries

B. Time (sec) spent in white arms

Fig. 8.5. Zebrafish behavior in the light/dark plus maze following 21-day dietary admin-
istration of pesticides or drugs at 1 μg day−1. N = 4–7. See list of abbreviations in
Fig. 8.1. a Shows % white entries/total arm entries, and b shows time spent in the
white arms of the aquatic plus maze. Both sertraline (SRT) and dieldrin (DIEL) signifi-
cantly increased the amount of time spent in white arms and the number of entries into
white arms (p < 0.05).

white arms (F(4,24) = 2.9, p = 0.04, B). Fishers LSD p < 0.05 for
both parameters. The total number of line crosses did not differ
significantly among treatment groups.

6.4. Discussion The transporter binding density assay results revealed that among
the 1 μg day−1 chronic dietary pesticide exposures, chlorpyri-
fos reduced SERT density, while dieldrin increased DAT den-
sity in the adult zebrafish brain. This demonstrates that chronic
pesticide exposures can affect zebrafish biogenic amine systems.
Organochloride and organophosphate exposures can alter DAT
and SERT expression in rodents, particularly when they occur
during critical stages of brain development (3, 41, 42, 63–65,
53, 44). Also, as observed in rats, sertraline and GBR 12909
reduced SERT and DAT density, respectively, in the zebrafish
brain (61, 62). The reduction of SERT and DAT by sertraline and
GBR 12909 are likely mediated through their long-term bind-
ing to and blockade of SERT and DAT, for which they have
high affinity. In contrast, organochlorides, organophosphates,
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and pyrethroids generally exhibit low affinity for DAT and
SERT, so their actions at those sites are likely indirect (36,
54, 65).

Reduction of SERT density by chlorpyrifos in the adult
zebrafish brain could indicate degeneration of 5-HT neurons,
compensatory downregulation in response to intracellular events,
or possibly reduced 5-HT turnover or neurotransmission. If
zebrafish larvae were exposed to chlorpyrifos during critical
stages of brain development, it is possible that SERT might be
upregulated in some brain regions, as it is in rats (42). This
would be consistent with the notion that SERT upregulation
could predispose serotonergic neurons to take up more pesti-
cide metabolites, paralleling events that occur in DA neurons
with MPP+ (24, 45, 46, 119). Upregulation of DAT in the
zebrafish brain following dieldrin exposure is consistent with the
hypothesis that organochlorides increase DAT expression, thereby
potentiating DA neurons to greater damage from subsequent
neurotoxin exposures, as in rodent models (43), and demon-
strates further that this process can also occur in the mature
brain.

In adult zebrafish, we did not observe permethrin to affect
either SERT or DAT density. Rodent DAT was persistently upreg-
ulated after exposure to pyrethroids, which often were admin-
istered in juvenile or young adult animals (37, 63, 66). Hence
pyrethroid-induced DAT upregulation may depend upon expo-
sure occurring during critical stages of brain development, and
may be further explored through larval or juvenile exposures in
zebrafish. The three-pesticide blend at 0.33 μg day−1 for each
pesticide likewise did not produce any significant synergistic or
additive changes in SERT or DAT density in the adult zebrafish
brain, perhaps due to dose, interactive properties, or timing of
exposure.

It remains to be determined whether effects of pesticides in
bath exposures are comparable to these dietary exposures, and
what zebrafish dosing equivalents should be used to best model
human exposures. Serum level measurements of pesticides or
drugs by HPLC are not always feasible due to low blood vol-
ume, but zebrafish brain can be analyzed for pesticide content
by GC-MS, as was performed in native Texas fish to demon-
strate biomagnification of pharmaceuticals in wastewater streams
(120). Alternatively, use of ELISA immunohistochemical assays
to measure levels of specific pesticides or drugs in brain tissue
following administration can provide valuable pharmacokinetic
information. Upon establishment of appropriate dosing proto-
cols, DAT and/or SERT will likely be affected in a measurable
way within occupationally relevant dose equivalents, particularly
if exposures occur during developmental windows of vulnerabil-
ity. Then zebrafish DAT and SERT may be useful biomarkers,
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among other measures, for modeling effects of occupational or
developmental pesticide exposures.

A major goal of this study was to observe the effects of expo-
sure below the threshold of AChE inhibition, and we were not
able to achieve this with a dietary dose of 1 μg day−1. Autora-
diographic analysis and further AChE activity measurements are
underway to examine 0.1 μg day−1 dietary exposure for 21 days
to the same pesticides and drugs examined in the current study
(see Fig. 8.1). Sub-AChE inhibiting exposures produced alter-
ations in SERT of rats only during critical stages of development
(41, 42), hence we may not observe such effects with lower doses
in adult zebrafish. In future studies, zebrafish larvae and juveniles
will be exposed to these pesticides dissolved directly into habitat
water, allowing examination of a wider range of dose levels, with
fish reared to adulthood or senescence for assessment. Following
the Braunbeck et al. (121) and Ton et al. (73) models for high
throughput assays, such studies could be conducted to measure
long-term effects of pesticide exposures occurring at a range of
ages, doses, and mixtures and reveal mechanisms of potentiation
responses through a vast array of endpoints in mature fish.

One important endpoint is measurement of various
behavioral effects in adult fish following different exposure
scenarios. Chlorpyrifos-induced AChE inhibition in salmon was
significantly correlated with reduced swimming and feeding activ-
ity (122). In contrast, low levels of parathion-induced AChE inhi-
bition increased activity and food consumption in zebrafish, with
no effects on any other standard toxicological parameters, lead-
ing the authors to conclude that while AChE inhibition is a good
biomarker for pesticide exposure, it is not a good marker of effects
from such exposures (60). AChE activity is positively correlated
with addiction, as evidenced by amphetamine studies in AChE-
mutant zebrafish and alcohol-induced AChE activity upregulation
(123, 124). Through zebrafish behavioral assays such as associa-
tive learning or novel environment anxiety tests, the relative role
that AChE inhibition may play in the cognitive and emotional
impairments experienced by workers exposed to pesticides could
be better characterized (25, 26, 28–30).

Pesticide or pharmaceutical exposures may also alter innate
anxiety responses. Generalized anxiety disorders are associ-
ated with pesticide exposures in farmworkers, particularly to
organophosphates (26, 124). In rats, acute chlorpyrifos exposure
had anxiogenic effects on behavior in the elevated plus maze, evi-
denced by fewer open-arm entries and less time spent in open
arms (126). In contrast, imaging studies on patients taking selec-
tive serotonin reuptake inhibitors indicated that threat-cue pro-
cessing by the amygdala is impaired (127). When monoamine
oxygenase (MAO) was inhibited by deprenyl treatment in larval
zebrafish serotonin levels increased, swimming activity decreased,
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and larvae swam closer to the surface (52). Such behavioral
responses might be mediated through extracellular serotonin lev-
els in brain.

In the elevated plus maze, benzodiazepines and the nore-
pinephrine reuptake inhibitor desipramine tend to increase
time spent in open arms, and open-arm entries (an anxiolytic
response), while paradoxically, serotonin reuptake inhibitors tend
to produce anxiogenic responses in rats (103, 128–130). The
novel light/dark plus maze for zebrafish is based upon the rodent
elevated plus maze. It measures innate response of zebrafish
upon introduction into a novel environment, which is a bal-
ance between defensive or anxious behavior (fish would remain
in dark arms and cross few lines (109)), and exploratory behav-
ior (fish will visit all arms and cross many lines, with white and
dark arm visits equally likely (107)), and the effect of drug or pes-
ticide treatment on that response. The novel aquatic light/dark
plus maze is not a learning task, but like the elevated plus maze,
is an observation of innate behavior in potentially risky new
environments.

Results from the dive tank and light/dark plus maze indicate
that long-term pesticide exposures can affect zebrafish behaviors
that are tied to activities in limbic circuits that involve monoamine
systems. In the dive tank, zebrafish exposed to dieldrin spent
significantly more time at the top of the tank. One concern in
using fish vertical location in the dive tank, as per Levin et al.
(108), is that some drug or pesticide treatments might affect
swim bladder function through cholinergic and monoaminergic
neurons that innervate it, thereby confounding detection of anx-
iolytic effects (131). However, in the light/dark plus maze, the
increased number of white-arm entries, and time spent in white
arms by dieldrin-treated fish also demonstrate that it has anxi-
olytic properties for fish in novel environments. Since the total
number of line crosses did not differ significantly among treat-
ment groups, we can assume mobility was similar among them
and therefore sedative effects of the pesticide or drug treatments
were negligible.

Chlorpyrifos did not increase risky behavior, but neither did
it produce anxiogenic effects in zebrafish, which would have
been evidenced by significantly reduced exploratory behavior in
either novel environment. Anxiogenic responses may be diffi-
cult to detect with these protocols, since mean time spent at the
top of the dive tank, white-arm entries, and time spent in white
arms tend to be low in control fish. It is possible that longer
observation times, perhaps 10 min for each test, might improve
the chances of detecting anxiogenic effects. Sertraline did not
impair swimming activity, as fluoxetine did for larval zebrafish
(132). Sertraline, which blocks SERT function directly, and dield-
rin, which upregulates DAT through an indirect mechanism,
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both had anxiolytic effects in the light/dark plus maze: both
compounds increased entries into and time spent in white arms,
potentially risky behavior for zebrafish in unfamiliar environments
(109). Patients taking the serotonin reuptake inhibitor citalopram
showed reduced amygdala response to subconscious threat cues
(127), consistent with sertraline increasing white-arm entries and
time for zebrafish in the light/dark plus maze.

In summary, while there is a strong correlation, the link
between pesticide exposure and increased risk of developing a
neurodegenerative disorder remains unclear. Use of zebrafish lar-
vae and adults in exposure studies to examine this link has advan-
tages over rodent models, including ease of access, observation,
dosing, and the potential to examine effects of pesticides on bio-
genic amine system development and behavior. Biogenic amine
system components, particularly the DAT and SERT, are con-
served in fish and are affected by pesticides, especially organochlo-
rides and organophosphates. Mechanistic studies of the chronic
neurotoxicological effects of pesticide exposure are needed to
understand their relationship to the development of Parkinson’s
disease and other neurodegenerative disorders. Addition of bio-
genic amine system assays in zebrafish, plus assessment of anxiety
and learning behavior could represent a significant advancement
for environmental health risk assessment modeling of chronic
low-level pesticide exposures as well as exposures occurring dur-
ing critical stages of brain development. Effects of exposures to
other pesticide classes and mixtures may further affect DA, 5-HT,
and other biogenic amine systems, and could be similarly stud-
ied through high throughput zebrafish binding assays and behav-
ioral tests. Zebrafish monoamine transporters may be excellent
biomarkers of neurotoxicological effects from pesticide exposures.
Combined measurement in zebrafish of monoamine transporter
expression, function, and AChE activity, together with behavioral
measures such as anxiety response or associative learning tasks will
be a powerful approach to assessing the role of timing, dose, and
pesticide class in potentiative responses and extrapyramidal effects
of pesticide exposures in the central nervous system.

7. Conclusions

Zebrafish hold vast potential as model organisms for the study
of Parkinson’s disease etiology and treatment. Emphasis has
been placed on genetic approaches, and mutanogenesis used as
a tool to produce disease phenotypes consistent with identified
gene mutations in subpopulations of Parkinson’s patients. For
example zebrafish mutants producing deficient Parkin protein
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have fewer ascending neurons in the posterior tuberculum of
the diencephalon (133). PINK1 kinase enzyme mutant zebrafish
(produced through morpholino oligonucleotide knockdown)
exhibited an oxidative stress phenotype and some dopaminer-
gic neuron loss that was rescued by antioxidant drugs or human
PINK1 mRNA (134). Zebrafish in which the DJ-1 protein, which
is mutated in a rare recessive form of early onset Parkinson’s, has
been knocked down are more susceptible to oxidative stress and
are useful for further studies of cell-death pathways (135, 136).
Other proteins affected by gene mutations in rare heritable forms
of Parkinson’s disease have been cloned and their expression
characterized in zebrafish embryos, such as ubiquitin C-terminal
hydroxylase (137). Use of these mutant forms and genetic manip-
ulations will advance the understanding of processes and cellular
mechanisms occurring in rare forms of the disease, and may be
more broadly applicable to larger populations of affected individ-
uals. Such studies could lead to improved treatment or prevention
of progressive dopaminergic neurodegeneration.

Another approach has been to use neurotoxins such as
MPTP or 6-OHDA to reproduce Parkinson’s disease like states
in zebrafish (138). Exposure of zebrafish embryos or adults to
MPTP decreased locomotion and dopamine neuron numbers,
but similar exposures to rotenone and paraquat did not (51).
MPTP and 6-OHDA intramuscular injections (20–25 mg kg−1)
reduced brain dopamine levels and locomotor activity but did
not trigger cell death pathways in adult zebrafish (50). However,
protection (blockade of DAT or MAO) or DAT removal indi-
cates MPTP-induced neurodegenerative pathways are conserved
among zebrafish and mammals (47), and are consistent with
potentiation through DAT upregulation. MPP+-induced DA neu-
rodegeneration can be visualized via vesicular monoamine trans-
porters labeled with fluorescent proteins in larvae (139). These
models can be used to understand disease mechanisms and to
begin developing interventions, such as neuroprotection against
MPTP-induced dopaminergic neuron loss by adenosine receptor
antagonists like caffeine (140).

In zebrafish models of environmental pesticide or neuro-
toxin exposure contributions to neurodegenerative diseases, focal
behavioral endpoints have been locomotor activity that can be
readily quantified en masse. For example, locomotor impairment
is often measured by monitoring swimming speed or frequency
following neurotoxin or pesticide treatments. Chlorpyrifos lar-
val and MPTP adult exposures decreased or slowed swimming
activity (e.g., (51, 56)). MPTP and 6-OHDA injected system-
ically induced zebrafish to be less mobile, to change direction
more, and to swim in the center of plates as opposed to the
edges, behavior that is readily video-tracked and computer ana-
lyzed for high throughput (49). Bath exposures of dechorionated
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embryos to μM concentrations MPTP or MPP+ reduced swim
speed, dopamine levels, and numbers of diencephalic dopamin-
ergic neurons, these effects could be blocked by deprenyl (141).
However, most pesticide or neurotoxin contact effects have been
explored primarily through the use of embryos and larvae, and
occasionally adults in acute-exposure studies. Few studies have
examined the long-term effects of neurotoxin or pesticide expo-
sures in zebrafish, or have focused on mechanisms associated with
environmental, in contrast to genetic origins of neurodegenera-
tive pathways. Given the complex nature of Parkinson’s disease
in which both genetics and environment interplay to produce a
range of severity and onset, use of zebrafish to model genetic
mutations, environmental exposures, and their interactions in
studies encompassing the complete lifespan of the fish should
accelerate characterization of the diverse pathological mechanisms
of the disease and aid in development of improved interventions.

High throughput pesticide exposure studies in zebrafish, with
combined neurochemical and behavioral endpoints might be the
key to discovering the etiology of and developing treatments
for Parkinson’s disease or related neurodegenerative disorders of
environmental origin. The nervous system can be very sensitive
to certain types of environmental contaminants, especially dur-
ing vulnerable stages of the life cycle, such as brain development
(65, 142). Chronic low-dose exposures to pesticides, by modulat-
ing expression of the dopamine transporter, or other monoamine
transporters, can render the nervous system more susceptible
to further injury by a later exposure (8, 36, 37, 119). Because
these types of adverse effects may manifest only after prolonged
and serial pesticide or neurotoxin contact, acute risk assessments
may underestimate the threat posed by long-term, low-dose, or
serial exposures to different pesticide classes. In zebrafish, due to
their abbreviated life cycle, it is feasible to conduct juvenile expo-
sures and observe long-term effects in adults or even in geriatric
fish. This advantage has been underemphasized and underutilized
in applications of the zebrafish to studies of neurodegenerative
disorders.
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Chapter 9

Learned Recognition by Zebrafish and Other Cyprinids

Brian D. Wisenden

Abstract

Antipredator behavior is triggered by a combination of internal proximate mechanisms (anatomical
receptors and the physiological processes that regulate their function) and external environmental cues
that signal the context and timing of when behavior is likely to be effective. Responses to some external
environmental triggers, such as the presence of conspecific chemical alarm cue, are governed strictly by
genetic templates. Other external environmental triggers are learned through a special type of associative
learning called releaser-induced recognition learning. Zebrafish are one of several model systems upon
which this body of literature has been developed. Minnows (including zebrafish) associate danger with
any novel stimulus (visual, chemical, or auditory) that is correlated with the presence of chemical alarm
cue released from damaged epithelial tissue of conspecifics. Alarm cue is released only in the context of
predation and serves as a reliable external environmental trigger for associating novel stimuli with preda-
tion risk. Minnows use learned recognition to learn about predator identity and about the chemical alarm
cues of ecologically similar heterospecifics. Learning also occurs when alarm cues are released indirectly
through the digestive tract of the predator. Behavioral and chemical responses to disturbance can also
facilitate learned recognition. Learned recognition is an ideal system with which to study the molecular
mechanisms that underlie the cognitive processes of learning and memory. Collectively, this suggests that
zebrafish are a very promising model organism for future study.

Key words: Antipredator behavior, predator response, alarm cue, environmental cues, conditioned
stimulus, unconditioned stimulus, releaser-induced recognition learning, learned recognition,
associative learning, memory.

1. Introduction

The ultimate function of animal behavior is to contribute to
reproductive success (Fig. 9.1). Animals make behavioral deci-
sions about how to find food, survive encounters with preda-
tors and disease, secure a territory and mates and ultimately,
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Fig. 9.1. Evolution of behavior is a consequence of interactions between genes and environment. See text for details.

to reproduce. Genes passed on through successful reproduction
code for the anatomical structures, physiological interactions, and
neural wiring that make behavior possible. In addition to genetic
influences, rearing environment can also affect embryonic devel-
opment and expression of behavioral phenotype. Taken together,
these internal proximate mechanisms give the actor the capacity
and inclination to behave. However, behavior must be expressed
in the correct context and timing if it is to contribute to repro-
ductive success.

External environmental cues such as evidence of food, pres-
ence of a predator or a reproductive rival trigger expression of
context-appropriate behavior. In many cases, recognition and
adaptive responses are regulated through hard-wired genetic tem-
plates. For example, detection of amino acids reliably indicates the
presence of potential food (1). Sex pheromones released by one
individual stimulate receptors and activate endocrine responses
in other individuals. In these examples, stimulants trigger behav-
ioral responses in a mechanical, stimulus-response manner. In the
context of foraging and reproduction salient stimuli are limited
to a narrow range of predictable candidates because all verte-
brates consume similar macromolecules and use the same basic
endocrine systems to regulate reproductive function.

Antipredator behavior differs from foraging and reproduction
in two important ways. First, it is much more difficult to pre-
dict predation risk because risk varies tremendously over ecolog-
ical space and time and also throughout ontogenetic life stages
within the lifetime of an individual. Therefore, unlike foraging
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and reproduction, the size, shape, odor, and sound of a predator
could be almost anything, especially for small fish such as min-
nows. Second, a mistake in antipredator behavior has different
consequences for ultimate reproductive success than a mistake
in foraging or reproductive behavior. An individual can recover
from a missed meal or a lost mating opportunity and try again
later. Failure to detect and avoid a predator is much more seri-
ous. Antipredator behavior therefore presents a unique ecological
problem by presenting a wide array of potential behavioral cues
and dire consequences for getting it wrong, even once.

In fishes, antipredator behavioral responses occur through
a special type of associative learning, known as releaser-induced
recognition learning (2, 3) that is able to accommodate almost
limitless variation (Fig. 9.2). This form of learning is similar to

Novel Cue
(CS) 

Antipredator behavior (UR) 

No antipredator behavior 

Chemical alarm
cue (US) 

+ 

Antipredator behavior (UR) 

Novel Cue
(CS) 

Novel Cue
(CS) 

Antipredator behavior (CR) 

Chemical alarm
cue (US) 

Before conditioning

Conditioning

After conditioning

Fig. 9.2. Releaser-induced recognition learning occurs by pairing novel cues with chemical alarm cues derived from skin
extract. The US evokes the UR without prior experience. The CS is initially neutral to the actor. When the US is paired
with the CS the actor associates the CS with the UR. Thereafter the CS alone evokes the CR. Only one pairing event is
necessary to achieve this effect.
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classical conditioning in that an aversive stimulus (unconditioned
stimulus, US) produces an unconditional behavioral response
(UR) without prior experience. The US is paired in space and
time with a neutral novel stimulus (conditioned stimulus, CS).
Thereafter, the neutral novel stimulus (CS) elicits the same
response (now called a conditioned response, or CR). In many
fishes, including zebrafish, the US is chemical alarm cue released
by damaged epidermal tissue. When predators grasp prey their
teeth and other weaponry damage the skin. Damaged skin releases
chemicals that are released in no other context and therefore serve
as a reliable external environmental cue for the context and tim-
ing of antipredator behavior (Fig. 9.1). The conditioned stimu-
lus can be in the visual, olfactory, or auditory sensory modalities,
as discussed in the examples below. The remarkable property of
releaser-induced recognition learning is that, unlike classical con-
ditioning, only a single association event is required to pair the
US with the CS and result in near permanent association between
the CS and the CR (Fig. 9.2). The rapidity of this response is the
result of steep selection gradients applied over evolutionary time
that has consistently and efficiently removed slow learners from
the gene pool.

2. A Brief
Historical Review

The first report of learned recognition on European minnows
(4) appeared soon after the original report of the unconditioned
stimulus of chemical alarm cue, or Schreckstoff, as it was then
known (5). Göz (4) noted that blinded pike-naive minnows did
not exhibit antipredator behavior to pike odor until after pike had
attacked some minnows, suggesting chemical recognition of pike
odor mediated by an association with minnow epidermal alarm
cue. Although some work was done on alarm reactions in the
intervening years (6–9), no follow-up work was conducted on
learned recognition for over 40 years until Magurran (10) for-
mally repeated the Göz study and demonstrated learned recogni-
tion of pike odor and tilapia odor by European minnows. After
Magurran’s study the field of learned recognition became very
active. Suboski et al. (3) and Hall and Suboski (11) used zebrafish
to advance an understanding of the learning mechanism under-
lying acquired predator recognition (Fig. 9.2). Numerous con-
tributions from Jan Smith and disciples (Alicia Mathis, Doug
Chivers, Grant Brown, Brian Wisenden, Reehan Mirza, Maud
Ferrari) used fathead minnows to study how learned recogni-
tion of predation risk applies to the behavioral ecology of small
fishes.

Zebrafish are a convenient study organism for the study of
alarm reactions (6–9) and learned recognition (e.g. (3, 11, 12)).
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Hall and Suboski (11) used chemical alarm cue to condition
zebrafish to form aversive associations with novel stimuli that do
not occur in nature (the non-biological chemical cue morpholine,
the visual stimulus of a flashing red light). These experiments not
only established releaser-induced recognition learning as a special
case of associative learning, they revealed the extreme plasticity of
this learning mechanism.

3. Learned
Recognition

Fathead minnows are the study organism of choice by behavioral
ecologists because these minnows can be studied in the lab and
in their ecological context in the field. Both fathead minnows and
zebrafish are small-bodied cyprinids and obligate schooling fishes
that thus far seem to be identical from the standpoint of learned
recognition. Results from fathead minnows apply broadly to all
cyprinids, including zebrafish.

Fathead minnows quickly form associations with a range of
visual (13) chemosensory (14, 15), and auditory (16) stimuli.
The concentration of the novel cue used to condition the fish
does not seem to be important for the formation of an associ-
ation. However, once conditioned to recognize it as dangerous,
response intensity to predator odor is proportional to cue con-
centration (17).

Learned recognition of predator identity has been demon-
strated in field populations (18–20). For example, every fish
tested in a population of approximately 20,000 adult pike-naive
fathead minnows showed a behavioral response to pike odor
14 days after 10 pike had been placed in their pond (19; Fig. 9.3).
Subsequent study in a different pond with 78,000 minnows and
newly stocked with 39 juvenile pike showed that fathead minnows
acquire visual recognition of pike in 6–8 days and olfactory recog-
nition of pike odor in 2–4 days (18). Minnows can learn to distin-
guish between two water samples collected 15 m apart based on
subtle differences in water chemistry, suggesting the potential use
of recognition learning to detect and avoid risky habitat (21). The
presentation of US (chemical alarm cue) and CS (pike odor) do
not have to occur simultaneously for associations to form because
the US keeps the fish in a state receptive to novel CS for some
undetermined time. Zebrafish formed associations with pike odor
when pike odor was presented 5 min after the presentation of
skin extract (12). However, the formation of associations is inhib-
ited when the CS (e.g., predator odor) is continuously present so
that the subject becomes habituated to the chemical cue. In this
context, subsequent presentation of chemical alarm cues does not
result in formation of an association between predator odor and
predation risk (22).
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Fig. 9.3. Learned recognition of predators in a natural population of fathead minnows. Minnows sampled from a pond
before a pike-free pond was stocked with 10 pike showed no response pike odor. Minnows removed from the pond
before stocking and tested in the lab 14 days later showed no response to pike odor. Minnows that remained in the pond
for 14 days after 10 pike were stocked showed a strong antipredator response to pike odor. Data are means ±1 SE
(after 19).

When minnows do learn to associate risk with the odor of
a novel predator, they generalize and extend recognition of that
novel odor to other predator species (23). The intensity of the
reaction to other predator species is proportional to the phylo-
genetic distance between the reference species and these other
species.

The speed, permanence, and generality with which these asso-
ciations form could present an ecological liability. A population of
predators causes the release of chemical alarm cues several times
per day per predator. How do prey species prevent associating
danger with irrelevant stimuli? There is some evidence of con-
straints on the types of stimuli that fish associate with risk. Pike are
more readily associated with danger than tilapia (10) or goldfish
(13). Moving objects are associated with danger while stationary
objects are ignored (24; Fig. 9.4).

4. Broader
and More Subtle
Manifestations
of Learned
Recognition

The US can be in the form of a dietary alarm cue. A dietary cue is
epidermal chemical alarm cue, or its metabolites, that remain rec-
ognizable after they pass through the digestive tract of a predator.
Dietary cues otherwise perform a similar function as alarm cues
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Fig. 9.4. Antipredator behavior includes reduction in activity because predators often locate prey by detecting motion.
Fish were conditioned with chemical alarm cues and visual presentation of two objects: a disc and a horizontal tube.
During the presentation one of the objects was repeatedly raised and lowered while the other object remained stationary.
When these fish were retested with one only one of the two objects, if they had been conditioned with a moving tube
(shaded bars) they responded to the tube but not the disc. If they had been conditioned with the moving disc, they
subsequently responded to the disc but not the tube. Means ±1 SE are shown (after Wisenden and Harter (24)). These
data were collected from fathead minnows, which are ecologically, phylogenetically, and behaviorally similar to zebrafish.
Results from minnows are fully extendable to zebrafish.

in serving as a releaser of antipredator behavior and facilitating
predator recognition (15, 25).

Prey fishes, such as minnows, learn to respond to alarm cue
of other species. Prey fishes that are similar in size and ecol-
ogy, have overlapping home ranges, and are vulnerable to similar
predators form a “prey guild.” Chemical alarm cue released by
any species within a prey guild indicate danger to all species in
the prey guild. Recognition of heterospecific chemical alarm cues
are usually learned unless the two species are very closely related
(23). Acquired recognition of heterospecific alarm cue can occur
via three mechanisms. First, if the odor of the predator is already
recognized as an indicator of predation risk, then an attack on a
heterospecific will present an occasion where predator odor (US)
is paired with the novel heterospecific chemical alarm cue (CS).
Second, a known predator that releases dietary cues of novel het-
erospecific prey allows prey to associate predator odor (US) with
the heterospecific dietary cue (CS) (26). Third, a novel predator
that has a mixed diet of conspecifics and heterospecifics allows
prey to associate risk with both the predator odor and the het-
erospecific alarm cue simultaneously (27).
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Fig. 9.5. Cultural transmission allows fish to learn predator recognition from the behavioral responses of conspecifics
(left-hand column) and heterospecific brook stickleback (right-hand column). This figure shows the experimental design
and results of four sequential tests that were conducted exposing test fish to the odor of northern pike. In the first test, the
behavioral response of a pike-experienced individual serves as a model for a pike-naive individual to associate risk with
pike odor. In test 2 the former naive observer responds to pike odor with alarm behavior. In test 3 the socially conditioned
fish is paired with a fresh pike-naive individual. Test 4 shows that the formerly naive fish in test 1 is able to acquire and
later transmit information about the association between pike odor and predation risk. After Mathis et al. (28).
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Injury from predator attack is not the only way that prey can
learn about predation risk. Responding to overt behaviors and
to chemical cues released by disturbed animals gives prey early
warning and more time to evade predation risk. In a shoal (a
group of fish), when any one individual detects a predator, its
behavioral response alerts the entire group to the presence of pre-
dation risk. Behavior of disturbed fish is a visual cue of distur-
bance. As such, alarm behavior itself can serve as a visual US that
allows shoalmates to associate risk with any novel stimuli that are
correlated in space and time with an alarm reaction. Moreover,
social facilitation of learned recognition occurs between con-
specifics and between heterospecifics in a mixed-species shoal (28;
Fig. 9.5). For example, brook stickleback and fathead minnows
form a well-studied prey guild. When one individual that is con-
ditioned to recognize pike odor as dangerous (the “tutor” in a
dyad) is paired with a second individual that is pike-naive (the
“pupil” in the dyad), the behavioral response of the tutor to intro-
duced pike odor allows the pupil to associate pike odor with dan-
ger (Fig. 9.5). As for all forms of associative learning discussed
thus far, only one reinforcement event is necessary for learning to
occur. The pupil can then be used as the tutor in a subsequent
trial with a new naive individual.

Disturbed fish also release chemical cues that alert nearby
conspecifics and heterospecifics of heightened risk of predation
(29). Several studies have implicated urinary ammonia as the
active ingredient in disturbance cue (30, 31). Learned recogni-
tion of indicators of predation risk, including predator identity,
occurs by pairing disturbance cues (US) with novel stimuli (32).

5. Information
Gathering

Because predator identity is very important information prey
tolerate some risk to acquire it. For example, fleeing from an
area where alarm cues are present reduces exposure to predation
risk but also reduces access to information about the nature of
that risk, including predator identity. As a result of this trade-
off, zebrafish in long tanks without any water movement occupy
shelters adjacent to the source of alarm cue rather than fleeing
to distant shelters beyond the dispersion of chemical information
(33). In the presence of flow, zebrafish hide at the downstream of
the fluvarium where they can monitor chemical information from
a safe distance. Fathead minnows and glowlight tetras perform
predator inspection behavior whereby one or more prey approach
a predator to gain information. Inspectors indeed acquire and use
information to learn to recognize about predator identity during
the act of inspection (34).



220 Wisenden

6. Future
Directions
for Zebrafish
Research
on Learned
Recognition

The myriad ways in which minnow species acquire recognition of
novel stimuli is now well established in the literature. The ease
and simplicity of behavioral assays to measure learned recogni-
tion lay the foundation for an exciting new era of research on the
molecular genetics of regulating mechanisms for the development
and function of cognitive processes.

A recent line of research that is coming to the fore is the
role of pre-hatching experience in facilitating learned recognition
of predators and indicators of predation risk (e.g., frog embryos
(35)). In other words, the chemical signature of predators and
perhaps other indicators of predation risk influence development
and impact the behavioral phenotype of the hatchling. This is one
research area where the zebrafish model may be able to make a
substantial contribution.

A conspicuous gap in this literature, noted for years, is the
lack of a consensus on the chemical nature of chemical alarm cue
in zebrafish and other species in the minnow family. That litera-
ture is not reviewed here (see (36) for a recent review). However,
once the chemistry is known, we will then be able to explore the
olfactory receptors and neural wiring responsible for information
processing and memory storage of learned recognition.
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Chapter 10

Inhibitory Avoidance and Color Discrimination Learning
in Zebrafish

Luciana Cofiel and Rosana Mattioli

Abstract

The unique properties of zebrafish, such as its high reproductive capability, its small size, its simple
genome, and its relatively low maintenance cost, make it a cheap and effective genetic model for scien-
tists to study. As a result, scientists have acquired an enormous quantity of zebrafish genetic information
and developed numerous genetic tools for the zebrafish. With the large amount of zebrafish information
available, one area that is lacking is behavioral characterization and therefore effective and reliable behav-
ioral experiment models are lacking as well. After years of research on the zebrafish, our laboratory has
discovered successful behavioral models for zebrafish and goldfish in the areas of learning and memory.
This chapter discusses two of these models. The first is the Inhibitory Avoidance Experimental Model,
and the second is a Color Discrimination Model. In the inhibitory avoidance paradigm, the animals had
to learn to avoid an aversive stimulus present on the aquarium preferred compartment. Immediately after
training, one group received saline and the other one did not receive the injection. On the test day, the
time to cross to the preferred compartment was determined. The latency to enter the black compartment
increased significantly on the second trial in relation to BL. No difference between the animal’s latencies
on T2, on the test of non-injected animals, or saline-treated animals was recorded, indicating that the
animals did not forget the adverse experience from the previous day. The second experiment is a color
discrimination model for zebrafish. On each of the 5 consecutive days of experiment (D1, D2, D3, D4,
D5), animals had to associate the feeder indicated by the green light with food offering. The latency to
enter the feeding area indicated by the green light decreased throughout the trials, with significant dif-
ference between D5 and D1 indicating that the animals were able to learn the task. The results indicate
that these are suitable experimental models for the study of learning and memory in zebrafish.

Key words: Inhibitory avoidance paradigm, aversive stimulus, color discrimination paradigm,
behavioral assay, neuroanatomy, conditioned place preference, color preference conditioning,
learning, memory.
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1. Introduction

Classical theories about cognition in fish stated that these animals’
telencephalon would consist mainly of a subpallium (“paleostria-
tum”) and a very reduced and primitive pallium (“paleocortex”),
both entirely dominated by olfactory inputs and relatively simple
neural circuits. Therefore, the behavior of the fish was considered
essentially “reflex” or “instinctive” (1). However, studies using
different methodologies and different experimental approaches
showed that the forebrain of teleost fish is involved in emo-
tional, social, and reproductive behavior, as well as in learning and
memory, just as has occurred in mammals (for revision see (2)).
A large amount of evidence indicates that a variety of learning and
memory systems, involving the optic tectum, the cerebellum, and
the hippocampal and the amygdalar pallium, are strikingly similar
among teleost fish and land vertebrates (1).

Moreover, circuitry and the pharmacology involved in behav-
ior process in fish appear often comparable to those operating to
control similar behaviors in higher vertebrates, for example the
histaminergic system (3). This observation makes teleosts valid
models for an approach to many behaviors, with the additional
hope that their simpler brain organization (in particular regard-
ing forebrain anatomy) will reveal the neuronal bases underlying
these functions (4). Based on this, interest in the use of fish in
behavioral studies has been increasing in the past few years. In
fact, teleosts such as the goldfish have been largely used in a vari-
ety of studies approaching cognitive processes for their relatively
large and stereotactically well-characterized brain (1).

Opposite to features of the other teleost, zebrafish turned it
into an interesting animal model to carry out genetic studies. It
has an adult size of only about 3–5 cm, which allows maintenance
of a large number of animals in the laboratory and it reproduces
robustly. These two features essential to carry out this type of
study are lacking in vertebrate model organisms such as mice (5).
The embryo and larva of zebrafish are transparent and develop
very rapidly. In 5 days, swimming and self–feeding larvae can be
observed. This whole process unravels in a Petri dish (5).

Because of these special characteristics, a large amount of
genetic information has been accumulated and numerous genetic
tools have been developed for zebrafish (6). These tools have
allowed the investigation of a number of human diseases using
the zebrafish (7), including human degenerative diseases such as
Alzheimer’s disease (8) and Parkinson disease (9). Since zebrafish
present adequate features for studying developmental processes,
organ function, and human diseases (10, 11), but with a sim-
pler central nervous system than the mammals, there is a need for
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the characterization of its behavior, as well as the development
of reliable behavioral test methods. Our laboratory has developed
efficient and practical experimental models to study learning and
memory process in zebrafish. In this chapter, we describe some of
these experimental models to evaluate learning in zebrafish that
proved to be efficient.

2. Methods

2.1. Fish
and Maintenance

Fish used in both experiments were bought at a local shop and
placed in 30-l aquariums (30 animals per aquarium), at 18–22◦C
with constant filtering and aeration, natural cycle of light (with
approximately 13 h light/11 h dark), and fed five times a week
with flake food (Wardly Corporation, NJ, USA). At least 1 week
acclimatization interval was allowed from the purchasing of the
fish until the beginning of the experiment. Since it is difficult
to distinguish the fish individually, before the beginning of the
experiments, fish were individually placed in 25 cm long, 11.5 cm
wide, and 15 cm high aquarium. Animal husbandry and all behav-
ioral experiments were conducted in accordance with guidelines
for the use of laboratory animals set by the Brazilian Neuro-
science and Behavior Society (SBNeC), based on the US National
Institute of Health guidelines for the care and use of laboratory
animals.

In the “Inhibitory avoidance” procedure, 48 zebrafish from
both sexes were used in a blind ratio unknown to the exper-
imenters. In the “Color discrimination procedure,” 16 fish
were used.

3. Experiment 1:
Inhibitory
Avoidance Model
for Zebrafish

3.1. Experimental
Aquarium

A rectangular (30 cm long, 15 cm high, and 15 cm wide) aquar-
ium was used. It was divided by a sliding door into two chambers,
one black and one white. On the black side of the aquarium was
a pulley system from where a weight of 45 g could be dropped
(Fig. 10.1).

3.2. Procedure Animals had two sessions of 10 min to explore both black and
white sides of the experimental aquarium on two consecutive
days before the beginning of the experiment. On the following
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Fig. 10.1. Inhibitory avoidance aquarium.

day, animals were placed individually in the white chamber of the
aquarium with the sliding door closed. After 30 s, the door was
opened and the animals had access to the black compartment.
Once the animal’s entire body was inside the black compartment,
the 45-g weight was dropped in front of the fish. This evoked
an escape response and fish returned to the white compartment.
Some fish presented a freezing response after this stimulus. If no
escape response was evoked, fish were gently conducted back
to the white compartment using a fish net. This procedure was
repeated two more times. Time fish took to enter the black com-
partment was observed in the three trials (BL: baseline, T1: trial 1,
and T2: trial 2). In order to verify if the animals recorded the pres-
ence of the aversive stimulus in the black compartment on the
training day, a test (T) was preformed. On the following day, the
animal was placed back in the white compartment and the time
fish took to enter the black compartment was recorded again. All
procedures were videotaped.

Two experimental groups were used in this experiment: one
group of non-injected animals (NI) and one group that received
intraperitoneal saline injection (SAL) immediately after the train-
ing trials. Volume of the injection was 1 ml kg–1 of body weight.

The saline-treated group was used to verify possible effects of
the injection procedure, since this experimental model was devel-
oped for the study of histaminergic drugs on learning, and these
drugs were also injected intraperitoneally. For the injection pro-
cedure, animals were captured using a fish net and removed from
water. Drug was injected using a needle connected to a 10 μL
syringe (Hamilton, model 7105KH, USA) through a polythene
tube. The complex needle-tube-syringe was filled with distilled
water, and the injection flow could be observed by the move-
ment of an air bubble between the drug being administered and
the distilled water. This procedure was carried out as quickly as
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possible, so that the time the fish remained out of water was kept
to a minimum.

On the first training trial, it was observed that about one third
of the animals took more than 10 min to cross from the white to
the black compartment. These animals were excluded from the
experiment.

3.3. Statistical
Analysis

Statistical analysis was carried out using the GB-STAT School
Pack software, version 1997. Data are reported as means ± SEM
and differences were considered significant if the probability of
error was <5% (p = 0.05).

Since the data obtained in this experiment was not homoge-
neously distributed, the non-parametric Friedman test followed
by the Student Newman-Keuls multiple comparison test was used
to verify differences between the training trials (BL, T1, and T2).

To investigate possible differences between test latencies of
both experimental groups and the latency observed in T2, the
non-parametric Kruskall-Wallis test was used.

3.4. Results Acquisition of the task can be inferred from a gradual raise in
the latencies to enter the black compartment during the training
day. This was observed in these animals with significant differ-
ence between T2 and BL (Friedman p = 0.0373, DF = 2, χ2 =
6.5769; Student Newman-Keuls, p < 0.05) (Fig. 10.2).

The comparison between the latencies in T2, and in T of
noninjected and saline-injected animals indicated no significant
difference (Kruskall-Wallis, p = 0.1993, DF = 2, χ2 = 3.2254;
Fig. 10.3).

Fig. 10.2. Latencies to cross to the black compartment of noninjected and saline-
injected animals in the three trials of the training day (BL, T1, and T2). Since these
animals were submitted to the same experimental procedure on the training day, their
data were analyzed as a group (n = 48). Data are reported as means ± SEM. ∗p < 0.05
compared to BL (Friedman test followed by the Student Newman-Keuls test).
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Fig. 10.3. Latencies to cross to the black compartment on the last training trial (T2,
n = 48 – Since on the training day animals from the saline-injected and the noninjected
group were submitted to the same experimental procedure, data from training trials
were analyzed conjointly) and on the test trial of noninjected (T-NI; n = 21) and saline-
injected animals (T-SAL; n = 27). Data are reported as means ± SEM (Kruskall-Wallis
test).

4. Experiment 2:
Color Preference
Conditioning
Model
for Zebrafish

4.1. Experimental
Aquarium

Two days before the beginning of the experiment, animals were
individually placed in a 25 cm long, 11.5 cm wide, and 15 cm
high aquarium, in which water was constantly aired. A transparent
plastic barrier was fixed 6 cm from both ends of the aquarium,
limiting two opposite feeding areas. A plastic transparent cylinder
was placed inside each area, where one pellet of floating food was
offered during the experiments. Unconsumed food was removed
from the water after the end of the experiment, since it could
increase organic waste and decrease water quality.

A small lamp placed inside a chemistry tube to prevent contact
with the water was placed beside each feeder, being on one side a
red lamp and the other green (Fig. 10.4). The color of the side
was selected randomly each day of the experiment.

Animals (n = 16) were placed in the aquarium 2 days before
the beginning of the experiment and food was not offered during
this period to stimulate foraging. On each day of experiment, the
red and green lamps were placed on opposite sides and turned on.
Food was offered 30 s later, always on the feeder indicated by the
green light.
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Fig. 10.4. Zebrafish color conditioning aquarium. a Feeder; b light; c barrier.

The animals had 5 min to enter the feeding area and those
that did not enter the feeding area were excluded. Only one trial
was carried out during each of the 5 days of experiment (D1, D2,
D3, D4, and D5), and time to approach the feeder indicated by
the green light was observed on each day.

4.2. Statistical
Analysis

Results are reported as the mean ± standard error of the mean
(S.E.M.). Data were not homogeneously distributed, therefore
were analyzed using the non-parametric test of Friedman followed
by Student Newman-Keuls multiple comparison test.

4.3. Results Acquisition of the task can be inferred from a gradual decrease in
the latencies to enter the feeding area indicated by the green light.
This was observed in this experimental group with statistically sig-
nificant difference between day 1 and 5 (Friedman p = 0.0211,
DF = 4, χ2 = 45994.75; Student Newman-Keuls, p < 0.05).
Data is presented in Fig. 10.5.

5. General
Discussion

It has been shown that zebrafish have a natural preference for dark
environments (12). Thus, in the first experiment of this study,
the rise in time to enter the black compartment showed that the
weight drop was an efficient aversive stimulus for the animals and
caused a change in their natural preference. It was also observed
that the animals were capable of remembering the experience of
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Fig. 10.5. Mean (± S.E.M) of latencies to enter the feeding area on the 5 training days (D1, D2, D3, D4, and D5). Data
were analyzed using Friedman test followed by Student Newman-Keuls test when appropriate. Asterisk (∗) indicates
statistically significant differences in relation to D1 (p < 0.05).

the previous day, since the animals avoided the preferred com-
partment on test day. Thus, the experimental model of inhibitory
avoidance seems to be an effective model to be used for studying
learning and memory in zebrafish. However, some adaptations
on the procedures could expand their use. For example, more
days of testing could bring information on the extinction of this
inhibitory response.

Other studies have supported the idea that zebrafish are capa-
ble of learning aversive events. Pradel et al. (13, 14) and Xu et al.
(15) trained zebrafish in an active avoidance paradigm, in which
animals had to learn to avoid a side of a shuttle box indicated by
a light in which a mild electric shock would be delivered.

The inhibitory avoidance experimental procedure described
here was first developed to be used in experiments using gold-
fish and presented many interesting results (16–18) because of
which we investigated its utility for experiments using zebrafish.
So, this experimental model was used to investigate the role of the
histaminergic H1 receptor clorfeniramine, administered intraperi-
toneally, on learning in zebrafish (19).

Although the inhibitory avoidance is a useful experimental
model, it is not without its limitations or its confounding effects.
The first one is that the animals are placed in the experimen-
tal aquarium only for the experimental procedure, and then are
placed back into the maintenance aquarium. It is important to
notice that the transference of the animals between both aquar-
iums is a source of stress reflected by the large number of ani-
mals that showed freezing behavior once they were placed in
the aquarium. Because of this freezing behavior, a high number
of animals do not cross to the preferred compartment on base-
line trial and therefore are excluded from the experiment. Since
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this was the most important limitation observed, we developed
an experimental model where the animal would remain the
entire duration of the experiment in the experimental aquarium.
Therefore, in the second experiment, the animals were placed
in the aquarium two days before the beginning of the proce-
dures and were not moved until the end of the experiment. This
reduced the number of fish excluded from the experiment because
of freezing behavior on the first trial.

It is known that zebrafish are a shoaling (social) species (20),
and therefore a large number of fish can be placed in a sin-
gle aquarium for maintenance. Thus, placing a single animal per
aquarium during the experiment could be stressful for the ani-
mals. To overcome this problem, the 20 experimental aquariums
that were used in the experiment were placed side by side on two
shelves, allowing visual contact between animals.

Learning and memory have been studied by many different
approaches in zebrafish. In this second experiment, we used an
aquarium with feeders placed at both ends, signaled each by a
green or a red light. To reach food that was offered only by the
feeder indicated by the green light, the animal had to swim below
the plastic barrier.

It was observed that the animals were able to learn the task,
since the time the animals took to enter the correct feeding area
diminished after the days of training. Since the position of the
lights was randomly changed every training day, we believe that
the animals learned to discriminate the colors instead of associat-
ing the food offer to a particular side of the aquarium. In this
experiment only one pellet of floating food was offered inside
a feeder that was fixed to the aquarium wall in such a manner
that its inferior extremity remained a few millimeters below water
level. Therefore, once the food was dropped, it remained inside
the feeder and the animals were not able to see it, indicating that
the animals were able to associate the food with the light.

Our results are in agreement with previous studies that have
shown that zebrafish could learn to discriminate between different
pairs of colors (green and purple; red and blue) when one of the
colors was paired with food reward (21). It has also been shown
that zebrafish are able to discriminate between two achromatic
patterns (21).

In the second experiment, the animals were able to learn the
task on the 5th day of training, with one trial per day. This is a rel-
atively short period of training for fish. In comparison, the olfac-
tory conditioning procedure for zebrafish described by Braubach
et al. (22) is a robust and simple model for the study of classi-
cally conditioned appetitive response. However, training to sin-
gle odorants consisted of a total of 60 trials, conducted over the
course of 5 days. New experimental approaches are being devel-
oped in order to overcome this problem. Recently a one-trial
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inhibitory avoidance task was developed for zebrafish, in which
the animals learned to refrain from swimming to the preferred
aquarium compartment in order to avoid an electric shock during
a single-trial training session (23).

Different procedures using positive rewards were also effec-
tive for the learning and memory in this species. Visual access to
a group of conspecifics has rewarding properties and this rein-
forcer can support associative learning (24). These and other
authors (25) have successfully used computer images of zebrafish
and elicited shoaling or reproductive behavioral responses to the
images in experimental zebrafish. Pather and Gerlai (26) also used
computer-animated images of zebrafish to support learning in
zebrafish. In their experiment, the animated zebrafish was pre-
sented on a specific side of the aquarium (always on the same
side for one group, randomly or on alternating sides for the other
two groups). Learning of the task was expressed by increase of
permanence of animals close to the side where the images were
presented on the same side group and a decrease in this time on
the alternating side group, since animals anticipated that the shoal
would be presented on the opposite side of the aquarium after the
intertrial interval.

Great effort has been put into practice by researchers
from different laboratories to raise the number of experimen-
tal model options available for the study of learning and mem-
ory in zebrafish. The procedures described here, developed
by our and other laboratories, contribute to a growing effort
to establish different approaches to study learning and mem-
ory in zebrafish, in order to support investigations of learn-
ing, memory, behavioral plasticity, using behavioral or genetics
approach.
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Chapter 11

Spatial Cognition in Zebrafish

Joshua L. Haight and Joseph A. Schroeder

Abstract

Studies of teleost spatial cognition have revealed that fish possess an impressive array of navigational
abilities and are capable of spatial memory based tasks utilizing both egocentric and allocentric cues. The
emergence of zebrafish as an optimal animal model for developmental, genetic, and chemical screen-
ing investigations necessitates a better understanding of this species behavior including spatial cognition.
Investigations of zebrafish spatial cognition described here reveal that zebrafish quickly learn to execute
spatial tasks based on visual cues to avoid simulated predator attacks and to obtain food reward. They
are also capable of memorizing spatial alternation sequences for navigational tasks and memory of these
tasks is retained for several weeks. Two additional protocols designed to evaluate complex navigational
behavior in zebrafish are also described. Results from preliminary studies indicate that zebrafish can learn
to navigate mazes comprised of multiple directional turns with minimal aid from allocentric visual cues.
The growing collection of zebrafish spatial cognition protocols and the accumulation of data from care-
fully designed behavioral studies when combined with what is known about the molecular neurobiology
of the species will ultimately lead to a better understanding of the neurological basis of spatial cognition.

Key words: Spatial memory, spatial alternation, cognitive maps, navigation, allocentric strategies,
egocentric strategies, neurological basis of cognition, conditioned place preference, conditioned
place aversion, associative learning, three-axis maze, multiple t-maze.

1. Introduction

Despite the growing popularity of zebrafish as models in genetics
and molecular biology laboratories and especially given the
increasing interest in understanding the genetic basis of behav-
ior, relatively little is known about the spatial cognitive abili-
ties of this versatile laboratory model. Other teleost species have
been the subjects of spatial navigation experiments ranging from
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simple landmark recognition (1) to ordered navigation (2) to
construction of cognitive maps (3) in both open water or con-
trolled laboratory designs. This chapter begins with a brief, broad
perspective review of spatial cognition experiments employing a
range of teleost species. Emphasis is placed on literature describ-
ing studies conducted in a controlled environment many of which
could be adapted to evaluate the ability of zebrafish. This is fol-
lowed by a discussion of the available literature on zebrafish.
Finally, the review is supplemented with data from the authors’
lab on zebrafish spatial memory and a discussion of the func-
tional neuroanatomy of the zebrafish brain related to spatial
cognition. For extensive reviews of spatial memory and naviga-
tion/orientation in a range of teleost species, see Braithwaite (4)
or Braithwaite and de Perera (5).

A discussion of spatial navigation in fish must at the out-
set highlight several important defining aspects of the animals’
interaction with their environment that are important when con-
sidering a spatial navigation experiment for comparison with land-
dwelling species. In addition to the horizontal axes, orientation to
the vertical axis is profoundly more relevant to navigation in an
aquatic environment. Unique changes in the vertical axis such as
light penetration, temperature, and water pressure are undoubt-
edly used by fish for navigation. Besides these cues and local visual
and olfactory cues, teleosts have been shown to use the sun for
compass navigation (6) and evidence suggests that they may also
use the earth’s magnetic fields (7). The complex interaction of
these aspects of fish spatial navigation must not be overlooked
when designing protocols to be used to evaluate the cognitive
spatial abilities of zebrafish.

One of the simplest forms of spatial memory that has been
studied in teleosts is the use of landmarks, or beacons to identify
goals ranging from a food patch to an area of the environment
that can be used for protection. The animal must recognize a
landmark and associate it with a specific objective. Goldfish are
able to use landmarks to identify the presence or absence of food
patches hidden under the gravel of their tank (1). The Atlantic
salmon (Salmo salar) has been the subject of several studies
because of its lengthy migrations. As a testament to their extensive
travel, Atlantic salmon who have been tagged in North America
have been found off the coasts of the UK, New Foundland, and
Norway (8) suggesting a superb navigational ability based on
acute sensory discriminations. In the laboratory, salmon quickly
learn to discriminate between channels identified with visual land-
marks to obtain food (9). In this study, it was demonstrated that
this discriminative ability is retained even when every effort is
made to make the channels identical. Thus either the channels
were not visually identical to the salmon eye, but had small imper-
fections that allowed the salmon to tell the difference between
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them, or “that the salmon parr may have deposited some form
of olfactory cue on the rewarded patch to mark it” ((4), p. 92).
Regardless of whether the fish were using a visual or olfactory
cue, this study suggests that the ability of salmon to discriminate
between navigational cues is sophisticated and adaptive, helping
the salmon to navigate during extremely long migrations.

Other studies have also shown that fish can use both local
and global landmarks to help them avoid a threat. One study
employed 3-spined sticklebacks (Gasterosteus aculeatus) taken
from either high or low predation environments and evaluated
their ability to avoid a dangerous feeding patch (10). In general,
fish originally captured from a high predation environment iden-
tified an unsafe feeding patch using global cues outside of the
tank whereas fish from a low predation environment used inter-
nal tank landmarks to identify where to feed. This suggests that
preference for a type of navigational landmark cue can vary within
a species and is dependent on the type of environment the fish
come from.

One method for evaluating the complex spatial navigation
problems encountered by wild fish utilizes chains of landmarks.
Instead of using one landmark to signal a food patch or shelter,
fish can apparently memorize sequences of landmarks for use in
piloting and navigation (2, 11). Reese (11) studied butterflyfish
(family Chaetodontidae) in their wild habitat on coral reefs and
demonstrated that the fish used landmarks to follow the same, dis-
tinct path everyday. When the landmark sequence was disrupted,
the fish engaged in searching behavior and were able to resume
their path when a path landmark was recognized instead of start-
ing at the beginning of the route.

Another study by Girvan and Braithwaite (12) examined the
difference in ability of wild 3-spined sticklebacks taken from
either a river or a pond to navigate a spatial maze. Fish were
trained to use either an egocentric, turn sequence learning strat-
egy or an allocentric, landmark navigation strategy to complete
the maze. Fish from the river population learned to solve the maze
equally well in each test condition; fish from the pond population
however were much faster at solving the maze in the condition
containing local landmarks. This shows, much like the Hunting-
ford and Wright (10) study, that some 3-spined sticklebacks pre-
ferred to “memorize” the algorithm of the maze (right-left-right),
whereas others preferred to learn the association between the local
landmarks and the correct path. It was suggested that a river envi-
ronment is not conducive to visual landmarks, since currents are
always shifting the surroundings, while the pond environment has
relatively stable visual stimuli. This could potentially lead to the
river sticklebacks developing alternative methods for navigation,
other than visual recognition, while the pond sticklebacks can rely
more heavily on visual cues.
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Another interesting species that has been utilized in spatial
navigation studies is the blind Mexican cave fish (Astyanax
fasciatus). Teyke (13) observed that the blind fish learn about
their surroundings by using their lateral line organ. When the
fish were placed in an environment that was unfamiliar, they
increased their swimming velocity, promoting lateral line stim-
ulation. The fish localized their swimming to the perimeter of the
tank and around novel stimuli, suggesting that they were learn-
ing about the size, dimensions, and characteristics of their envi-
ronment. Once the fish became familiar with their surroundings,
they decreased their swimming velocity. Data showed that swim-
ming velocity would drop significantly from 2 to 4 h after being
exposed to the new environment, and then steadily decline from
4 to 12 h, where it would begin to become relatively constant
indicating that swimming velocity is a reliable indicator of famil-
iarity with an environment. In addition, it has been demonstrated
that blind Mexican cave fish can use the lateral line system to
encode order of landmarks in their spatial maps and demonstrate
possession of an “internal representation of order” ((2), p. 2133),
suggesting that fish are not just simply associating one landmark
with another, but have the cognitive ability to recognize an order
in the landmarks of their environments. Zebrafish have a well-
developed lateral line system (14). The lateral line system is used
by fish to detect movement and vibration in the water, which aids
in schooling behavior and avoiding predation (15). The sensory
cells of the lateral line system are similar to the hair cells of the
mammalian cochlea and likely function in fish in a similar fashion
to the auditory system in other vertebrates during spatial naviga-
tion tasks. The zebrafish lateral line system has been proposed as
a model for pharmacologic studies of hair cell ototoxicity (16).

Perhaps the most complex aspect of spatial cognition that
has been shown in fish is the ability to form cognitive maps.
This was first investigated by Aronson (17, 18) using the gobiid
fish (Bathygobius soperator). The gobiid fish dwells in rocky tide
pools during low tides and is quite unique in its behavior. When
prompted with a predator attack, the gobiid fish will jump from
its home tide pool to another tide pool or the open ocean with
incredible accuracy. Aronson investigated how previous experi-
ence with an environment influenced jumping accuracy by con-
structing an artificial environment containing three tide pools and
simulated tides. At low tide, the fish were confined to one of the
three tide pools. At high tide, the fish could freely swim around
the entire environment. Fish that were not allowed to explore the
entire environment were very inaccurate at jumping to other tide
pools when threatened with a predator attack, whereas fish that
were allowed one high tide exploration of their environment were
several times more accurate at jumping to another pool compared
to their inexperienced counterparts. This study demonstrates that
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the gobiid fish displays an efficient ability to build a cognitive
map of its surrounding environment from one exposure, and can
refer to this cognitive map when prompted with a predator attack.
A second study demonstrating the cognitive mapping abilities of
fish was performed by Rodriguez et al. (3) using goldfish. In this
study, goldfish were trained to reach a food reward in a four-arm
maze using either an egocentric or allocentric strategy or both.
Fish in the allocentric group were trained to use global landmarks
outside of the tank to determine the location of a food reward in
the maze, whereas fish in the egocentric group were trained to
always turn a certain direction out of the start arm of the maze
to reach the food. A third group was trained in both strategies.
Results showed that the goldfish could learn both types of navi-
gational strategies. Also, those trained in the allocentric strategy
were able to reach the food reward when released from any arm
of the maze, indicating that the fish had developed an internal
representation of the relationships between the global landmarks
outside of the tank and where the food reward was located.

As these studies indicate, the spatial navigation and memory
capacity of teleosts is complex. They are able to learn subtle, defin-
ing spatial relationships between objects and are able to build cog-
nitive maps of their environment. These abilities are important
for helping fish remember the location of food patches, places of
shelter, navigate their home territories, orient themselves in space,
and perform complex migratory behaviors.

2. Examples
of Spatial Memory
in Zebrafish

Zebrafish are quickly becoming the primary model for neurode-
velopmental studies. The exposed chorion and quick develop-
ment of this fish make it an ideal candidate for the study of
genetics and the molecular processes of development (19). While
the biological studies of the zebrafish have charged to the fore-
front of genetic and neurological sciences, those assessing the
cognitive functions of this fish have begun to emerge. Some liter-
ature exists on the basic memory functions of zebrafish, as well as
the effects and timing of nicotine on improving memory (20, 21)
and the role melatonin plays in suppressing the nighttime forma-
tion of memories (22). However a few studies directly assess the
spatial capacities of zebrafish, and these are similar to studies that
have been performed with other teleosts.

Arthur and Levin (19) used an experimental model simi-
lar to Huntingford and Wright (10) to assess whether zebrafish
could remember the specific site of a simulated predator attack.
A 40-l tank was split into three chambers separated by sliding
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plexiglass doors. The back of the tank was colored black to help
orient the fish and one of the side chambers was designated as
the “safe” chamber. Fish were individually placed into the start
chamber for an orientation period of 60 s. After this period, the
doors to each side chamber were opened and 20 s later a fish
net was lowered into the middle chamber and moved around in
a stereotypic fashion. If the fish swam into the “safe” chamber,
the sliding door was closed and the fish net was removed, leav-
ing the fish to swim freely for 60 s. If the fish swam into the
other chamber, the door was closed and the fish net was placed
into the chosen chamber and moved around for continued stress
for 60 s. This was continued for 10 sessions, three trials per ses-
sion. The learning parameters were then reversed for 18 sessions,
with the previous “safe” side now associated with the net pun-
ishment. Results showed that the zebrafish significantly improved
in their escape choice over time, learning to avoid the chamber
associated with the net punishment. The fish also quickly learned
to avoid the net-associated chamber when the test parameters
were reversed. This shows that the fish were cognitively making
a chamber choice based on avoidance behavior, and they could
remember using spatial cues which chamber was associated with a
punishment. This finding is similar to that of the Huntingford and
Wright (10) study in which 3-spined sticklebacks were using visual
cues to discriminate between compartments based on avoidance
behavior.

In a follow-up to this study, Arthur and Levin (19) used the
same basic protocol to determine if zebrafish could make the same
discrimination using visual instead of spatial cues. In this experi-
ment, the back wall of one chamber was colored blue, while the
other was colored red of an equal intensity. Instead of keeping
spatial cues constant, the fish had to learn to avoid a specific
color chamber, which changed sides. The fish successfully learned
to avoid the punishment condition by choosing the appropri-
ate color compartment, and could learn to reverse their behavior
when the test conditions were reversed. Thus zebrafish are capa-
ble of using both visual and spatial cues to avoid punishment,
much like previous studies have demonstrated with other fish.

A second protocol utilizing zebrafish as test subjects was
designed to assess the memory of this fish in a simple spatial
alternation task (23). A small 2-gallon (30 × 20 × 15 cm) con-
tainer was used as the experimental tank, and a laminated piece
of white poster board was used to divide the tank in half, each
half measuring 15 × 20 × 15 cm. The board divided the top
10 cm of the tank, leaving about a third of the tank open under-
neath, so the fish could have easy access to either side of the tank.
A red card was taped onto one end of the tank, serving as a visual
cue so the fish could orient themselves spatially. Fish were either
trained to receive food on alternating sides of the tank, or on a
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randomly chosen side. At the start of the experiment, both groups
of animals had an average choice ratio that was no better than
chance. Over the course of 28 trials, the performance of the alter-
nating side group significantly improved, while the performance
of the random administration group never rose above chance lev-
els. This demonstrates that zebrafish have the cognitive ability to
orient themselves spatially and learn to alternate between two dis-
tinct chambers for a food reward.

As a second part to this study, Williams et al. (23) determined
if the zebrafish could remember the spatial alternation task follow-
ing a 10-day break in trials. After the first 28 trials, the fish from
the alternating experimental group were removed from the test
tank for 10 days. When this break period was over, the fish were
reintroduced to the test tank and another 14 trials spatial alter-
nation task, accurately choosing the side of the tank at which the
food reward was administered at levels significantly better than
chance.

Recent evidence from our laboratory has suggested that
zebrafish are capable of more complex spatial egocentric navi-
gation. Described below are two mazes and protocols we have
developed and preliminary data on the performance of zebrafish
in each maze. Both mazes were designed and constructed to
determine if zebrafish were capable of memorizing a navigational
“route.” For both protocols, landmarks and external cues that the
animals could use as beacons or for orientation were minimized.
The three-axis maze requires fish to navigate a route based on
x (forward/backward), y (left/right), and z (depth) axes. The
maze consists of a 20 × 20 × 60 cm plexiglass tank. Four plex-
iglass inserts divide the tank into five 12 × 20 × 20 chambers.
There is a 7 × 7 cm window cut out of one corner or the cen-
ter of each insert. With the inserts in place, fish must swim from
chamber to chamber through windows that are in a different loca-
tion in each insert in order to reach a food reward in a floating
feeding ring in the chamber on the opposite side of the tank. The
order of inserts (i.e., location of each window) remained constant
for each fish across trials. See Fig. 11.1 for a diagram of the maze.
Without the inserts, the tank served as the home tank for five fish
at a time. At the start of each trial, all of the fish were removed
and placed in a 1-l opaque circular holding tank containing home
tank water. The filter, heater, and aerator were removed from the
tank and white cardboard walls were placed outside, around the
perimeter of the tank so that the fish could not use cues internal
or external to the tank for navigation. Fish were food deprived
for 2 days prior to the start of the experiment. Fish were placed
individually in the start chamber and the latency to reach the goal
chamber containing the feeding ring was recorded. Training con-
sisted of two back-to-back trials per day. The average learning
curve for 10 fish is displayed in Fig. 11.2.
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Fig. 11.1. Diagram of the zebrafish three-axis maze. Constructed of clear plexiglass,
food-deprived fish are placed in the start chamber and must swim through the window
in each insert to reach the feeding ring in the goal chamber (not drawn to scale).

Fig. 11.2. Latency to goal as a function of maze exposure for the zebrafish three-axis
maze. Each data point represents the average and standard deviation of two trials per
day for 10 fish.

The multiple T-maze requires fish to memorize a series of
left/right turns to navigate through a series of shallow brightly lit
channels to their home tank which is deeper, covered, and con-
tains plastic aquarium plants and two cohorts. The maze chan-
nels are 10 cm in height and 8 cm wide and are constructed of
white plexiglass. The base of the maze is a large octagon platform
(each side is 20 cm) constructed of white plexiglass. The platform
rests in a large circular plastic pool that is 130 cm in diameter
and filled to a depth of 20 cm. The home tank is a 20 × 20 ×
20 cm plexiglass chamber inserted through the maze platform.
The entry from the maze to the home tank can be closed with a
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sliding door. See Fig. 11.3 for a diagram of the multiple t–maze.
During the training period, the home tank housed three fish at a
time. A 1-day pretraining period (straight-arm training) preceded
maze training during which all sections of the maze except for
the channel leading directly to the home tank entry were sealed
off with plexiglass partitions. Fish were food deprived for 2 days
prior to training. Each fish received five straight-arm, pretraining
trials. All fish were transferred from the home tank to a 1-l cir-
cular holding tank before training. Fish were individually placed
at the end of the training arm and learned to escape the maze
channel by swimming to the home tank where they received a
small amount of food. During maze training, individual fish were
placed at the end of the start channel and the latency to enter the

Fig. 11.3. Top and side view diagrams of the zebrafish multiple T-maze. The maze and home tank are constructed of
white plexiglass on a plexiglass base inserted into a plastic pool. Fish are individually placed in the start arm and must
navigate the brightly lit maze channels (depth = 10 cm) to reach the darker home tank (depth = 20 cm) containing
plastic aquarium plants (not drawn to scale).
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home tank was recorded. Each fish received two training trials
per day with the second trial starting 1 h after the first trial. Fish
were rewarded with a small amount of food following each trial.
The average performance of 6 fish over the course of 12 days of
training is displayed in Fig. 11.4.

Fig. 11.4. Latency to goal as a function of maze exposure for the zebrafish multiple
T-maze. Each data point represents the average and standard deviation of two trials per
day for 6 fish.

During development of the protocols described here, it was
observed that fish performance was significantly enhanced if the
maze was incorporated into or adjacent to the fishes’ home tank.
Reduction of the stress associated with being transferred to water
of a different temperature, pH, etc., other than the stress of net-
ting disorientation, at the start of a trial appears to aid in the
learning process. The preliminary evidence from these experi-
ments suggests that zebrafish are capable of successfully negoti-
ating a maze consisting of multiple left/right turns and/or depth
changes. The learning curves indicate that learning occurs grad-
ually over the course of the first 8–12 maze exposures, followed
by a significant improvement in navigation to goal latency that
remains somewhat constant for the remainder of the experiment.
Observations of fish in the three-axis maze indicate that the ani-
mals can quickly orient toward the feeding ring when placed
in the start chamber. Although not quantified, it was observed
that fish made significantly more “errors” (i.e., bumping into
the inserts) when negotiating the maze during the initial tri-
als. Observationally, the error rate declined with increasing maze
exposure. Likewise for the multiple T-maze, the number of entries
into “dead-end” channels of the maze as well as the frequency
of “back-tracing” through the maze was observationally more
frequent during the early maze exposures. Criteria for defining
and quantifying navigational errors in these spatial navigation
protocols will be included in future studies. Potential navigational
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cues internal and external to the maze were minimized for these
protocols suggesting that zebrafish are capable of egocentric
spatial memory and navigation. Future experiments will deter-
mine how performance is affected by the inclusion of cues that
enhance allocentric navigation. A study by Brown et al. (24)
using zebra cichlids suggests that fish use the geometric shape
of their home environment to develop navigational strategies.
Cichlids raised in a circular tank adopted navigational strategies
that were based on navigational cues rather than the geometry
of the tank. This interesting finding could easily be adapted to
zebrafish given the speed and ease of breeding this species in
captivity.

3. What Areas
of the Teleost
Brain Have Been
Implicated
in Spatial
Cognition?

As the above studies have shown, teleost fish have the ability to
use multiple modes of spatial cognition to negotiate their envi-
ronment (3). They can utilize allocentric strategies to navigate,
which are viewpoint-centered, simple associations. These associ-
ations are directly cued, e.g., swimming toward a specific land-
mark. They can also navigate by using more complex egocentric
strategies, which involve building a cognitive map and recogniz-
ing the 3-dimensional relationships between objects in the envi-
ronment. Much like reptiles, birds, and mammals teleost fish can
use these different strategies either alone or in conjunction. In
mammals it is widely accepted that the hippocampus and related
brain structures are responsible for the use of spatial memory in
building these complex spatial maps (25). Identification of the
brain areas responsible for spatial navigation in other vertebrates
has yielded some interesting results.

The first studies to investigate whether nervous system struc-
tures analogous to the vertebrate hippocampus are responsible
for allocentric spatial memory in the teleost fish brain were per-
formed by Salas et al. (26, 27). The goal of these studies was to
assess whether a lesion of the telencephalon in goldfish, contain-
ing neural structures similar to the hippocampus in vertebrates,
would result in a loss of allocentric navigational ability. In one
study (26), an opaque gray, diamond-shaped tank was used, only
allowing for visual cues that were placed inside the tank. Two
white and black striped panels that could be attached to the walls
of the tank were used as visual cues. The fish were split into two
different experimental groups, a “spatial constancy” group and a
“directly cued” group. In the spatial constancy group, the correct
exit to the tank was always in constant relationship with the visual
cues, regardless of starting location. To correctly navigate to the
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exit, fish had to learn the spatial relationship between the visual
cues and the exit. In the directly cued task, the visual cues were
always adjacent to the correct exit, requiring the animals to form a
simple association. After group assignment, animals were trained
in their respective test condition for 3 days, until reaching perfor-
mance levels with accuracy greater than 80%. Each test group was
then divided into three operational groups: telencephalic ablation,
sham operation, and controls. After a 4-day recovery period, fish
were tested in their respective experimental conditions. Results
show that animals that received the telencephalic ablation were
significantly impaired in the spatial constancy condition, while no
other group suffered significant deficits in performance. Removal
of the telencephalon, which is analogous to the hippocampus
in other animals, resulted in an inability to perform spatial task
requiring the use of a cognitive map.

In another study by Salas et al. (27) an experimental proce-
dure similar to that used by Rodriguez et al. (3) was employed
with the addition of telencephalic ablation to each experimen-
tal group. Goldfish were trained for 20 sessions in four differ-
ent conditions within a four-arm maze: place (allocentric), turn
(egocentric), place-turn (both), and controls. Each group then
received either sham operations or lesions of the telencephalon.
Results showed that animals in the “place” experimental group
suffered significant deficits in performance after lesion of the
telencephalon. Along with the findings from the above, these
studies show that lesion of the telencephalon in goldfish results
in the inability to use allocentric, or cognitive-mapping, spatial
navigation strategies.

Both of these studies implicated the involvement of the
telencephalic region of the teleost fish brain in solving spatial
problems where more complex, egocentric (cognitive mapping)
strategies were necessary for successful navigation. Vargas et al.
(28) expanded upon these studies to determine which parts of
the telencephalon were most active during these types of cognitive
activities. By using a silver nucleolar organizing region (AgNOR)
neurohistochemical staining procedure, the experimenters exam-
ined morphological changes in the argyrophilic NOR-associated
proteins, which are indicative of rRNA gene transcription, and
thus cellular activity. Using goldfish as test subjects, one exper-
imental group was trained in a spatial learning task similar to
that in Salas et al. (26), while the other group was trained in
a nonspatial task. Upon analysis of the telencephalon with the
AgNOR stain, results showed increased AgNOR density in the
dorsolateral telencephalic pallium of the fish trained in the spa-
tial task over those trained in the control task. This indicates that
the dorsolateral pallium of teleost fish is specially developed for
complex spatial memory tasks, much like the hippocampus in
humans.
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Several additional studies have examined what types of spatial
memory functions are inhibited by ablation of the lateral telen-
cephalic pallium in teleosts. Summarized by Rodriguez et al. (29),
lesions of the lateral pallium result in a total disruption of place
learning and memory. The impairments observed are as severe as
those observed when the entire telencephalic region is lesioned
(26, 27). Also, these findings are only observed in lesions of the
lateral pallium, and not the medial or dorsal pallium sections.
These studies offer strong evidence that the lateral telencephalic
pallium in teleost fish is the seat of complex spatial cognition and
memory.

4. Conclusions

As zebrafish become the norm for genetic and neurodevelopmen-
tal research, it will be of significant interest to develop a bet-
ter understanding of this species’ cognitive abilities. Experiments
employing a variety of other teleost species have yielded evi-
dence that suggests that the spatial memory and navigation abil-
ities of these animals have been underestimated. It has been
demonstrated that fish are capable of using and combining mul-
tiple modes of spatial navigation. These include egocentric strate-
gies suggestive of cognitive map formation as well as allocentric
strategies that incorporate subtle environmental cues. The lat-
eral telencephalic pallium has been identified as the brain region
responsible for complex allocentric strategies using neurohisto-
chemistry, and behavioral observations have verified this through
ablation studies. Using these studies as a foundation, systematic
and well-controlled behavioral protocols for evaluating the spa-
tial cognition of zebrafish can be developed that when combined
with genetic and molecular neurodevelopmental studies will have
a profound impact on our understanding of the vertebrate brain.
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Chapter 12

The Behavioral Repertoire of Larval Zebrafish

Kandice Fero, Tohei Yokogawa, and Harold A. Burgess

Abstract

Shortly after larval zebrafish become free swimming their behavior is modulated by both autochthonous
signals and external stimuli. Larvae show rapid responses to a range of sensory cues but are also capable
of executing extended behavioral programs in response to changes in the environment. At this early
stage, larvae have a small repertoire of discrete stereotyped movements which are deployed in different
contexts to generate appropriate behavior. We outline the range of behaviors defined in zebrafish larvae
to date and discuss insights into neural function revealed by behavioral assays. A growing body of work
demonstrates that tractability of behavior and neural connectivity in larval zebrafish facilitate the analysis
of neural pathways underlying vertebrate motor control and sensory processing.

Key words: Developing zebrafish, larvae, acoustic/vibrational stimuli, vestibular stimuli, lateral
line stimuli, visual stimuli, chemical stimuli, locomotion, sensory cues, environmental adaptation,
stereotypic behavior, neuroanatomy, neuronal pathways, motor control, sensory processing.

1. Scope

A major objective of the study of behavior is to reveal the
functional anatomy of the nervous system – to define how pat-
terns of neuronal connectivity and processing enable animals
to generate appropriate motor responses. Zebrafish are unique
among popular laboratory model organisms in that they were
expressly chosen for their advantages in applying genetic analy-
sis to the problem of neural development (1). Today, work by
many laboratories has demonstrated that neurogenetic analysis in
developing zebrafish is indeed a powerful tool for revealing neu-
ronal pathways underlying behavior. In large part, this is due to
the relative simplicity of the larval nervous system – it has been
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estimated that the 5-day-old zebrafish brain is comprised of just
100,000 neurons, including an ever-growing inventory of identi-
fied neurons (2).

A second goal of behavioral research is to understand how
animals use their behavioral repertoire in an ecological context.
Laboratory strains of zebrafish show classic signs of domestica-
tion, differing significantly from wild populations in a manner
consistent with loss of selection of antipredation behaviors includ-
ing reduced fearfulness and shoaling (3, 4). Only recently have
serious attempts been made to describe the natural environment
in which zebrafish exist (5–7). This chapter therefore focuses on
the repertoire of behaviors which can be elicited in zebrafish lar-
vae under laboratory conditions.

Zebrafish are regarded as “larvae” from the time of hatch-
ing at around 3 days post fertilization (dpf) until sex differen-
tiation at 19–23 dpf (8). However the first signs of motility in
zebrafish occur much earlier, with spontaneous coiling move-
ments observed by 17 h post fertilization (9). Several factors com-
plicate analysis of behavior in very young fish: first, until 3 days
post fertilization, the behavioral repertoire is very limited, a point
which is underscored by the fact that the spinal cord alone is suf-
ficient to mediate touch-evoked coiling and swimming responses
in embryos (10). Second, from days 3 to 5, significant changes
occur in movement kinematics, as animals transition from embry-
onic modes of motility to more stable larval patterns (11). Third,
during the transition period the larva inflates its swim bladder
and transitions from lying motionless on its side on the sub-
strate to actively swimming about in the water (Fig. 12.1). At

Fig. 12.1. A key transition in larval behavior occurs at 4 dpf. Shortly after hatching
at 3–4 dpf, larval zebrafish inflate their swim bladder, gaining positive buoyancy. This
transition marks the beginning of spontaneous swimming and increased responsiveness
to stimuli.
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the same time, it acquires greater responsiveness to acoustic and
visual stimuli. This is a crucial distinction, as it has been directly
shown that certain behavioral tests, for example the optomotor
response, only elicit a response in free-swimming larvae (12).
Fourth, the massive neuronal proliferation that has marked brain
development becomes restricted to just a few areas by 5 dpf, with
most regions of the brain comprised of post-mitotic neurons with
well-elaborated neuronal arbors (13). Thus by 5 dpf, while the
brain is still immature, it has at least reached a stage where devel-
opment proceeds at a less explosive pace.

Additional factors confound analysis of behavior in larvae
older than 7 dpf. Larvae from days 5 to 7 are relatively homo-
geneous within a clutch, with all healthy larvae having inflated
their swim bladder and showing little variation in size or body
weight. This is mainly because these animals still rely primar-
ily on their yoke for nourishment. In contrast, older larvae
must be fed in order to maintain normal levels of activity. After
feeding commences, even when a large surplus of food is pro-
vided, greater variability in size is observed, presumably as a
result of uneven success at predation (14). From a practical
point of view, this necessitates sorting animals according to size
as a proxy for developmental stage. Moreover, in the second
week of development, significant changes occur that compli-
cate behavioral analysis, including the first hints of social behav-
ior (15). In this chapter we therefore focus almost entirely on
behaviors manifest by larvae at ages between 5 and 7 days post
fertilization.

As the optimal time window for testing zebrafish larvae is rel-
atively narrow, it is particularly important that the fish be raised
under strictly controlled conditions. The standard temperature for
raising zebrafish is 28.5◦C – at lower temperatures, fish develop
more slowly (16). Low oxygen conditions can easily occur in high
density cultures or when unfertilized eggs remain in the dish and
become fodder for microorganisms. Under such hypoxic condi-
tions, larval development is impeded (17) and adult behavior is
modified (18). Even when efforts are made to maintain strict con-
trol over raising conditions, minor differences in other factors can
confound comparison between results obtained in different lab-
oratories. Unsurprisingly, the genetic background of the fish can
exert a dramatic influence over behavior (19) but subtler differ-
ences, for instance osmolarity of the tank water, have been shown
to alter neuroanatomical structure and therefore may very well
affect behavior (20).

A final emphasis of this review will be on behaviors that
can be elicited in free-swimming larvae. Many experiments by
necessity are performed on larvae which have been immobilized.
While restraint procedures are often required in order to analyze
neuronal activity, they may also significantly disrupt behavioral
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responses (21, 22). Thus results obtained in immobilized
larvae should ideally be followed up by experiments in free-
swimming fish.

2. The Movement
Repertoire

Larval zebrafish are amenable to a powerful approach for behav-
ioral analysis which focuses on measuring the frequency of ini-
tiation of stereotyped movements. The pioneering ethologists
Niko Tinbergen and Konrad Lorenz had the penetrating insight
that even complex behaviors can be deconstructed into a linked
series of simple, innate behavioral units, which they termed
“fixed action patterns.” In a classic application of this approach
Tinbergen described hunting behavior in digger wasps as con-
stituted by a series of movements in which the wasp first hov-
ers down-wind of a honey bee, then lunges toward it, curls its
abdomen to string the bee, clasps it, and finally initiates flight
back to its burrow (23). Direct measurement of the initiation fre-
quency of such distinct locomotor patterns has proven to be a
powerful approach for the neurobiological analysis of behavior
in invertebrate systems. A graduate student in Tinbergen’s labo-
ratory, Margaret Bastock, first described the sequence of motor
acts employed by Drosophila during courtship and mating (24).
Analysis of courtship behavior in Drosophila remains one of the
most productive paradigms for the genetic analysis of neuronal
networks underlying behavior (25). A similar approach has also
been used to reverse engineer the neuronal architecture underly-
ing other complex behaviors in invertebrates including navigation
in C. elegans (26, 27) and locomotor choice in the leech H. medic-
inalis (28). Progress in describing the neuronal basis of behavior
at a cellular level has thus benefited enormously from breaking
behavior down into its constituent acts in invertebrates.

In contrast, behavioral analysis in vertebrate animals usually
employs oblique measurements of neural function. In mice, the
pattern and degree of locomotor activity in an open field test is
considered to reflect levels of anxiety. Similarly, in tests of con-
ditioned place preference, reward learning is quantified by the
proportion of time a mouse lingers in a target compartment.
While this approach has been productive, analysis of stereotyped
motor patterns in vertebrates may be required to achieve a cellular
level description of behavior. Such a strategy is certainly possible:
Tinbergen famously described the complex series of stereotyped
movements employed by male sticklebacks that together consti-
tute courtship behavior (29). A major obstacle is that in mam-
mals, stereotyped movements are difficult to recognize within the
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continuously modulated and highly plastic stream of movement.
Over the course of the first year of life in humans, the cortex
assumes responsibility for controlling movement and in conse-
quence, motor acts become plastic and highly individualistic (30).
This is not the case for larval zebrafish, where locomotion occurs
as a series of distinct events, punctuated by longer bouts of inac-
tivity. A typical locomotor sequence by a zebrafish larva is pre-
sented in Fig. 12.2. This trace demonstrates the curvature of
the larva every 2 ms over a 28-s video recording while the fish
engaged in spontaneous locomotion and responded to acoustic
and visual stimuli. This demonstrates that movement episodes
are clearly demarcated by long periods of inactivity. Bouts of
activity are distinct acts, easily isolated within a larger behavioral
sequence. Even casual inspection of the trace reveals that dis-
tinct curvature functions can be recognized in different episodes
of movement. For example, the first two bouts of movement,
marked “S” are simple, reasonably symmetrical sinusoids typical
of slow swim movements. The third movement, marked “RT,”

Fig. 12.2. Locomotor acts in zebrafish larvae occur as discrete movement episodes. In
this example, a single larva was filmed for 28 s at 500 frames per second. The curvature
of the larva was calculated in each frame and all 14,000 curvature points plotted, with
time = 0 at the top left. Most spontaneously generated movements are either scoots
(S) or routine turns (RT). The larva was also subjected to two acoustic stimuli (marked
with arrows), which elicit a distinct type of maneuver, the short latency C-bend response
(SLC). In addition a visual stimulus was used, consisting of a 1-s long dark pulse in which
the overhead illumination was extinguished. This provoked a characteristic O-bend (O)
response.
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begins with a larger amplitude body flexion, followed by a few
oscillations of the tail, characteristic of a routine turn movement.
Thus larval zebrafish are a vertebrate model system in which it is
possible to analyze behavior by measuring the frequency of initia-
tion of discrete motor acts, similar to the approach that has been
so profitable in invertebrate systems.

Kinematic analysis of bouts of movement produced under
a large variety of stimulus conditions reveals that larvae have a
small repertoire of stereotyped motor acts. These will be referred
to in this chapter as “movement patterns” or “maneuvers.” The
maneuver repertoire of zebrafish larvae changes over the course
of development. In practice, as many manipulations introduce a
slight developmental delay into larval maturation, it is advanta-
geous to avoid studying the behavior of newly hatched larvae,
and analyze behavior in the window of day 5 through day 7 when
the movement repertoire stabilizes at a set of 9 distinctive maneu-
vers (summarized in Table 12.1 and illustrated in Fig. 12.3). By
5 dpf, forward propulsion is mainly achieved by deploying slow
swim movements (which will also be referred to as scoots), char-
acterized by a low tail beat amplitude and a short travel distance
(31, 32). Despite the predominance of scoot maneuvers for for-
ward swimming, 5-day-old larvae remain capable of much faster
burst swims, sharing the large amplitude tail beats and sustained
duration of the “cyclic swimming” pattern of newly hatched lar-
vae (11). Burst swims and scoots not only have distinctive kine-
matic signatures, but are generated by different populations of
spinal cord motor neurons (33). The capture swim is a third type
of forward swim used specifically for striking at prey objects (34).

Table 12.1
Summary of identified distinct movements comprising the swimming repertoire of
zebrafish larvae at 5–7 days post-fertilization

Maneuver Stimulus References

Slow swim None (spontaneous) Budick and O’Malley (31), Muller and van Leeuwen
(11), and Burgess and Granato (32)

Burst swim Looming predator escape Budick and O’Malley (31) and Thorsen et al. (194)
Capture swim Predation sequence Borla et al. (34)

J-turn Predation sequence McElligott and O’Malley (38)
O-bend Dark flash Burgess and Granato (32)

Routine turn Spontaneous/orienting McElligott and O’Malley (38), Budick and O’Malley
(31), and Burgess and Granato (32)

SLC Acoustic/tactile startle Kimmel et al. (37), Eaton et al. (36), and Burgess and
Granato (35)

LLC Acoustic startle Burgess and Granato (35)
Struggle Embedding Liao and Fetcho (41)
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Fig. 12.3. Maneuvers are distinguished by distinctive kinematic features. Still frames
at 4-ms intervals from the first 20 ms of different maneuvers illustrate the differences
between stereotyped movement patterns.

These swims last less than 50 ms and are terminated with the
bilateral extension of the pectoral fins for braking once the prey
has been captured.

Larvae are capable of executing several different types of
movements which result in a change of orientation. Under uni-
form conditions, with no overt stimulus supplied, larvae fre-
quently initiate routine turns (R-turns), which result in a change
of orientation of around 40◦. Different types of external stimuli
also produce movement responses which cause a change in ori-
entation of the larva. In some cases, the kinematic properties of
the response are sufficiently distinctive that it is classified as a dis-
tinct type of maneuver. Intense acoustic or tactile stimuli elicit a
response at latencies of less than 15 ms, initiated with a very high
angular velocity C-bend to one side, here referred to as a short
latency C-bend (SLC) (35–37). Sudden decrements in light inten-
sity produce a response which looks similar to the eye, involving a
large C-bend, but when measured with high speed videography,
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proves to be quite different. The initial bend movement of these
O-bend responses is executed with very low angular velocity, but
is so protracted that the head of the larva swings around to meet
the tail forming an “O” shape (32). When orienting toward small
prey objects, larvae execute a specialized type of turn designated
a J-turn consisting of repeated small amplitude flexions to the
same side (38). During J-turns, the tip of the tail hooks around
causing the change in orientation, but also a slight backward
displacement.

While SLC movements, O-bends, and J-turns are kinemati-
cally distinctive, it is not clear that orienting movements produced
in response to other types of stimulation are also unique. A variety
of different stimuli produce locomotor responses which are initi-
ated with a C-shaped movement to one side, much like R-turns.
Thus during the escape response from simulated approaching
predators, larvae orient away from the threat before rapidly swim-
ming forward (39). Similarly, during the optomotor response to
a moving striped pattern, larvae initiate turn movements as a
prelude to swimming in the direction of the moving bars (40).
A third type of C-start, the long latency C-bend (LLC) is observed
in larvae during acoustic startle trials using a weak stimulus (35).
The turning movements produced during predator escape, the
optomotor response, and weak acoustic startle trials are often
graded to the intensity of the stimulus or orientation of the larva
with respect to the stimulus (Burgess, unpublished data); thus it is
difficult to determine whether these represent unique stereotyped
movements, or are part of a more general mechanism employed
by larvae for steering in general. This is likely to be resolved only
by a detailed understanding of the neural machinery required for
the execution of each of these movements.

Finally, when trapped, larvae can initiate a struggle maneuver,
consisting of a large amplitude body wave traveling from the tail
toward the head (41). Surprisingly, while struggling movements
are relatively easy to elicit in larvae (for example by embedding in
agarose), the behavioral context in which they are generated has
not yet been strictly defined.

The different patterned movements described above are pro-
duced by discrete modes of activity of spinal cord pattern gen-
erators. The spinal cord contains an array of identifiable classes
of neurons which are recruited in unique patterns to generate
stereotyped movements. The identification of spinal motor cir-
cuits which generate patterned movements is an active field of
study (reviewed in (42)). Reticulospinal inputs to the spinal cord
trigger the production of different maneuvers (40, 43), thus mea-
surement of movement frequency reveals the output of brainstem
centers that activate spinal circuits. In subsequent sections, we
describe how different stimuli trigger the production of distinct
subsets of the larval movement repertoire.
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In larval zebrafish, kinematic analysis reliably distinguishes
between different elements of the movement repertoire (31, 32,
34, 44). Kinematic analysis can be automated through computa-
tional methods, enabling very high throughput analysis of behav-
ior (32, 35). Large numbers of trials can be quickly analyzed,
allowing rigorous statistical analysis to dissect the effect of genetic
mutations, pharmacological exposure, and anatomical manipula-
tions. It is worth noting that a similar type of analysis is possible
at least in principle for adult zebrafish, in which several distinc-
tive movement patterns have been described (45, 46). However,
as adult zebrafish swim continuously, movement patterns are not
conveniently separated by periods of inactivity, making it compu-
tationally more difficult to perform kinematic analysis.

3. The Behavioral
Repertoire

A longstanding controversy in behavioral analysis concerns how
behavioral responses should be interpreted and described. The
celebrated physiologist Jacques Loeb, who pioneered the study
of animal tropisms, warned against too easily imputing purpose
or intention from behavioral observations, writing (47)

The history of science has taught us that confusion always reigns when
anthropomorphic motives are brought into scientific research. Before the
time of Galileo a body sinking in fluid “sought its place.” Galileo and
his followers put an end to the sovereignty of this psychology, at least in
inanimate nature.

Similar sentiments have been expressed by many researchers,
notably those from the behaviorist school. Attempts to assign
meaning to a behavioral act fall afoul of the temptations of anthro-
pomorphism. Understanding the adaptive value of a behavior in
its ecological niche is a worthwhile goal, but it should be kept
in mind that experiments under laboratory conditions may reveal
responses that are mere epiphenomena. Worse, describing behav-
iors by assumed motivational state or purpose can imply an inter-
nal state that may simply not exist. There is therefore a strong case
for confining behavioral analysis to documenting the response of
animals under a carefully defined stimulus environment. On the
other hand, unlike Galileo’s cannon balls, animals are governed
by a nervous system capable of sustaining a variety of internal
states. Even in larval zebrafish, internal processes like circadian
oscillations exert a significant effect on behavior. From a practical
point of view, it is essential to recognize the existence of internal
states in animals, and where possible, reduce response variability
by establishing conditions where internal states are controlled.
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We take a pragmatic approach here in describing the
behavioral repertoire of zebrafish larvae. It would be cumber-
some to merely enumerate the pattern of locomotor responses
of larvae to stimuli without using terms like “startle response”
or “predation.” Moreover, teleological terms are frequently used
in the existing literature on larval behavior and consistency is at
least as valuable as philosophical precision. Thus, in this chap-
ter, we frame our outline of the behavioral repertoire using the
Behaviorist approach, and describe zebrafish behaviors first and
foremost in terms of the stimulus that elicits them. However, we
do not avoid using commonly employed terminology to refer to a
behavior and where its function is reasonably clear, we do not shy
away from offering a tentative interpretation. Certain behaviors,
like the startle response, can be elicited by stimulation of diverse
sensory modalities. However in these cases the sensory pathways
transmitting the stimulus differ, thus this approach has the virtue
of focusing on the neurobiological basis of the response.

While zebrafish larvae are able to generate a relatively circum-
scribed set of basic locomotor patterns, as outlined above, their
behavioral repertoire is clearly far more extensive, even given the
incomplete state of our knowledge. Many assays measuring loco-
motor behavior in zebrafish have been described (Fig. 12.4) and
it is likely that careful measurement will reveal a far more extensive
set of behavioral skills. Larval behaviors are generally modulated
by specific aspects of the testing environment. Where possible, we
thus also outline how behavioral responses vary with the testing
regime, recognizing that modulation of behavior draws upon dis-
tinctive neural circuits.

Fig. 12.4. Developmental timeline of the emergence of behaviors. The timeline shows the earliest stage at which behav-
iors are manifest. See text for details and references.

4. Acoustic/
Vibrational Stimuli

Larvae respond to abrupt acoustic/vibrational stimuli with a fast
C-bend followed by a bout of high-amplitude tail beat swim-
ming. In a seminal early paper by Kimmel, four types of response
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to an abrupt acoustic/vibrational stimulus (a ball dropping into
water) were described (37). However, when larvae are stimulated
with a brief, calibrated whole-body vibration, only two modes
of response are observed (35). Short latency C-bend responses
(SLC) occur within 15 ms of the stimulus, while a second wave
of long latency C-bend (LLC) responses are initiated 20–60 ms
after the stimulus. SLC and LLC responses have distinct kine-
matic features, suggesting that they are generated by distinct neu-
ral circuits (35, 48). Indeed SLC responses require the Mauthner
cells, a bilateral pair of giant reticulospinal neurons in the hind-
brain (35, 43, 48–50), whereas LLC responses are Mauthner cell
independent. Consistent with this, SLC responses have an all-
or-nothing character: stimuli of increasing intensity increase the
probability of eliciting an SLC response, but do not alter the kine-
matics of the response. In contrast, LLC responses are graded
with stimulus intensity – more intense stimuli increase both the
probability and angular velocity of LLC responses. In addition,
electrophysiological recordings from hindbrain during stimula-
tion of the body with a vibrating probe have directly revealed that
Mauthner cell responses occur around 15 ms faster than non-
Mauthner responses, consistent with the timing of SLC and LLC
responses (51).

SLC responses are “true” startle responses not only because
the short latency and explosive speed of the movement recall star-
tle responses in higher vertebrates. These responses also fulfill a
key behavioral criterion for startle movements in that they over-
ride ongoing movements (35). Indeed, larvae already engaged
in swim bouts at the moment that a sudden acoustic stimu-
lus is delivered show increased responsiveness to the stimulus.
Thus the Mauthner cell mediated response is a defensive behav-
ior enabling larvae to rapidly escape from predator strikes. In the
wild, such predators might include Dragonfly larvae, known to
lurk in the shallow waters occupied by zebrafish juveniles and
notorious for the lightning fast labial strikes with which they cap-
ture larval fish (5). Interestingly, in young embryos before hatch-
ing, the Mauthner cell also drives powerful tail flips. As embryos
entrapped in the chorion can not escape from predators this is
unlikely to function as a defensive reflex. During the hatching
period, many spontaneous Mauthner cell spikes are observed,
leading to the suggestion that the early function of Mauthner-
mediated axial contractions is to facilitate hatching by rupturing
the chorionic membrane (36).

The function of LLC responses is less clear. If a stimulus is
potentially important enough to respond to at all, then why don’t
larvae always execute a rapid SLC response rather than wait an
extra 20 ms and execute a slower response? An intriguing possi-
bility is that this second response mode somehow serves a naviga-
tional role, allowing larvae additional time to process directional
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information about the stimulus. Alternatively, larvae may respond
to less threatening stimuli with a more calculated response, tak-
ing into account the position of obstacles in the environment. As
yet, there is no evidence to support either of these propositions.
However, startle responses in adult fish are both highly directional
with respect to the position of the stimulus and executed so as to
avoid running into obstacles in the environment (21, 52).

Acoustic startle responses are usually elicited in zebrafish lar-
vae by stimuli which are intrinsically multimodal – by tapping
the dish with a solenoid, or using a shaker to rapidly vibrate
the whole dish. Such stimuli are multimodal, exposing the fish
to whole body acceleration, bulk water movement, and waves of
compression and rarefaction of water molecules. Composed of
calcium carbonate, the otoliths are denser than the body of the
fish and therefore move more slowly during whole body acceler-
ation. Both SLC and LLC responses are likely triggered by dif-
ferential acceleration of the otoliths of the inner ear compared to
the body. While it was demonstrated that LLC responses were
selectively lost in keinstein mutants, which lack all four otoliths
(35), keinstein mutants show a severe balance defect and tend
to lie in contact with the bottom of the testing arena. These
larvae may have effectively received a mechanosensory stimu-
lus triggering SLC responses. In fact, laser ablation of inner-ear
otoliths prevented Mauthner-mediated responses to direct otic
vesicle stimulation (48), suggesting that SLC responses are trig-
gered by otolith movement. It remains possible that “tap” stimuli
also trigger SLC responses through the lateral line.

Detailed measurements of the kinematic performance of SLC
movements can yield insights into neural function. In particu-
lar the first C-bend and counterbend of SLC movements are
extremely stereotyped – the coefficient of variation for the magni-
tude of the first C-bend in response to an acoustic startle stimulus
is just 14.7% (n = 77 TL strain larvae). By comparison, the mean
intrastrain coefficient of variation for the acoustic startle response
in rats has been estimated at 40% (53). As the magnitude of the
C-bend is a function of both the angular velocity of the bend,
and the interval before the counterbend begins (the “duration”),
separate analysis of these parameters is often informative. When
analyzing genetic mutant strains, specific errors in the timing of
the activation of the counterbend suggest defects in neural wiring
of pattern generators which generate startle responses. Where the
timing of the response is normal but the magnitude and angu-
lar velocity of the C-bend are reduced, it is likely that the defect
lies with motor neurons or muscle cells. An interesting possibility
arises where the initial C-bend of a movement is “long and slow,”
with an extended C1 duration accompanied by reduced angular
velocity – this may suggest that a movement is being simultane-
ously initiated on both sides of the spinal cord due to a failure
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of reciprocal inhibition (49). Finally, quantification of the degree
of tilting or rolling during startle responses can reveal whether
balance is normal.

The degree of responsiveness of larvae to acoustic startle stim-
uli is a function of sensory acuity and sensorimotor integration. In
adult zebrafish acoustic startle responses are initiated in response
to activation of the saccular organ of the inner ear. The swim blad-
der acts as a hydrophone, with sound pressure transduced to the
inner ear via the Weberian ossicles. Deflation of the swim blad-
der eliminates startle responses in adults (54), but not in larval
zebrafish, indicating that acoustic stimuli are detected differently
(55). Yet surprisingly adult and larval fish have a very similar
response threshold to acoustic stimuli suggesting that Mauthner
cell excitability is continuously adjusted over the course of devel-
opment to maintain a set response threshold (55). Moreover,
though the kinematics of the execution of SLC responses in lar-
val zebrafish are extremely stereotyped, the degree of responsive-
ness, or sensitivity to the stimulus, is susceptible to modulation by
several behavioral paradigms. Thus startle modulation is a fertile
field in larval zebrafish for studying both ecological modulation of
behavior, and the neural mechanisms that subserve these effects.
Several inhibitory mechanisms serving to modulate the excitabil-
ity of the Mauthner cell have been described, providing ample
neural substrate for this modulation to occur (reviewed in (56)).

4.1. Habituation
of the Startle
Response

Behavioral responsiveness to an acoustic startle stimulus decreases
when the stimulus is repeatedly presented at intervals of less than
15–20 s (36, 57). At short interstimulus intervals, the Mauthner
cell responds only to the first stimulus in a train, with subsequent
stimuli failing to elicit a Mauthner spike (36). In keeping with this
finding, kinematic analysis shows that SLC responsiveness dimin-
ishes extremely rapidly, while LLC responses are still generated
even after many trials (35). This is consistent with the notion that
Mauthner-mediated startle responses are reserved for occasional
situations requiring extremely fast and powerful responses.

Loss of startle responsiveness may be due to true habituation
of the response, fatigue, or sensory adaptation. Certainly many
neurons receiving Mauthner cell output show reduced respon-
siveness with repetitive stimulation of the Mauthner cell indica-
tive of fatigue (reviewed in (58)). However, as Mauthner cell
responsiveness itself declines with repeated stimulation, fatigue
is unlikely to account for the whole reduction in response (36).
Reduced responsiveness is not due to sensory adaptation because
the VIII cranial nerve is known to follow sensory stimulation even
at 1 Hz (59). In contrast, consistent with an effect of habituation,
responsiveness recovers spontaneously after several minutes with
no stimulus presentation, and also when a light flash stimulus is
presented in the middle of the acoustic stimulus train (36, 57).
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While light flash stimuli do not trigger Mauthner-mediated startle
responses (32), after the first few trials of a repeated acoustic star-
tle stimulus, very few Mauthner-mediated SLC responses are pro-
duced. Dishabituation is therefore likely to be selectively affect-
ing LLC responses and this suggests that neural elements medi-
ating light flash responses are shared with circuits mediating LLC
responses.

Glycinergic interneurons are likely to mediate habituation of
the startle response, as strychnine injections can abrogate the
loss of responsiveness to repeated stimulus presentation (36).
Intriguingly, serotonin can enhance glycinergic inhibition of the
Mauthner cell suggesting that habituation may itself be regulated,
possibly by the state of arousal of the fish (60).

4.2. Prepulse
Inhibition
of the Startle
Response

Acoustic startle responses are modulated in larval zebrafish by a
phenomenon resembling prepulse inhibition (PPI) of startle in
higher vertebrates (35). In this paradigm, the larva is exposed to
a sequence of brief vibrations. The first stimulus is weak and by
itself elicits only rare responses. The second stimulus is intense,
calibrated so that when used by itself, it triggers SLC responses
in a majority of larvae. When the two stimuli are combined into a
stimulus train, with the weak stimulus occurring between 10 and
1,000 ms before the intense stimulus, larvae produce significantly
fewer SLC movements in response to the intense stimulus. The
inhibitory effect is confined to SLC responsiveness – when SLC
responses are produced, their kinematics are essentially identical
to larvae responding to the intense stimulus alone. Moreover, PPI
in larval zebrafish does not affect either LLC responsiveness or
kinematics. The observation that LLC kinematics are not altered
in PPI suggests that PPI is not due to attenuation of sensory
reception: under normal conditions weaker acoustic stimuli pro-
duce LLC responses with slower kinematic performance. PPI in
larval zebrafish therefore likely constitutes a true phenomenon
of sensorimotor gating, where sensory signals are perceived nor-
mally, but prevented from activating normal motor responses.

In support of this, PPI has also been described in adult
zebrafish where electrophysiological recordings demonstrate that
Mauthner cell responsiveness is reduced due to a combination
of at least three inhibitory processes (61). Interestingly, it is
thought that PPI in mammals is also mediated by a combina-
tion of inhibitory processes, with overlapping temporal functions
(62). Similarities between PPI in fish and mammals are extensive.
Perhaps most importantly, in both groups, the interval between
the weak prestimulus and the startle-inducing intense stimulus
is optimal at interstimulus intervals of 50–300 ms. In addition,
PPI in zebrafish and mammals is suppressed by dopamine ago-
nists and glutamatergic antagonists. In fact, the amount of inhi-
bition produced by the prepulse is greater when larvae are bathed
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in the dopamine receptor antagonist haloperidol, indicating that
endogenous dopamine modulates PPI in fish (35).

This mode of startle regulation is likely common to the entire
vertebrate lineage, as a process similar to PPI has also been doc-
umented in birds (63) and in tadpoles (Burgess, unpublished).
Indeed, the key neuronal elements which generate PPI in mam-
mals are thought to be confined to the brainstem (62), the
most conserved part of the vertebrate brain. One would imag-
ine that a behavior which is conserved over the entire verte-
brate lineage should confer some critical behavioral advantage.
It is therefore surprising that the behavioral role of PPI remains
poorly understood. One hypothesis is that PPI is part of the nor-
mal mechanism for protection of sensory processing. According
to this hypothesis, when a salient stimulus is recognized, sub-
sequent incoming stimuli are temporarily gated so that a con-
tinuous flow of sensory information does not flood the brain,
allowing the earlier stimulus to be fully processed. This model
is intriguing because schizophrenic patients show both reduced
PPI and a tendency for confused thought due to the brain being
constantly flooded with sensory information (64). The link to
schizophrenia goes even deeper, as a leading hypothesis concern-
ing the etiology of schizophrenia postulates that patients suf-
fer from overactivity in the mesolimbic dopaminergic projection
(reviewed in (65)). Dopaminergic antagonists which increase PPI
in zebrafish and some mammals are classic antipsychotic agents.
Thus, it is hoped that the relatively simple nervous system of
zebrafish may permit the identification of neuronal cell path-
ways mediating PPI, and provide clues to the pathogenesis of
schizophrenia.

A key distinction between PPI in zebrafish and mammals is
that in zebrafish, the prepulse reduces the probability of elicit-
ing an SLC response, whereas in mammals, the prepulse reduces
the magnitude of startle responses. However this anomaly is
easily explained by anatomical differences. In mammals, startle
responses are initiated by the thousands of giant reticulospinal
neurons in the pontine nucleus caudalis (PnC). The magnitude
of a startle response is determined by the number of these neu-
rons that are activated by a stimulus (66). In mammalian PPI,
the effect of a weak prepulse is to reduce both the cohort size
and spike frequency of PnC neurons activated by a subsequent
startle stimulus, thus reducing the magnitude of the response
(67, 68). In contrast, SLC responses to acoustic stimuli are com-
pletely eliminated in larval zebrafish by ablation of the bilateral
pair of Mauthner neurons. Startle responses are all-or-nothing
events initiated by the firing of a single Mauthner cell. Thus by
inhibiting Mauthner cell activation, a weak prepulse effectively
alters the probability of generating a startle response, rather than
its magnitude.
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A second difference between PPI in zebrafish and mammals
concerns the effect of a weak prepulse when the intense stimulus
follows after an interval of greater than 1s. In zebrafish larvae,
the amount of inhibition simply diminishes, and larvae return to
baseline levels of startle responsiveness. In mammals, long lead
intervals generate facilitation rather than inhibition of the startle
response (69). As there is no hint of this process in zebrafish,
presumably long lead interval facilitation of startle is a separate
phenomenon which is simply not implemented in the zebrafish
brain.

There are many open questions regarding PPI in zebrafish. It
is not known whether startle responses elicited by touch stimuli
are also susceptible to inhibition by a weak prepulse. In higher
vertebrates, PPI can not only be elicited in several sensory modal-
ities, but it also operates cross-modally – for example a weak tac-
tile prepulse can inhibit an acoustic startle response (70, 71). It
would be fascinating to uncover a similar process in zebrafish, but
the experiment is technically difficult due to the problem of pro-
ducing reliable tactile stimuli of defined intensity. In mammals,
PPI can be elicited when the prepulse is the cessation of a back-
ground tone, however this process requires cortical processing.
The anatomy and function of the homologous region, the dorsal
forebrain, in fish remain largely mysterious. It would be extremely
valuable to establish a robust behavioral assay dependent on this
part of the brain in larval zebrafish. However to date there are
no reports on whether a cessation stimulus can generate PPI in
zebrafish.

5. Vestibular
Stimuli

In addition to detecting acoustic/vibrational cues, the otoliths
of the inner ear play a critical role in sensing the direction of
gravity in order to maintain an upright posture. A third role for
the otoliths is in driving the vestibular-ocular reflex, to be dis-
cussed below in relation to the related behavior, the optokinetic
response. By 4 dpf, not only do larvae maintain a dorsal-up ori-
entation when stationary, but they also show near perfect upright
stability while engaged in vigorous locomotor activity (49, 72).
Balance is not simply a property of the morphology of the lar-
vae, but requires active maintenance – after anesthetic treatment
with tricaine methanesulfonate, larvae float upside-down or at a
vertically oblique angle.

Genetic mutations that prevent otolith formation impair both
stationary and locomotor balance in zebrafish larvae (73). How-
ever only the anterior otolith is required for balance, as manipula-
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tion of the site of otolith formation in the monolith mutant shows
that individuals lacking both anterior otoliths have defective bal-
ance, while fish lacking only the posterior otoliths have normal
equilibrium (72). A collection of genetic “circler” mutants with
morphologically normal inner ears, but with balance defects has
been isolated (74). Most of these mutants show greatly impaired
startle responses, a failure to engage hindbrain reticulospinal neu-
rons and/or abnormal hair cell morphology, indicating a defect
in acceleration detection rather than in neuronal pathways under-
lying balance performance (75). In contrast, the twitch twice
mutant has a stationary and locomotor balance phenotype with
close to normal responsiveness to vibrational startle stimuli sug-
gesting that the balance defect lies within central pathways for
maintaining equilibrium (49).

Body position is also determined by visual cues in most fish.
Like many other aquatic animals, fish orient their dorsal side
toward the brightest part of the visual field (reviewed in (76)). As
many fish have dark dorsal surfaces, this “dorsal light reaction”
is generally thought to aid in camouflage. Generally of course,
the strongest incident light will be from above, reinforcing the
effect of gravity. But by positioning a strong light source laterally,
fish can be induced to tilt sideways in the direction of the light
(77). While this behavior is fairly subtle in normal fish, manip-
ulations that disrupt vestibular control of equilibrium can pro-
duce a much more overt response. Zebrafish are no exception –
in mutant strains that effect balance, a strong dorsal light reaction
can be induced (75). This behavior can be elicited as early as 3 dpf
in larvae raised in simulated microgravity to impair development
of vestibular function (78).

6. Touch Stimuli

Experimentally, touch stimuli are among the most difficult to
deliver in a reproducible fashion. Zebrafish are remarkably sensi-
tive to the approach of a probe in the water, which likely activates
both lateral line and acoustic/vibrational modalities. Thus fish
often escape from a probe well before physical contact is made. To
overcome this difficulty, tactile stimuli are generally delivered by
firing dye pellets at the fish (43). The moment of contact is easy to
determine so long as a dye with sufficient contrast is used, making
it easy to verify that responses are selectively activated by contact
with dye pellets. A clever solution to the problem of delivering
reproducible touch stimuli is to convert mechanosensory neurons
into light-sensitive neurons in transgenic fish. Expression of the
light-gated cation channel, channelrhodopsin-2, in Rohon Beard
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or trigeminal neurons makes them responsive to light, allowing
intense pulses of blue light to trigger “touch-” mediated escape
responses (79).

Larvae respond to tactile stimuli with highly directional
escape movements (36). Touches directed to the head result in
very large angle C-bends that orient larvae away from the stim-
ulus prior to the execution of an escape swim. Tail touches elicit
small initial C-bends so that the animals rapidly move away from
the stimulus. Touches to the torso trigger bends away from the
stimulus. At least part of the neuronal basis for the difference
between escape responses elicited by head or tail touches has
been elucidated. Application of water pulses to the head trig-
gers activation of both the Mauthner cell as well as two other
reticulospinal neurons, MiD2 and MiD3, located in adjacent cau-
dal rhombomeres (80). However, such pulses may also activate
the inner ear, and indeed a careful comparison of behavioral
response latencies shows that selective head touch stimuli trigger
MiD3 responses, while otic vesicle stimulation drives Mauthner
cells responses (48). Consistent with this finding, laser ablation
of the MiD3 neuron (together with the Mauthner cell and the
MiD2 neuron) abolishes responses to head touch stimuli (43).
Tactile stimuli directed at the tail drive Mauthner cell responses
(48, 80) and after selective laser ablation of the Mauthner cell,
fast responses to tail-directed touches are abolished (43). The
picture that emerges is that the Mauthner cell mediates acous-
tic and tail-touch responses, while the MiD3 cell governs head-
touch responses and possibly modulates bend amplitude during
Mauthner-mediated escapes (48), although selective ablation of
MiD3 will be required to confirm this model.

7. Lateral Line
Stimuli

The lateral line is a specialized organ for detecting changes in
water motion that has been likened to a sense of “distant touch”.
The mechanosensory hair cells of the lateral line are located in
neuromasts, either superficially located on the surface of the skin,
or subdermally in canals. Canal neuromasts of adult fish detect
water acceleration indicative of potential prey objects (81); how-
ever there are several arguments against the lateral line playing
such a role in zebrafish larvae. First, canals do not begin to form
until several weeks of development in zebrafish (82). Second, it
has been argued that the wide variability in superficial neuro-
mast sensitivity in zebrafish larvae makes the lateral line unsuit-
able for localizing spatial cues (83). Finally, experiments on prey
capture have failed to show significant residual prey capturing
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ability for larvae tested in the dark (38, 44). While little work
has directly addressed the behavioral function of the lateral line
in zebrafish, in adult fish of other species, the lateral line is also
used for schooling (84), localization of stationary objects (85)
and counter-current swimming (86). In larval zebrafish, the lat-
eral line may be involved in predator escape, as has been shown
for herring larvae (87). This is probably also true for zebrafish
larvae as abrupt initiation of water movement in an impulse flow
chamber has been shown to elicit escape responses, dependent on
lateral line neuromasts (88). Direct synaptic connections between
the posterior lateral line nerve and the Mauthner cell have been
described (89). Thus it is very likely that these responses are
Mauthner-mediated rapid escape movements, similar to acoustic
SLC responses, but this is yet to be directly shown. Intriguingly,
the lateral line receives excitatory innervation from hypothalamic
neurons, leading to the suggestion that lateral line sensitivity is
increased at night or when light levels are low (90).

If lateral line stimulation can truly trigger startle responses in
larvae, it is obviously important to ensure that this does not occur
as a result of self-generated movement. The lateral line receives
inhibitory input from nuclei in the hindbrain which could well
play an important role in reducing sensory sensitivity or gating
sensory feedback during movement (89, 90). However, discor-
dant results on lateral line inhibition have been obtained in dif-
ferent fish species (81, 91, 92), so this remains to be tested in
zebrafish larvae.

8. Visual Stimuli

Zebrafish larvae have at least two light-sensitive tissues, the retina
and the pineal. While photic stimulation of the pineal can drive
behavior in other fish species (93), this remains to be demon-
strated in larval zebrafish. On the other hand, many behavioral
assays have explored retinal responses to visual stimuli. By 3 dpf,
the output neurons of the retina, the ganglion cells, project to 10
identified arborization fields in the larval brain (94). It has been
suggested that these 10 areas may represent functional segrega-
tion of pathways driving distinct behaviors (44). To date, only a
behavioral role for the largest and most accessible area, the optic
tectum, has been described. However as outlined below, the rich-
ness of the visual behavioral repertoire makes this an appealing
hypothesis.

8.1. Optomotor
Response

Fish species native to moving water typically orient and swim in
the direction of movement of a complex visual stimulus (95, 96).
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Though they are generally found in slow moving or still waters
(5, 6), zebrafish show a robust optomotor response; in fact this
behavior was one of the first to be quantitatively described in
zebrafish (12). The optomotor response is thought to be one
mechanism by which the fish minimizes the “slip” of the visual
world on the retina. A second such mechanism, the optokinetic
response, is discussed below. The optomotor response is generally
elicited using a striped pattern of moving bars, which either drift
in a straight line underneath the fish, in which case the fish will
swim in the same direction as the drift, or move in a circular pat-
tern, as on a rotating cylindrical drum, in which case larvae will
swim around the perimeter of the drum. This assay lends itself to
analysis of visual processing, as many parameters, including spa-
tial frequency, contrast, and color can be easily adjusted. Indeed,
the optomotor response was first used to estimate that acuity is
limited to objects occupying greater than 8◦ of the visual field in
6 dpf larvae (12).

The optomotor response reveals that visual processing in
zebrafish larvae is surprisingly sophisticated. Similar to human
motion perception, the optomotor response in zebrafish larvae
is predominantly driven by long and middle wavelength cone
photoreceptors (97). Moreover, the optomotor response can be
elicited by second-order motion, such as the drifting of a region
in the visual field where objects are made to flicker (98). On the
other hand, the anatomical pathways by which zebrafish larvae
process motion remain poorly defined. In many species, includ-
ing goldfish, the optomotor response requires the function of the
optic tectum (99). Surprisingly, this is not the case in zebrafish,
where optomotor swimming is not disrupted after laser ablation
of the optic tectum, or in mutants with widespread disruption of
retinotectal projections (100, 101). Mutants with defects in the
optomotor behavior have been isolated by genetic screening, and
should provide insight into the neural circuits which mediate this
behavior (100, 102).

Most fish will swim against a current (“rheotaxis”), generally
by orienting to face upstream and swimming forward. There has
been a longstanding controversy over the nature of the stimu-
lus that evokes rheotaxis. In a classic paper, EP Lyon argued that
rheotaxis is a visually evoked response to the apparent motion of
the environment (96). In this view, counter-current swimming
is no more than the optomotor response, elicited when the cur-
rent displaces the fish such that the visual world appears to move
(103). However, as blind fish successfully oriented against the
current when they touched the bottom substrate of the stream,
Lyon accepted that rheotaxis may also be evoked by mechani-
cal stimulation. More recent work in a variety of adult fish has
demonstrated that at low flow rates, the superficial neuromasts of
the lateral line mediate counter-current swimming (86). Zebrafish
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larvae as young as 4 dpf show robust counter-current swimming
(12, 104). Interestingly, when young larvae are subjected to
ultra-marathon-like episodes of counter-current swimming, yolk
utilization is significantly increased and larvae become resistant
to hypoxia (104). Very little else is known about rheotaxis in
zebrafish larvae, including whether counter-current swimming is
in fact an optomotor response and how motor patterns are used
to swim at a suitable rate against the current.

8.2. Optokinetic
Reflex

The optokinetic reflex (OKR) is triggered by visual stimuli similar
to those that operate the optomotor reflex. In immobilized fish,
moving stripes of light and dark cause the eyes to smoothly track
in the direction of movement of the visual world, with regular
rapid saccades in the reverse direction. Optokinetic movements
serve to stabilize retinal “slip” when the visual field moves. The
response is present in larvae as early as 3 dpf, corresponding to the
period when the lens focuses light onto photoreceptor outer seg-
ments and extraocular muscles are fully differentiated (105, 106).
By 6 dpf, the OKR has a high degree of contrast sensitivity and
larvae are able to track slowly moving stimuli with adult-like pre-
cision (107). The robustness of the OKR has made it an attrac-
tive behavioral assay for zebrafish research and the assay of choice
in several screens for genetic mutations affecting behavior (100,
102, 105, 108). In zebrafish, the OKR can be elicited by stimulat-
ing one eye only (monocular OKR) causing robust movement of
the stimulated eye, and weaker, but coordinated same-direction
movement of the shielded eye. In many species, the monocular
OKR has a peculiar intrinsic asymmetry, with the response being
relatively insensitive to motion of the visual field in a nasal to
temporal (anterior to posterior) direction (reviewed in (109)).
This property is recapitulated in larval zebrafish (49, 101, 110),
although the effect was not found in at least one study (111). In
mammals, the OKR is processed both by brainstem and cortical
pathways, with cortical control predominating except in neonates
(112, 113). The neuroanatomical basis of the OKR in fish remains
poorly characterized, in part because many of the existing mutants
with defects in the OKR show disrupted formation of the retina
itself.

A related behavior, the vestibular ocular reflex (VOR) is less
well characterized. In the VOR, linear acceleration or angular
rotation of the head triggers eye movement to counteract visual
flow during head movement. Linear acceleration of the head is
detected by the otoliths not only during locomotion when there
is direct displacement of the position of the head, but also when
the head tilts with respect to gravity. Linear VOR has been directly
demonstrated in zebrafish by confining larvae to a capillary tube
and tilting the tail up and down (78). By 4 dpf, larvae respond
by rotating the eyes to compensate for the tilting of the head.
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Analysis of the monolith mutant, in which a single otolith forms
in each otic vesicle, either in an anterior or posterior position,
has shown that linear VOR is mediated by the anterior otolith
(72). The linear VOR also drives compensatory eye movements to
maintain a vertical corneal orientation when the larva tilts slightly
to one side (107).

In other species, the VOR triggered by pure angular rota-
tion requires flow through the semicircular canals. Early reports
that the angular VOR could be elicited by 74 hpf in zebrafish
larvae (107) were not replicated when larvae were tested in the
dark, removing any possibility of an additional optokinetic stim-
ulus (111). Indeed, when tested in the dark larvae do not show
an angular VOR until 14 dpf. The absence of a VOR in younger
larvae has been attributed to the narrowness of the semicircu-
lar canal lumen, which would restrict endolymph flow (111).
Another possibility is that because the purpose of the angular
VOR is to reduce visual flow, it is not performed under condi-
tions of darkness. It may be relevant to note that retinal rod cells,
which greatly improve visual sensitivity in dim lighting, become
active at around 15 dpf in larval zebrafish, coincident with the
emergence of angular VOR under dark conditions (114).

Intriguingly eye movements in larval zebrafish also occur
spontaneously. Spontaneous eye movements occur every few sec-
onds and have adult-like kinematic features as early as 4 dpf, how-
ever their function remains mysterious (107, 111). A fascinating
possibility is that larvae use spontaneous eye movements to sur-
vey different regions of the visual world without initiating a body
movement that might attract the attention of a predator.

8.3. Looming Escape
Response

Responses to looming stimuli are common among animals includ-
ing humans (115, 116). Rapidly approaching objects have a
unique optical signature, that of a dark patch rapidly growing
on the retina. Such “looming” stimuli alert animals to impend-
ing collisions or the approach of a predator. Of particular impor-
tance to many fish species is the threat of predation from above.
This is certainly the case for zebrafish which tend to occupy rel-
atively shallow and clear waters allowing them to be snatched by
avian predators (5–7). In a pair of classic studies, Dill demon-
strated that adult zebrafish flee before a mock bird suspended
from a wire allowed to swoop down toward the tank (117, 118).
Escape responses occurred when the rate of increase in the angle
subtended on the retina exceeded a threshold, however more
sophisticated analyses have shown that the response threshold
is dynamically scaled so that the looming stimulus is more sen-
sitive to objects further away (22). The visual escape response
is sufficiently robust to have been used in genetic screens by
the Dowling lab, where in place of a mechanical bird, a dark
vertical bar on a rotating cylinder triggered escape responses in
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adult zebrafish as it swept toward them (119). Zebrafish larvae
respond in a similar way to a dark stimulus sweeping across their
field of vision (39). In this case, an approaching object is simu-
lated by illuminating the testing arena with a projector then sud-
denly sweeping a dark box across the illuminated region. Larvae
respond to this stimulus by first executing a turn movement that
orients them in the same direction as the moving box, then
deploying a series of “burst” swim maneuvers in order to rapidly
move in the same direction as the shadow (Burgess, unpublished).
While the looming response in adult goldfish is mediated by the
Mauthner cell and has similar kinematic properties to the acous-
tic startle response (22), this is probably not the case for larval
zebrafish, where C-bends away from the stimulus do not show the
explosive angular velocity of Mauthner cell responses (Burgess,
unpublished). Adult zebrafish become sensitized by repeated pre-
sentation of a simulated predator, initiating escape responses more
rapidly (118). It is not known whether this is also the case for
larvae or whether the psychophysical parameters required to gen-
erate responses to looming stimuli in larvae are similar to those
in adults. In pigeons, looming stimuli are detected by thalamic
neurons (120) raising the possibility that this assay may be a use-
ful tool for probing the function of visual areas outside the optic
tectum in zebrafish (94).

8.4. Shadow
and Light Flash
Responses

Sudden increments or decrements in light intensity elicit acute
locomotor responses in zebrafish larvae (32). Sharp decrements in
light intensity trigger dramatic responses that have been described
as a “visual startle response” or “shadow evoked startle” (37, 106,
121, 122). Certainly, acute reductions in light intensity elicit a
very large amplitude C-bend response that to the eye resembles
a tactile or acoustic startle response. However, kinematic anal-
ysis of high-speed video recordings of these movements shows
that they have distinct kinematic features (32). The initial C-bend
during Mauthner-mediated tactile or acoustic startle responses
has extremely high angular velocity, but is also short, being fol-
lowed within 8 ms by a counterbend in the opposite direction.
In contrast, larvae respond to dark flashes with slow bends of
very long duration before the counterbend begins. Larvae assume
an O-shape in these movements, with the head touching the tip
of the tail, thus these movements are referred to as O-bends.
In adult fish, visual stimuli are capable of exciting the Mauth-
ner cells (123), although it is not clear that abrupt changes in
light intensity stimuli bring the Mauthner cell to firing thresh-
old (22). However, in larvae O-bends are executed independent
of the Mauthner cell, as after ablation of both Mauthner cells,
O-bend responsiveness and kinematics are unaffected (32).

Are O-bend responses to dark flash stimuli nevertheless
a type of “startle” response? Dark flash responses have one
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curious feature that suggests that these movements are not startle
responses – the initial bend in the movement tends to be directed
toward the “shadow.” Thus if the stimulus light is placed asym-
metrically in the environment, for example, at one end of the
testing arena, when it is turned off, the initial bend will be in the
direction of the extinguished light (32). If O-bend responses were
a way to avoid predators passing overhead, it seems unlikely that
they would serve to displace the fish toward the predator. Instead,
it is plausible to suggest that the O-bend response is a navigational
movement, rather than a startle response, serving to orient larvae
toward the most recent source of light in their environment.

Dark flash responses are mediated by the lateral eyes, and
in fact full responsiveness to dark flash stimuli emerges close to
the time when the lens begins to focus light onto photoreceptor
outer segments (106). Photoreceptor neurons separately trans-
mit information about increments and decrements in light inten-
sity through ON and OFF streams in the retina and by 5 dpf,
the larval retina contains dedicated OFF ganglion cells which
relay light decrement events into the brain (124). Only larvae
which are fully light adapted respond to dark flashes with a stereo-
typed O-bend response. To achieve full dark flash responsiveness
requires 20 min of light exposure in larvae which have been com-
pletely dark adapted (32). This is an important point, as it means
that dark flash responsiveness is not a reliable way to assess sen-
sory sensitivity “sleeping” larvae (125). Even in larvae which are
fully light adapted, after a step change to a higher light intensity,
O-bend responsiveness takes around 1 min to fully recover, pre-
sumably reflecting the diverse processes involved in retinal light
adaptation (32).

O-bend movements are not generic responses to abrupt
changes in light intensity. Sudden increases in light intensity,
which do not activate retinal OFF circuitry, do not trigger
O-bends (32). Rather, increases in light intensity elicit only
routine turn movements in free-swimming larvae. Very little is
known about the behavioral function of turn responses to full
field increases in light intensity. One possibility is that larvae are
attempting to turn away from bright regions in order to prevent
retinal saturation. Experiments using asymmetrically placed light
sources might resolve this question, but to date no studies have
been reported which employ such a test.

It is not known how abrupt the decrement in light inten-
sity needs to be in order to trigger a stereotyped dark flash
response, or how zebrafish larvae respond to gradual dimming
of the visual field. In the natural environment, a gradual reduc-
tion in light intensity occurs each day at twilight, and it would
not be surprising if the nervous system was hardwired with a suit-
able behavioral program for the approach of night. Indeed “dim-
ming” receptors have been described in the zebrafish retina but
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no behavioral studies have explicitly addressed such “crepuscular”
behavior (124).

8.5. Phototaxis Many fish species show a pronounced tendency to swim toward
regions of strong illumination. George Romanes, the founder of
the field of comparative psychology and a close friend of Charles
Darwin, attributed this response to a sense of curiosity, approv-
ingly citing a poem by Shelley describing its fatal consequences
(126):

And the fisher, with his lamp
And speak, about the low rocks damp
Crept, and struck the fish which came
To worship the delusive flame.

Other fish species, presumably less inquisitive, tend to shy
away from strongly lit regions. Positive and negative phototaxis
have been reported in zebrafish larvae, and both dark and light
preference in adults (97, 105, 122, 127–129, 130). The condi-
tions used in each study have been markedly different, making
it difficult to assess whether zebrafish undergo a developmental
switch in their affinity for illumination (as has been reported in
other species (131) and suggested for zebrafish (132)). It is also
possible that the differing results are due to differences in circa-
dian state at the time of testing, or color preference. Color pref-
erence is a distinct behavior from flux preference in frogs, being
mediated by different central pathways (133). Like frogs, adult
zebrafish show a bias for short-wavelength stimuli (134), how-
ever it is not clear that this is truly color preference rather than
flux preference. In larval zebrafish, a careful comparison of the
effectiveness of light of different wavelengths has shown that blue
and red cone photoreceptors are most effective at driving posi-
tive phototaxis (97). In frogs, evidence suggests that phototaxis
is mediated by the thalamus rather than the optic tectum (133),
thus phototaxis behavior in larval zebrafish may provide another
route for exploring the function of extra-tectal visual areas.

8.6. Predation Although larvae can be sustained by the yolk alone until around
10 dpf (135), larval survival is greatly reduced without access to
food by 6 dpf. A small number of studies have looked at larval
predation behavior. Paramecia are typically used as prey objects,
as it appears that objects of this size most effectively elicit the
predation sequence. By using the optomotor response to assess
spatial acuity, it is clear that 6 dpf zebrafish larvae are easily able
to resolve an object occupying 30 min of an arc, similar to the
angle subtended by a paramecium at the distance at which lar-
vae initiate the capture sequence (12). During predation, lar-
vae orient toward the prey object using a specialized maneuver
termed a J-turn. J-turns are distinct from other modes of turning,
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in that bending occurs near the tip of the tail, with the animal
repeatedly bending its caudal tail segment to the same side in
order to slowly orient toward the prey (38). This movement
allows the larva to reorient, generating a minimum of turbulence
that could cause the prey object to be passively displaced. Once
larvae are positioned about 0.5 mm from the prey, they deploy a
specialized capture swim to launch their attack strike (38). Larvae
do not always have to give chase for successful feeding, using
“suction-feeding” to capture paramecia that venture too close
(31, 34).

Mauthner cell ablation does not disrupt predation in lar-
vae, making it unlikely that these neurons are directly involved
in prey capture (34) but the possibility remains that larvae, like
adult fish, may initiate a “voluntary” Mauthner-mediated startle
response after capturing prey at the surface (136). Ablation of
the optic tectum almost completely disrupts predation behavior,
as would be expected of a behavior requiring an orienting move-
ment (44). Laser ablation has also identified two bilateral pairs of
reticulospinal neurons downstream of the optic tectum required
for predation behavior. Ablation of the MeLr and MeLc neurons
produces specific defects in the ability of zebrafish larvae to ori-
ent toward prey (44). Neurons which trigger the performance of
capture swims have not yet been identified.

Larvae surrounded by a large excess of food show markedly
improved survival suggesting that 5–7 dpf larvae are not highly
efficient hunters (14) and there is speculation that predation
behavior may improve with practice (34). Several groups have
demonstrated that predation behavior is dramatically dimin-
ished when fish are tested in the dark or when blind fish are
used (38, 44). Thus larval zebrafish are almost entirely visual
hunters, with the possibility that passive suction feeding may
occasionally allow capture of close-swimming prey objects in
the dark.

8.7. Visual
Background
Adaptation

Starting on the fourth day of development, zebrafish larvae
employ a camouflage response to adjust their coloration to the
environment (137). When larvae are placed on a dark back-
ground, melanin granules in melanophores disperse, making the
larvae look heavily pigmented, while in the light, granules aggre-
gate so that larvae appear pale. The response is relatively slow,
requiring around 20 min for the color change to occur (138).
Blind fish, unable to sense light in the environment, appear
heavily pigmented, making this a useful phenotype for genetic
screening aimed at isolating mutants with visual defects (100).
Ethanol exposure mimics the effect of darkness in this assay,
causing melanin granules to disperse (139), a phenotype suffi-
ciently robust that genetic screening has recovered mutants with
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reduced sensitivity to ethanol (138). As for other fish species,
visual background adaptation in zebrafish larvae does not require
an intact optic tectum (101), rather information about illumina-
tion is thought to be relayed to the hypothalamus for triggering
a neuroendocrine response.

8.8. Lateralized
Visual Behavior

A curious feature of the larval zebrafish brain is the notable asym-
metry of the habenula nucleus of the diencephalic roof (140).
The left habenula is larger than the right and projects to a distinct
region of the interpeduncular nucleus (141). In many verte-
brates, such lateralized brain regions assume specialized functions
(reviewed in (142)). The lateral position of the eyes on the head,
and complete crossing of the retinotectal tract means that each
side of the larval zebrafish brain receives a different view of the
visual world. Thus, cerebral lateralization in zebrafish may mean
that the eyes are selectively used for inspecting distinct types of
visual stimuli. Consistent with this notion, adult zebrafish show
a small but significant tendency to use the right eye for prepar-
ing motor responses to visual cues, but prefer to use the left eye
for inspecting novel stimuli (reviewed in (132)). Unfortunately,
investigations examining behavioral lateralization in zebrafish lar-
vae yielded inconsistent results. Thus, visual startle responses have
been shown to exhibit a rightward bias (121, 122) while oth-
ers have failed to find any such directionality (39). There is also
conflicting evidence for preferential eye use during self-inspection
using a mirror (39, 121, 143, 144). Several reasons may explain
the difficulty in reconciling results obtained by different groups.
First, effect sizes are small and even without adjusting for mul-
tiple hypothesis testing, significance values are frequently only
barely significant or “suggestive” (122, 143). Second, different
strains of zebrafish show wildly discordant patterns of eye use
(143, 144). Third, the mirror test is both acutely susceptible to
duration of viewing effects, and not very robust. Thus it has been
reported that larvae prefer to use the left eye after 5 min of self-
viewing (144), shift from left to right preference after 4 min of
self-viewing (121), shift from no bias to left preference after 4 min
of self-viewing (143), or show no population level eye preference
at any time point tested (39). Valuable tools for analysis of later-
alized brain function are genetic manipulations which produce
reversals in brain asymmetry and the availability of transgenic
reporter lines for identifying fish with brain reversals (39, 121).
Fish with reversed brain laterality show a profound and persistent
reduction in swimming behavior when placed in a novel testing
chamber, suggesting that brain asymmetry in larvae is related to
exploratory behavior or anxiety (39). The robust effect obtained
in this assay holds promise for dissecting the behavioral role of
anatomically lateralized brain circuits.
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9. Chemical
Stimuli

Zebrafish acquire chemical information about the environment
through olfaction, gustation, and through the use of specialized
skin cells called “club cells.” Although the developmental timing
of when these systems become functional is still debated (145),
morphological and behavioral evidence support early emergence
of the olfactory system. The olfactory system becomes morpho-
logically established within 3 dpf. By this time, the olfactory
epithelium is developed, beating cilia facilitate water flow within
the nares, and there is active neural connectivity to the olfactory
bulb (145–147). Concomitantly, zebrafish exhibit various behav-
iors in response to chemical cues at this stage.

9.1. Locomotor
Responses

Of the four classes of chemical stimuli to which fish are sensi-
tive (amino acids, bile salts, prostoglandins and steroid hormones:
(148)), studies examining chemosensory-based behavior in lar-
val zebrafish have focused primarily on amino acids, to which
both appetitive and aversive responses occur. Zebrafish produce
aversive responses to certain amino acids such as L-cysteine at
3 dpf (147, 149). Aversive responses in these cases are character-
ized by spatial displacement of larvae away from the odor source
(149). When olfactory epithelia are damaged, by cadmium expo-
sure, aversion to L-cysteine is absent supporting that the behav-
ior is mediated by olfaction (150). Additionally, fish with abnor-
mal neuronal connections between the olfactory epithelia and the
olfactory bulb, as found in the laure mutant, do not produce
the aversive responses seen in wild-type fish (149). Other authors
have found negligible responses to amino acids at 3 dpf, instead
observing responses at 4 dpf, defined by marked increases in the
occurrence and velocity of swimming (151). Noxious chemical
stimuli are detected by a distinct mechanism. By 5 dpf, trigeminal
neurons, Rohon Beard cells, and cranial sensory ganglia express
the TRPA1 channel, responsible for detecting noxious chemicals
in a variety of organisms (152). Larvae respond to such chemi-
cals with increased locomotor activity, an effect which is lost in
TRPA1b mutants. Thus, larvae respond to a variety of chemical
and olfactory stimuli with increases in locomotor activity.

Missing from existing analyses of locomotor responses to
chemical stimuli is information that would show whether lar-
vae can use spatially located chemical cues for navigating (76).
While a simple increase in locomotor activity, such as has been
demonstrated in existing studies, can enable an animal to move
away from an aversive stimulus, it would be interesting to
know whether larvae show orienting responses that would enable
chemotaxis, either toward an appetizing stimulus or away from an
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aversive source. Studies conducted on fish larvae in other species
such as cod and herring have observed positive chemokinesis in
response to food odors (153, 154). In cod larvae, swimming
decreases in the presence of increasing amino acid concentrations;
the decrease in activity may reflect an attempt to localize the odor
source (154). Similar studies may prove fruitful in zebrafish lar-
vae. Another approach to analyzing chemotaxis in larvae may be
to make use of olfactory imprinting. Olfactory imprinting has
been implicated as one mechanism by which adult fish orient
back to natal home ranges (155). While olfactory imprinting is
involved in establishing kin preference in zebrafish (Gerlach et al.
(156), discussed below), it is not known whether it also effects
place preference in zebrafish. Tantalizingly though, it has been
shown that zebrafish reared in phenylethyl alcohol (PEA) exhibit
a preference for the odor in adulthood, occurring as a result of
changes in gene expression at 2 or 3 dpf in the olfactory epithe-
lium upon exposure to the odor (157). The odor from decom-
posing fish has been proposed as another relevant olfactory cue
for natal habitat, however, adult zebrafish prefer the odor regard-
less of whether they are exposed during rearing (147). Thus there
are several potential avenues for establishing an odor preference
assay in zebrafish larvae.

9.2. Alarm
Responses

First identified by Karl von Frisch in 1938, alarm or “fright”
response occurs when fish perceive an odor that is released from
the injured skin of conspecifics. The odor may function as a
cue that fish use for predator avoidance. The response is species
specific and in zebrafish, it is characterized by rapid swimming
upon detection of the odor, followed by aggregation when mul-
tiple individuals are present (158–160). The response has been
reported in zebrafish larvae that are 2–3 weeks old, which follows
the beginning of alarm odor production in the skin by club cells
(147). Juveniles display ontogenetic differences in the response
where younger individuals (42 dpf) are attracted to the stimulus
before adopting an adult-like fright response (160). Examinations
of this behavior in zebrafish larvae are limited to date but the
stereotyped and context-dependent nature of this response in
zebrafish makes it a promising candidate for neurogenetic inves-
tigation (158).

10. Complex
Behavioral
Programs

While most behavioral work in larvae has analyzed acute responses
to abrupt, or continuing sensory triggers, there is also a sub-
stantial literature on complex behaviors that are generated over
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a longer time period. While it is relatively clear that some of
these (for example, circadian sleep) are generated by internally
timed programs, others (shoaling, swim bladder inflation) may
ultimately be shown to be driven by a series of sensory releasing
stimuli.

10.1. Swim Bladder
Inflation

Among the most complex behavioral programs that larvae exe-
cute is inflation of the swim bladder. Swim bladder inflation typ-
ically occurs on 3 or 4 dpf, once the embryo has hatched from
the chorion and the pharynx has opened at 74 hpf (161). Once
inflated, the swim bladder is actively maintained by transfer of gas
from the blood, although it appears that unlike other teleosts,
zebrafish do not have a dedicated gas gland for this purpose
(162). In contrast, the initial act of inflation requires that larvae
reach the surface of the water, where they gulp a small bubble of
air. Peristalsis then forces the air down the esophagus and through
a specialized pneumatic duct into the swim bladder. Zebrafish are
considered physostomous fish, in that the pneumatic duct is not
lost. Nevertheless, larvae that are obstructed from reaching the
surface to inflate their swim bladder by 7 dpf are no longer able
to do so when released (Burgess, unpublished observations). This
is likely because muscle forms around the ostium of the pneumatic
duct early in development, effectively closing it off and preventing
air from leaking back out of the swim bladder (163).

Failure to inflate the swim bladder impairs feeding, presum-
ably as larva struggle to maintain buoyancy in the water column.
In turn, lack of nourishment results in skeletal malformations and
eventually death by starvation (164). Thus, swim bladder inflation
is critical for survival into the juvenile stage. Swim bladder infla-
tion must rely on a sophisticated behavioral program, as prior to
inflation, larvae are negatively buoyant and therefore must actively
ascend to the air-water interface. It has been suggested that this
is accomplished simply by a combination of swimming and use of
the attachment gland to gradually ascend along the sides of the
tank (165), however surprisingly, this behavior has not yet been
described. It is noteworthy that at least 90% of mutants recov-
ered in large-scale genetic screens fail to inflate their swim bladder
(166), underscoring the degree of coordinated use of sensory and
motor functions required for this behavior.

10.2. Sleep Locomotor activity in larval zebrafish shows circadian rhythmicity,
with larvae showing more swimming activity during daytime and
immobility at night. Two processes align activity levels with the
diurnal cycle. First, by 4 dpf, activity is driven by an endogenous,
entrainable circadian clock that even in constant dark conditions
stimulates swimming during the period corresponding to daylight
(167, 168). In constant darkness, the intrinsic oscillator drives
motor activity with a period of around 25 h, which under normal
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conditions remains synchronized with subjective day through
entrainment. Second, levels of activity in both zebrafish larvae
and adults are acutely regulated by light itself (32, 169). This reg-
ulation is similar to “locomotor masking” in higher vertebrates,
where absolute irradiance levels override the circadian clock to
drive states of activity or immobility (170, 171). When larval
zebrafish are subjected to repeated cycles of 1 h of light and 1 h of
darkness, the periodicity of their spontaneous locomotor activity
exactly matches the rhythm of the light cycle (32). In larvae which
are robustly light adapted, extinguishing illumination of the test-
ing arena triggers an extended behavioral program consisting of
four steps (32). First, larvae respond to the sudden decrement in
light with an O-bend response with a latency of several hundred
milliseconds, as outlined above. Second, over the next 5 s, lar-
vae execute routine turn movements at high frequency. Third, by
approximately 1 min, larvae show increased movement activity.
Fourth, levels of activity slowly decline over the next 20 min until
larvae show a very low baseline level of activity corresponding to
the rate of movement in their dark phase. Thus, even during sub-
jective day, zebrafish larvae will show greatly reduced locomotor
activity in the absence of illumination.

A significant question is whether the night phase immo-
bility of larval zebrafish constitutes “sleep” in any meaningful
way. Consensus about the definition of human sleep was reached
after discovery of electrical currents generated by the brain and
measured from scalp called the electroencephalogram (EEG).
EEG patterns characteristic of different modes of sleep have
been observed during behavioral quiescence in most mammalian
species tested (172). Debatable cases remain (173, 174), but
methodological issues for identification of sleep in mammals is
largely settled. In contrast, since EEG is measured on the cere-
bral cortex of mammals, variation in brain architecture makes it
difficult or impossible to use the electroencephalogram to charac-
terize sleep in non-mammalian animals. Thus, the other approach
to define and measure sleep is to use behavioral criteria. Behav-
ioral sleep has been observed in a variety of species including
worms, insects, fish, amphibians, reptiles, birds, and mammals
(175). There are four key accepted behavioral criteria: behav-
ioral quiescence, increased arousal threshold, rapid reversibility,
and homeostatic regulation. In addition to these core four crite-
ria, the presence of a characteristic posture and the existence of
circadian influences are closely associated with sleep.

Applying behavioral criteria, two groups have reported a
sleep-like state in larval zebrafish (125, 176). Prolonged periods
of immobility are observed predominantly at night and are associ-
ated with characteristic postures in which larvae either float with
the head pointing downwards or remain in a preferred position
close to the bottom of the testing chamber. The arousal threshold
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for mechanical and visual stimuli is significantly increased during
subjective night compared to subjective daytime. Rapid reversibil-
ity from behavioral quiescence has not been directly reported in
larval zebrafish, however locomotor activity returns to baseline
levels after several minutes during the transition from the quies-
cent state to the active state. Decreased locomotor activity sug-
gestive of rebound sleep is observed after 6 h of rest deprivation
at the end of the night (176) and in fact similar conditions cause
sleep deprivation in adult zebrafish (169). Taken together, this
evidence provides strong support for the existence of behavioral
sleep in zebrafish larvae.

Neurotransmitter systems which regulate sleep in mam-
mals are also present in zebrafish. These include dopaminer-
gic, histaminergic, noradrenergic, and serotonergic systems. The
distribution of enzymes involved in neurotransmitter synthe-
sis and neurotransmitter receptors has homology to mammals
(177, 178) and in fact hypnotic drugs for mammals also affect lar-
val zebrafish, indicating that there is a high degree of conservation
in GABAergic and histaminergic systems which modulate sleep in
larval zebrafish (179, 180). There may also be unique features of
sleep regulation in zebrafish. The hypocretin/orexin system plays
a key role in wake maintenance in mammals (reviewed in (181)).
However, there are conflicting reports as to whether hypocretin
receptor neurons in larval zebrafish coexpress monoaminergic
markers as in mammals (125, 169, 178). Moreover, manipulation
of the hypocretin/orexin system has yielded inconsistent results.
A hypocretin receptor deletion mutant failed to exhibit a phe-
notype during wake periods, but showed severe fragmentation of
nighttime sleep (169). Sleep fragmentation has also been reported
after disruption of the hypocretin system in mammals (182, 183).
In contrast, overexpression of hypocretin ligands in transgenic fish
promoted locomotor activity (125). Although further work will
be required to reconcile these results, it is clear that the zebrafish
model offers significant opportunities to contribute to the under-
standing of mechanisms of sleep regulation. Considerable varia-
tion in sleep architecture exists even in mammalian species (184),
but it seems likely that sleep has a fundamental function which
has been maintained over the course of evolution. The strength
of genetic and neuroanatomical approaches in zebrafish may ulti-
mately provide crucial clues to answer the longstanding question
as to why humans sleep.

10.3. Exploratory
Behavior

A few studies have examined the pattern of activity of larvae
placed in a novel testing environment. Upon being placed in an
unfamiliar testing environment, larvae show a drop in locomo-
tor activity which normalizes after around 3 min (32), however
it is not clear whether this is due to the handling or the fea-
tures of the environment. The familiarity of the testing chamber



The Behavioral Repertoire of Larval Zebrafish 281

may influence behavior – when raised in tanks with conspicuous
vertical stripes, larvae show a reduced tendency to steer away from
similar features in a swimway (122). This also suggests that lar-
vae retain at least a short-term memory of their previous envi-
ronment. Intriguingly, as noted above, larvae with a reversal of
habenula asymmetry show greatly reduced swimming in a novel
testing chamber, although in most respects such larvae show nor-
mal locomotor activity (39). This suggests that the habenula may
be involved in motivational aspects of behavior in zebrafish larvae,
although it is not clear why brain reversal would generate such a
robust phenotype. Many manipulations, in particular pharmaco-
logical treatments, alter the proportion of zebrafish larvae found
in the center and edges of the testing arena (139; Burgess, unpub-
lished). This has been interpreted as thigmotaxis, or wall-seeking
behavior. It must be kept in mind that a reduced concentration
of fish in the center of the testing chamber could simply result
from a change in the pattern of spontaneous movement. Larvae
normally deploy both routine turns and scoot maneuvers during
unstimulated locomotion. Any manipulation which reduces the
ratio of turn movements to scoots will tend to cluster larvae at
edges of the testing arena. In C. elegans, a similar change in the
ratio of turns to forward movements arises under conditions of
food deprivation. Animals enter a dispersal state, moving away
from their location in search of new food (26). In a confined
space, this would lead to animals aggregating at the sides of the
testing chamber, but clearly not represent thigmotaxis. To date, a
clear demonstration of active wall-seeking behavior has yet to be
presented in zebrafish larvae.

10.4. Social Behavior Nascent signs of social behavior emerge in larval zebrafish at the
early flexion stage (15, 128), corresponding to 9–10 dpf in lar-
vae raised at 28◦C (185). It is not yet known what sensory cues
trigger aggregation in larvae. While adult zebrafish prefer to shoal
with similarly pigmented conspecifics (186, 187), larval zebrafish
do not show such a preference (15). Aggregation preference is
acquired by learning the pigmentation pattern of conspecifics
during rearing, and is not readily reprogrammed by subsequent
exposure to other fish (188–190). Preference is imprinted by the
juvenile stage, however the boundaries of the critical period for
imprinting are yet to be defined (189). Though pigmentation
does not influence choice of shoaling partners in larvae, it is pos-
sible that other visual cues, including motion and form, play a
significant role in triggering aggregation.

Olfactory cues also influence choice of shoaling partners in
juvenile zebrafish (191). Remarkably, 3–4-week-old fish can dis-
tinguish between water conditioned by familiar siblings, and
water conditioned by unfamiliar siblings (192). Odor prefer-
ences in juvenile zebrafish are imprinted by exposure to an odor
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during larval stages. A critical period has been identified at 6 dpf
where exposure to siblings predicts preference for sibling odor
later in life (156). The imprinting window is remarkably narrow,
restricted to a single day during larval development. Moreover,
larvae only learn a preference for the odor of related individuals
and do not imprint a preference for the odor of larvae derived
from distinct parental crosses. The exquisite selectivity of this
effect suggests the involvement of a genetic predisposition which
becomes activated through experience.

A disadvantage to neurobiological analysis of shoaling behav-
ior in zebrafish is that the shoaling phenotype is relatively
weak compared to wild strains, almost certainly because captive
zebrafish do not face the threat of predation (3, 4). Studies ana-
lyzing neural pathways involved in shoaling may benefit from the
availability of strains which have been maintained in captivity for
only a small number of generations.

11. Concluding
Remarks

In this chapter we have sought to outline the basic behavioral
repertoire of larval zebrafish, drawing attention to the many out-
standing questions yet to be addressed. However, if one assumes
that “what we know we don’t know” is only a small subset
of “what we don’t know we don’t know” then it is clear that
our knowledge of the behavioral repertoire remains far from
complete. For instance, as poikilotherms, body temperature and
metabolism in fish critically depend on the temperature of the
surrounding water. It is surprising that so little is known about
the ability of larval zebrafish to detect and respond to changes
in temperature. A single study has shown that larvae respond
with locomotor activity when exposed to bath water less than
16◦C, or greater than 37◦C (152). These values broadly corre-
spond to data gathered from ecological studies, which have found
active and healthy zebrafish inhabiting water ranging from 16.5
to 38.6◦C (5, 7). However it would be of great interest to know
whether larvae have a preferred temperature, and whether they
will actively navigate through a temperature gradient to reach it.
Another poorly explored area is the role of associative memory
in zebrafish larvae. Conditioned place preference tasks are rou-
tinely used in adult zebrafish and are sufficiently robust to allow
screening for genetic mutants (193), however it is not known
whether such a task can be successfully modified for use with lar-
vae. Young juvenile larvae, 3–4 weeks of age, failed to acquire a
spatial alternation task requiring associative learning (194), but
it remains possible that the locomotor demands in this task were
excessive. Finally, in zebrafish larvae, research has mainly focused
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on locomotor behaviors, eye movements, and neuroendocrine
responses. Other types of motor response including fin and jaw
movements are less well documented and remain a very fertile
ground for future studies (34, 195). A wealth of information
exists describing behavior in the larvae of other fish species and
this should greatly assist in achieving a comprehensive account of
the abilities of larval zebrafish.

In many ways, analysis of the neurobiological underpinnings
of behavior in larvae is still in its infancy. The difficulty in apply-
ing the traditional toolbox of neuroscience to larvae, such as
electrophysiological recordings and lesion analysis, has impeded
progress. Recent breakthroughs in applying neurogenetic tech-
niques to zebrafish will greatly accelerate the rate of discovery. Key
advances include the availability of genetically encoded calcium
indicators to monitor neural activity (196, 197), light-activated
cation channels to drive activity in vivo (79), and a burgeoning
collection of transgenic fish to facilitate visualization and manipu-
lation of the larval brain (198–200). These techniques draw upon
the unique advantages of the larval zebrafish model, its optical
accessibility and relatively limited neuronal complexity, and vastly
expand the opportunity to link the function of identified neurons
to behavior.

Niko Tinbergen pointed out that “. . . one expects to find
an innate base beneath the plastic behavior of mammals” (201).
In higher vertebrates, cortical control of behavior dominates
the function of brainstem circuits. Phylogenetically ancient but
intact subcortical circuits nevertheless assume operational control
of behavior under certain conditions in humans: during infancy
(30), when attention is distracted (116), after cortical damage
(202), or when stimuli are carefully designed to access only sub-
cortical pathways (203). In contrast, teleost fish lack direct cor-
ticospinal connections and indeed the brainstem is held to be
chiefly responsible for the organization of behavior (reviewed
in (204)). Larval zebrafish share the basic architectural features
common to all vertebrate brains and allow the neuronal basis of
behavior to be decoded at a stage when genetically encoded neu-
ral circuits predominate. It is thus not unrealistic to hope that the
neurobiological analysis of behavior in zebrafish larvae will pro-
vide profound insights into the operation of the human brain.
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