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Synopsis
This review provides an overview of the assays that are used for measuring escape and avoidance
behavior in zebrafish, with a specific focus on zebrafish larvae during the first week of
development. Zebrafish larvae display a startle response when exposed to tactile, acoustic, or
visual stimuli and will avoid dark areas, moving objects, conspecifics, and open spaces. Emotional
states such as fear and anxiety may be induced when larvae are exposed to stimuli that they would
normally escape from or avoid. While these emotional states may differ between species and
change during development, much can be learned about human fear and anxiety using zebrafish as
a model system. The molecular mechanisms of fear and anxiety are highly conserved in
vertebrates and are present during early zebrafish development. Larvae during the first week of
development display elevated cortisol levels in response to stress and are sensitive to the same
anxiolytics that are used for the management of anxiety in humans. Zebrafish larvae are well
suited for high-throughput analyses of behavior, and automated systems have been developed for
imaging and analyzing the behavior of zebrafish larvae in multiwell plates. These high-throughput
analyses will not only provide a wealth of information on the genes and environmental factors that
influence escape and avoidance behaviors and the emotional states that may accompany them, but
will also facilitate the discovery of novel pharmaceuticals that may be used in the management of
anxiety disorders in humans.
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Escape, avoidance, fear, and anxiety
In humans, emotional states like fear and anxiety function to avert situations that may be
harmful to our health or overall well-being. For example, anxiety can make someone avoid
an area with dangerous animals or be more careful crossing a road. However, when
deployed excessively or inappropriately, these ancient aids to survival can become counter-
productive or contribute to clinically defined anxiety disorders, including generalized
anxiety disorder, obsessive-compulsive disorder, panic disorder, post-traumatic stress
disorder, and phobias (Craske et al., 2009; Craske and Waters, 2005; Hovatta and Barlow,
2008; LeDoux, 2007; Phelps and LeDoux, 2005). The biology of anxiety is complex, as it
involves several regions in the brain, a network of neural connections, and multiple
signaling pathways (Denver, 2009; Gerlai, 2010; Maren, 2007). Several of these signaling
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pathways converge into the activation of the adrenal glands, which are hormone secreting
glands on top of the kidneys. The cortex of the adrenal gland produces corticosteroids
including cortisol, a common vertebrate stress hormone that regulates a broad range of
systems, including glucose metabolism, ionic homeostasis, immune function, and behavior
(Alsop and Vijayan, 2009; Denver, 2009). The medulla of the adrenal gland produces the
catecholamines epinephrine (adrenaline) and norepinephrine (noradrenaline), which are key
signals in the ‘fight-or-flight’ response (Wortsman, 2002).

In this review, we use the term ‘escape’ to describe movements away from an imminent
threat (Fig 1A). The term ‘avoidance’ (Fig 1B) is used to describe movements away from an
anticipated threat (active avoidance) and movements that maintain a distance from an
anticipated threat (passive avoidance). Aversive stimuli may also trigger the emotions of
fear and anxiety (Craske et al., 2009; Craske and Waters, 2005; Gerlai, 2010; Hovatta and
Barlow, 2008; LeDoux, 2007; Phelps and LeDoux, 2005). We use the term ‘fear’ to describe
an internal state characterized by changes in physiology which occur when an organism is
confronted with an impending threat or physically present danger. The term ‘anxiety’ is used
more restrictively to describe an internal state characterized by changes in physiology which
occur when an organism anticipates a threat, often defined clinically as a non-specific threat.
Fear and anxiety are thought to be important for the motivation of avoidance behaviors.

Escape and avoidance behaviors, and the associated emotions of fear and anxiety, can be
observed in all vertebrates and probably evolved hundreds of millions of years ago to evade
predators or avert other potential dangers (Denver, 2009; LeDoux, 2007; Phelps and
LeDoux, 2005; Salas et al., 2006). For example, the capacity to synthesize corticosteroids,
such as cortisol, appears to be unique to vertebrates and likely arose prior to the origin of the
jawed vertebrates (Denver, 2009). The conservation of molecular mechanisms involved in
physiological responses to danger over hundreds of millions of years suggests that various
vertebrate model systems can be used to better understand fear and anxiety in humans.

Zebrafish as a model system to study escape and avoidance behavior
Zebrafish have been used extensively to study the genetics of early vertebrate development.
The small tropical fish can be maintained at low cost and a modest colony of fish can
produce hundreds of fertilized eggs daily (Westerfield, 2007). The embryos develop
externally, are nearly transparent, and are accessible to genetic and experimental
manipulations. Development is extremely rapid; in just 24 hours, a fertilized egg develops
into a larva with eyes, a beating heart, and tail movements (Kimmel et al., 1995). In contrast,
a human embryo at 24 hours of development has just entered the two-cell stage. Large scale
mutagenesis screens have revealed a range of genes that are important for development of
the zebrafish brain (Driever et al., 1996; Granato et al., 1996; Haffter and Nusslein-Volhard,
1996; Schier et al., 1996) and identified genes can be knocked down by injecting antisense
morpholinos (Heasman, 2002). While zebrafish is widely used for developmental studies, it
has only recently emerged as model system to study behavior (Brennan, 2011). The majority
of studies are focused on behavior in adult zebrafish. However, some behaviors develop
early and may be observed in larval zebrafish during the first week of development.
Zebrafish larvae are ideally suited for large-scale analyses of vertebrate behavior. The
behavior of zebrafish larvae can be monitored in multiwell plates, which allows for a
systematic screening of the genes, pharmaceuticals, and environmental toxicants that
influence behavior. In addition, there is a wealth of information on the signaling pathways
that control neural development and many of the molecular tools that have been developed
for studying development can also be used to examine brain function. For medium to high-
throughput analyses of behavior, it is critical to use robust assays that can be automated. The
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following sections discuss the available assays for measuring escape and avoidance behavior
in zebrafish, starting with adult zebrafish.

Escape and avoidance behavior in adult zebrafish
Assays for measuring escape and avoidance behavior in adult zebrafish make use of various
aversive stimuli, including natural threats, novel environments, light, colors, shapes, and
open areas.

1) Natural threats
Adult zebrafish respond strongly to threatening stimuli that are likely encountered in nature.
Perhaps the most direct natural threat is the presence of a sympatric predator (Bass and
Gerlai, 2008; Gerlai, 2010). Another powerful stimulus is the alarm substance released by
injured fish, signaling that something harmful may be close by (Egan et al., 2009; Hall and
Suboski, 1995; Jesuthasan and Mathuru, 2008; Parra et al., 2009). Zebrafish may respond to
such threatening stimuli by escape and avoidance behaviors, which may include diving,
freezing, jumping, erratic movements, or shoaling. Zebrafish also respond to an animated
image of a predator fish on a computer screen, providing precise control over the stimulus
(Gerlai et al., 2009b). The computer-generated stimuli, together with digital recordings of
the response, open the door to automated analyses of anxiety.

2) Novel environments
When adult zebrafish are placed in a novel tank, they dive to the bottom of the tank and
gradually explore higher levels of the tank in a 5 minute period. This behavior is
quantitatively measured in the novel tank diving test (Bencan and Levin, 2008; Bencan et
al., 2009; Levin et al., 2007; Wong et al., 2010). Anxiolytic drugs attenuate the diving
behavior (Bencan et al., 2009; Levin, 2011). In addition, discontinuation of alcohol or
morphine induced anxiety-like behavior in the novel tank diving test indicating that
zebrafish may be used to study withdrawal syndromes (Cachat et al., 2010; Stewart et al.,
2011).

3) Light, colors, and shapes
Avoidance behavior and anxiety have also been studied in adult zebrafish using tanks with
various colors and shapes. Zebrafish prefer dark areas over light areas (scototaxis). They
also avoid dark spots on a white background (Ninkovic and Bally-Cuif, 2006), a dark line on
a rotating drum (Fleisch and Neuhauss, 2006; Li and Dowling, 1997), and prefer blue over
red in a T-maze (Colwill et al., 2005). A rectangular tank with a light and dark compartment
is typically used to examine scototaxis-linked anxiety in adult zebrafish (Maximino et al.,
2010a; Maximino et al., 2010b). In nature, scototaxis may contribute to predator avoidance,
i.e. adult zebrafish stand out clearly when swimming over a light background and are
therefore easier to catch. Zebrafish display anxiety-like behavior when confined to the white
background that they would normally avoid. In such confinement experiments, it was found
that freezing behavior is a particularly viable measure of anxiety (Blaser et al., 2010).

4) Open areas
The preference for an edge vs. an open area (thigmotaxis) is used in rodents as a measure of
anxiety (Komada et al., 2008). Thigmotaxis may also be used as an indicator of anxiety in
zebrafish. Adult zebrafish tend to swim along the walls in a circular tank, but spend more
time in the center of the tank after injection with fluoromethylhistidine, which lowers
histamine levels in the brain (Peitsaro et al., 2003). When control fish, treated with saline,
are reintroduced to the tanks 3 days later, they spend more time in the center of the tank than
they did on the first day, suggesting that the fish remember the environment and are less
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anxious. A similar thigmotaxis assay has been used to examine zebrafish with reversed left-
right asymmetries in the brain (Dadda et al., 2010). These fish are bolder when inspecting a
predator, lose their preference for a clockwise swimming direction, and spend less time in
the periphery of an open field. Possibly, the preference for the periphery of the tank is
similar to the preference for the bottom of the tank in the novel tank diving test, i.e. in both
cases the fish avoid an open area. In conclusion, various assays are available for measuring
escape and avoidance behavior in adult zebrafish. However, can these assays be used to
better understand fear and anxiety in humans?

Validation of behavioral assays—As briefly mentioned in the examples above, the
behavioral assays can be validated using known anxiolytic or anxiogenic drugs (Table 1).
This validation is important as it confirms the premise of the assay and examines if the assay
can be used for the discovery of novel drugs with medical applications in humans (Gerlai,
2010). For example, zebrafish behavior has been examined after treatment with - or
withdrawal from - alcohol (Echevarria et al., 2011; Egan et al., 2009; Fernandes and Gerlai,
2009; Gerlai et al., 2009a; Gerlai et al., 2006; Loucks and Carvan, 2004), cocaine (Darland
and Dowling, 2001; Lopez Patino et al., 2008a; Lopez Patino et al., 2008b), nicotine and
nicotine antagonists (Bencan and Levin, 2008; Levin et al., 2007), fluoxetine (Prozac) (Egan
et al., 2009), Buspirone (Bencan et al., 2009), diazepam (Valium) (Bencan et al., 2009;
Lopez Patino et al., 2008a), and caffeine (Egan et al., 2009). In addition to the use of
anxiolytic and anxiogenic drugs, endogenous hormones can be measured immediately
following the assay. For example, cortisol levels in zebrafish increase after direct or visual
contact with a predator (Barcellos et al., 2007) and also after withdrawal from alcohol or
morphine (Cachat et al., 2010). Conversely, cortisol levels are reduced by treatment with
fluoxetine in the novel tank diving test (Egan et al., 2009). The cortisol measurements show
that zebrafish display a physiological stress response when exposed to aversive stimuli
(Clark et al., 2011), and indicate that zebrafish and humans share common pathways that
regulate anxiety.

Unfortunately, cortisol levels cannot be measured in vivo during the behavioral experiments.
For behavioral studies it would be interesting to monitor hormone levels, neural activity, or
other physiological parameters in real time. While there are technical challenges to such in
vivo measurements, we propose that two anxiety-linked physiological parameters might be
measured in free-swimming fish during the behavioral assays, i.e. the heart rate and skin
color.

Heart rate—To date, the heart rate has not been imaged in free-swimming zebrafish.
However, recent innovations in imaging technologies may make this possible in the future.
The main challenges for imaging the heart rate in free-swimming adult zebrafish are: 1) that
the heart is covered by opaque tissues, and 2) that imaging systems either lack the speed or
resolution to monitor the beating heart in a large field of view. The first issue has recently
been resolved in the transparent zebrafish line Casper (Wenner, 2009) and the second issue
may be resolved by innovations in imaging technologies and data storage in the near future.
Alternatively, the heart beat may be monitored in an electrocardiogram or ECG (Milan et al.,
2006; Sun et al., 2009; Yu et al., 2010), or by photocardiography, which makes use of near-
infrared light that is detected by a phototransistor located outside the body (Yoshida et al.,
2009). However, these more invasive techniques may be incompatible with the analysis of
normal behavior in free-swimming fish. Once available, imaging techniques that monitor the
heart beat in free-swimming adult fish could be used to complement existing behavioral
assays and indicate the level of fear or anxiety in response to threatening stimuli.

Skin color—The skin of zebrafish can be lighter or darker depending on the distribution of
the melanosomes, which are black melanin-containing pigment granules within the pigment
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cells, the melanophores (Hirata et al., 2005; Logan et al., 2006). When the melanosomes
aggregate the skin is lighter and when the melanosomes disperse the skin is darker. In
zebrafish, this phenomenon plays a role in background adaptation. The aggregation of the
melanosomes is regulated by melanin-concentrating and melanocyte-stimulating hormones
(Logan et al., 2006), and by the alpha2-adrenoceptors, which are known to mediate
functions of epinephrine and norepinephrine signaling (Iwashita et al., 2006; Ruuskanen et
al., 2005). For example, dexmedetomidine, an alpha2-adrenoceptor agonist, induces a lighter
skin color, an effect that is antagonized by atipamezole, an alpha2-adrenoceptor antagonist
(Ruuskanen et al., 2005). Similarly, the melanosomes aggregate when zebrafish are placed
in water containing epinephrine (Iwashita et al., 2006). The latter study also showed that
melanosomes disperse when fish are placed in water containing yohimbine, an alpha2-
adrenoceptor antagonist. This dispersal is observed regardless of background color,
indicating that this antagonist blocks the endogenous aggregation signal. Since epinephrine
and norepinephrine are key signals in the ‘fight or flight’ response, skin color might be
useful as a real-time indicator of fear and anxiety in free-swimming zebrafish.

Some behaviors such as shoaling, defending spawning sites, and mating develop later in life
and may only be observed in juvenile or adult zebrafish (Miller and Gerlai, 2011). However,
a broad range of behaviors can be observed in zebrafish larvae during early stages of
development. There is significant interest in using zebrafish larvae in behavioral assays,
since the larvae are ideally suited for high-throughput applications.

The development of behavior in zebrafish larvae
Zebrafish larvae hatch from their chorion between 2 and 3 days post-fertilization (dpf) and
are 3.1 – 3.5 mm long at this time (Kimmel et al., 1995). Hatched larvae initially lie on their
side on the bottom of the tank and occasionally dart forward or circle around. The larvae
display a startle response when exposed to abrupt stimuli, including touch, sound, water
flow, or light (Burgess and Granato, 2007b; Emran et al., 2008; Fetcho et al., 2008;
McHenry et al., 2009; McLean and Fetcho, 2009). At 4 dpf, the larvae are approximately 4
mm long and either lay on the bottom of the tank, or hang heads up on the side of the tank.
The swim bladder gradually inflates (Lindsey et al., 2010) and the larvae start swimming
around between 4 and 5 dpf. At the same time, larvae will follow moving objects with their
eyes, a behavior that is referred to as the optokinetic response or OKR (Brockerhoff, 2006;
Maurer et al., 2011). At 5 dpf, the larvae have excellent vision and are actively hunting for
food (Neuhauss, 2003). The eyes include four types of cone cells, which give the larvae
tetrachromatic color vision ranging from ultraviolet to red (Fleisch and Neuhauss, 2006).
The larvae display a spontaneous locomotor repertoire that includes routine turns and slow
scoots. In addition, the larvae display a more vigorous C-start and burst swimming to escape
from threatening stimuli (Budick and O'Malley, 2000). Zebrafish larvae will swim in the
same direction as a pattern of moving stripes, a behavior that is called the optomotor
response (OMR). This response depends on input from green and red cones, and can be
observed at 6 dpf, but is more robust at 7 dpf (Fleisch and Neuhauss, 2006; Orger and Baier,
2005; Orger et al., 2008; Portugues and Engert, 2009). At 5, 6, and 7 dpf, larvae display
diurnal rhythms in activity, i.e. the larvae are more active during the day than they are at
night (Prober et al., 2006). These circadian rhythms are regulated by hypocretin expression
and by the synthesis and secretion of melatonin, a sleep-inducing hormone produced by the
pineal gland in the brain (Appelbaum and Gothilf, 2006; Appelbaum et al., 2009; Cahill,
1996; Kazimi and Cahill, 1999; Zhdanova, 2011; Zhdanova et al., 2001). Zebrafish larvae
display left-right asymmetries in brain morphology, which have been linked to asymmetric
behavior (Barth et al., 2005; Creton, 2009; Dadda et al., 2010; Facchin et al., 2009;
McManus, 2005), boldness, and exploratory behavior (Dadda et al., 2010; Facchin et al.,
2008). For example, larvae at 7 dpf prefer a clockwise orientation in a two fish assay, in
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which the larvae look at each other with their right eye (Creton, 2009). Thus, zebrafish
larvae display a range of interesting behaviors during the first week of development. Their
sensory and motor systems mature quickly and equip them with the ability to detect and
avoid threatening and unpleasant stimuli in their environment.

Escape and avoidance behavior in zebrafish larvae
There are a number of stimuli that have been shown to evoke escape and avoidance
behaviors in zebrafish larvae during the first week of development. The properties of these
stimuli and their use in behavioral assays to examine fear and anxiety are discussed below.
The stimuli include 1) tactile stimuli, acoustic stimuli, and water flow, 2) abrupt changes in
light intensity, 3) a gradient of light, 4) moving objects including a bouncing ball and other
zebrafish larvae, and 5) open areas.

1) Tactile stimuli, acoustic stimuli, and water flow
Zebrafish larvae display a startle or escape response that can be evoked by gently touching
the head or tail. The startle response can be observed at 2 dpf and has been used in a large-
scale genetic screen for motility defects (Granato et al., 1996). This screen identified 166
mutants with specific defects in embryonic motility comprising at least 48 genes. At 4 dpf,
tactile stimuli induce a rapid escape response away from the stimulus. While the swim
frequencies are similar at 2 and 4 dpf (ranging from 20 to 85 Hz), the 4 dpf larvae display a
more refined escape response by limiting head movements at lower swim frequencies
(McLean and Fetcho, 2009; McLean et al., 2008). The neural mechanisms have been studied
in detail and include sensory input that is relayed by the Mauthner cells, and other
reticulospinal interneurons, to contralateral motor neurons in the spinal cord (Gahtan et al.,
2002; Kohashi and Oda, 2008; Sillar, 2009). The primary motor neurons that drive the fast
escape response develop first, and the neurons that drive slower swimming movements are
added at more ventral locations in later development (McLean et al., 2007; McLean and
Fetcho, 2009). The escape response can also be triggered by water flow at 3–4 dpf
(Froehlicher et al., 2009; Kohashi and Oda, 2008) or by acoustic stimuli at 5 and 6 dpf
(Burgess and Granato, 2007b; Zeddies and Fay, 2005). Water flow is sensed by the
mechanosensory hair cells in the lateral line system and may contribute to a rapid escape
when a predator strikes (McHenry et al., 2009).

2) Abrupt changes in light intensity
Zebrafish larvae display a startle response when exposed to a sudden change in light
intensity. The startle response is characterized by a brief period of elevated activity and can
be induced when the light is abruptly turned off at 3 dpf (Easter and Nicola, 1996) or when
the light is abruptly turned on or off at 4 or 5 dpf (Emran et al., 2008). When the light is
turned off at 6 dpf, locomotion initially increases to a maximum at 4 minutes and then
decreases to a low level at 20 minutes (MacPhail et al., 2009). In contrast, when the light is
turned on at 6 dpf, locomotion gradually increases to a stable level at 20 minutes. Acute
exposures to 1% or 2% alcohol increased activity in the 6 dpf larvae, while exposure to 4%
alcohol decreased activity, suggesting that larval locomotion may be used to examine drugs
with anxiolytic properties (MacPhail et al., 2009). To separate anxiolytic effects from
defects in vision or defects in muscle contractions, investigators often show that zebrafish
with reduced anxiety still have normal functioning sensory and motor systems.
Alternatively, it is possible to record multiple behavioral parameters (profiles) and examine
which parameters, or combination of parameters, are linked to anxiolytics, but not to other
psychoactive compounds. Such multi-parameter investigations have been particularly
fruitful in large-scale screens. A recent study shows that the startle response can be induced
by a pulse of light at 30 hpf when the embryos are still inside the chorion (Kokel et al.,
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2010). This pulse of light induces a 5 second period of increased activity, while a second
light pulse 10 seconds later does not. This assay was used in a large-scale small molecule
screen that showed specific behavioral profiles in response to known anxiolytics such as
diazepam. Cluster analysis of the behavioral profiles, combined with structural analyses of
the clustered compounds, revealed novel monoamine oxidase inhibitors that could have
therapeutic potential for the treatment of depression and anxiety. Thus, zebrafish embryos, at
very early stages in development, may be used for the discovery of novel anxiolytics.

3) A gradient of light
Zebrafish larvae at 7 dpf are phototactic, i.e. they prefer a lighter section of the tank over a
darker section of the tank (Brockerhoff et al., 1995). The larvae thus display an opposite
response to light than adult fish, which prefer darker sections in a tank. Assays for
measuring phototaxis were recently optimized in 5–7 dpf larvae by dimming a uniform field
of illumination, followed by a 10-fold weaker spot of light (Burgess et al., 2010; Mueller
and Neuhauss, 2010). The larvae display a routine turn towards the light followed by a series
of slow swims (scoots) in the direction of the light source. The larvae show a maximal
aggregation close to the spot light after approximately 60 seconds.

4) Moving objects, including a bouncing ball and other zebrafish larvae
Zebrafish larvae at 6 dpf will swim away from a computer-generated ‘bouncing ball’
(Colwill and Creton, 2010; Creton, 2009). The bouncing ball is created in PowerPoint, and
consists of a 2.5 cm diameter disc moving left and right on a computer screen. The computer
screen sits flat on a horizontal surface and a dish with zebrafish larvae is placed on top of the
screen. Zebrafish larvae swim away from the bouncing ball (escape or active avoidance) and
remain at a safe distance from the bouncing ball (passive avoidance). Possibly, the bouncing
ball mimics a predator or the shadow of a predator. The dish with zebrafish larvae is imaged
by a high-resolution camera and the location and orientation of the larvae is examined by
automated image analysis. Advantages of this system are its flexibility for programming
stimuli and its suitability for high-throughput applications. The same imaging system was
used to measure the interaction of two zebrafish larvae in a 12-well plate (Fig 2). Zebrafish
larvae at 7 dpf prefer to swim in opposite quadrants, indicating that the larvae avoid each
other’s company (Creton, 2009).

5) Open areas
Zebrafish larvae are thigmotactic, i.e. they prefer the edge over the center when imaged in
multiwell plates (Colwill and Creton, 2011)). In nature, open areas may expose zebrafish
larvae to predators and this exposure could induce an anxiety-like state in the larvae, similar
to the anxiogenic effects of open areas in adult zebrafish (Peitsaro et al., 2003) and rodents
(Komada et al., 2008). Since the location of larvae can be measured in high-throughput
applications, this behavior may be used for the discovery of novel drugs with anxiolytic
properties.

Validation of the behavioral assays in zebrafish larvae
The behavioral assays in zebrafish larvae can be validated using drugs with anxiolytic
properties, including fluoxetine (Prozac) (Airhart et al., 2007; Rihel et al., 2010), alpha 2-
adrenergic receptor agonists, such as clonidine (Rihel et al., 2010), diazepam (Valium), and
beta-blockers (Kokel et al., 2010). The main classes of medical anxiolytics are shown in
Table 1, each with a few examples of the observed effects on zebrafish behavior. Overall,
larval behavior may be altered by hundreds or even thousands of compounds as shown by
behavioral analyses in small molecule screens (Kokel et al., 2010; Rihel et al., 2010). In
such high-throughput screens, the observed behavioral profiles can be clustered to link
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specific behaviors with known anxiolytics. The cluster analysis is an elegant approach for
identifying which behaviors are affected by anxiolytics and not by other psychoactive
compounds, such as sedatives or mood stabilizers. Moreover, the cluster analysis can reveal
novel compounds with anxiolytic properties, and thus has value in drug discovery. In
addition to the pharmacological validation, it is possible to evaluate the level of anxiety in
the behavioral assays by measuring endogenous hormone levels. Interestingly, zebrafish
produce cortisol under control of the hypothalamus–pituitary–interrenal (HPI) axis during
early development (Alsop and Vijayan, 2009). Corticotrope deficiency leads to lowered
cortisol levels in 6 dpf zebrafish larvae (Dickmeis et al., 2007). In addition, cortisol
concentrations increase approximately 2-fold when 4 dpf zebrafish larvae are exposed to
rapid swirling (Alsop and Vijayan, 2008, 2009) or osmotic stress (Alderman and Bernier,
2009). While the cortisol levels can only be measured in homogenized fish, other parameters
might be measured in real time in living free-swimming larvae. A particularly promising
approach is the use of fluorescent or bioluminescent zebrafish lines that emit blue, green, or
red light in response to specific signals (Naumann et al., 2010; Wyart and Del Bene, 2011).
In addition, it may be possible to image the heart beat and skin color, as discussed above for
adult zebrafish.

Heart beat
The beating heart is visible in zebrafish larvae and image analysis software can be used to
examine specific parameters of the heart beat. Norepinephrine added to the water increased
the wall motion amplitude in 4 day old larvae, suggesting that larvae are sensitive to this
hormone at early stages in development (Denvir et al., 2008). In 5–7 dpf larvae, the heart
rate can be modulated by mild electric shocks (Mann et al., 2010), which first induce a slow
heart rate (bradycardia) followed by a fast heart rate (tachycardia). The observed tachycardia
can be blocked by the beta-blocker propranolol, suggesting that adrenergic signals control
the heartbeat in larval fish (Mann et al., 2010). Apart from imaging the heart beat by
transmitted light microscopy, it is also possible to image the beating heart in thin optical
sections using advanced fluorescence imaging techniques. For example, transgenic zebrafish
that express DsRed in the blood cells and myocardium and EGFP in the endocardium have
been imaged in vivo by selective plane illumination microscopy (SPIM), providing a high-
resolution view of the tissues that constitute the heart (Huisken and Stainier, 2009). In each
of the examples above, the heartbeat was imaged in immobilized larvae. While technically
challenging, it would be interesting to image the heart beat during behavioral assays in free-
swimming larvae. Such experiments could provide new insights in the physiology of fear
and anxiety associated with escape and avoidance behaviors.

Skin color
Skin color might be used as another measure of anxiety. As discussed above, adult zebrafish
display a lighter color in response to epinephrine or a white background. Zebrafish larvae at
5–7 dpf also adjust their pigment in response to the background, which can be used as a first
hint to potential blindness in large-scale screens (Balm and Groneveld, 1998; Fleisch and
Neuhauss, 2006; Neuhauss, 2003; Peng et al., 2009). The changes in color may in part be
regulated by epinephrine / alpha2-adenoceptor signaling, similar to the regulation of skin
color adult fish (Iwashita et al., 2006; Ruuskanen et al., 2005). Interestingly, when larvae are
exposed to alcohol, the melanosomes disperse throughout the cytoplasm resulting in a dark
appearance (Peng et al., 2009). We propose that such changes in color could be measured in
real time in free-swimming larvae to correlate specific swimming behaviors with elevated
levels of anxiety.
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Automated imaging of escape and avoidance behaviors in zebrafish larvae
Elegant imaging systems have been developed for the automated analysis of behavior in
zebrafish larvae. Some of these systems are now commercially available. For example, both
Noldus and ViewPoint have developed efficient imaging systems for the automated analysis
of larval activity in 96-well plates. The automated imaging system developed by Noldus
Information Technology includes a DanioVision observation chamber and EthoVision
software (see http://www.noldus.com). The EthoVision software has for example been used
to isolate seizure-resistant zebrafish larvae in a large-scale mutagenesis screen (Baraban et
al., 2007) and to examine the effects of lighting conditions and alcohol on larval activity
(MacPhail et al., 2009). The automated imaging system developed by ViewPoint includes a
ZebraBox imaging system and ZebraLab software (see
http://www.viewpointlifesciences.com). This system has been used for measuring circadian
rhythms in zebrafish larvae (Prober et al., 2006) and for a high-throughput small molecule
screen to identify drugs that alter sleep-wake behaviors of zebrafish larvae (Rihel et al.,
2010). For practical information on how to use this system for measuring larval locomotor
activity, see the video published by Emran et al. (Emran et al., 2008). The Noldus and
ViewPoint systems are both equipped with infrared illumination for imaging in the dark and
can thus be used to examine the effect of light-dark cycles in a multiwell format. This
feature also enables both systems to be used to monitor changes in sleep patterns that may
co-occur with chronic anxiety and stress. The imaging systems record larval activity in all
96 wells simultaneously, using one larva per well. Future developments may make it
possible to automatically track multiple larvae in a single well, to acquire information on
larval orientation, and to provide local stimuli in the multiwell plates. These innovations
would pave the way for automated analyses of social behaviors and more detailed analyses
of the swimming patterns in response to specific threats and stimuli previously associated
with these threats.

Various laboratories have developed custom-built systems for automated measurements of
larval location, orientation, and bending angles. For example, Burgess and Granato
developed an imaging system with a high-speed 1000 frames per second camera and
custom-written kinematic analysis software, to identify the position, orientation, and
curvature of 6–7 dpf larvae during the startle response (Burgess and Granato, 2007a, b).
Approximately 30 larvae were imaged simultaneously for a 0.4 – 1 second period in a 6 cm
dish. The images are acquired at a sufficient resolution (0.25 megapixels) to identify the
orientation of the tail, trunk, and head segments by automated image analysis. A high-speed
1000 frames per second camera has also been used to examine the escape response of
individual larvae triggered by touching the tail (McLean et al., 2008). In this case, the
bending at different places along the body was automatically quantified by custom-written
software that tracked three regions along the midline of the 4–5 dpf zebrafish larvae. Thus,
both systems are geared towards brief periods of highspeed imaging to quantify parameters
of the fast escape response. On the other side of the spectrum is a high-resolution imaging
system that monitors zebrafish larvae in time-lapse mode using a 9 megapixel camera
(Colwill and Creton, 2010; Creton, 2009). The spatial resolution of this imaging system
makes it possible to measure the location and orientation of zebrafish larvae in multiwell
plates (Fig 2). In addition, threatening stimuli can be presented to the larvae on an LCD
screen, which makes this system well-suited for studying escape and avoidance behaviors.
An alternative approach to such high-resolution recordings is to use a microscope and image
one well at a time. Such microscopes can be equipped with a motorized stage to
automatically move from one well to the next. This approach was used successfully in a
largescale screen for small molecules that affect a light-induced startle response in zebrafish
embryos (Kokel et al., 2010).
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Conclusions and future directions
This is an exciting era for studying zebrafish behavior. The genetic and neural networks that
influence behavior are being uncovered at an unprecedented pace. In addition, there have
been significant innovations in imaging technologies that can be used for automated
analyses of behavior. These advanced imaging technologies are likely to further improve in
the near future. For example, innovations in camera hardware and digital storage media will
make it possible to image at higher speeds and at higher resolution. The automated analysis
of large movie files will likely be faster, and will include more options for analyzing
behaviors other than activity. Such innovations will particularly pay off when imaging the
behavior of zebrafish larvae in multiwell plates. For example, it should be possible to
automate the analysis of social behavior, learning, and memory in a multiwell plate format.
The high-resolution movies may contain information beyond the location of the fish. For
example, they may reveal rapid changes in skin color and changes in heart beat frequencies
that are associated with specific behaviors. Moreover, it may be possible to acquire
information on a range of neural and physiological parameters by imaging fluorescent and
luminescent indicators. For studies on fear and anxiety it would be major step forward to
image the concentrations of cortisol and epinephrine in real time in free swimming fish.
Overall, high-throughput analyses of escape and avoidance behavior in zebrafish will likely
lead to the identification of novel drugs that can be used in the management of human
anxiety disorders. In addition, high-throughput analyses may be used to better understand
the genetic and environmental factors that cause anxiety disorders.
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Fig 1.
Diagram of escape and avoidance behavior in zebrafish. A) Escape: zebrafish are exposed to
an imminent threat and swim away to safety. B) Avoidance: zebrafish anticipate a potential
threat and swim away to safety. The fish may dive to the bottom of the tank, swim to a
sheltered area, or join a shoal of fish. Once the fish relax, they start to explore their
surroundings. In an experimental setup, the threatening stimulus can be adjusted and the
tank is typically imaged to determine the exact location and movements of the fish. Thus,
quantitative data can be obtained for escape, avoidance, and exploratory behaviors.
Emotional states, such as fear, anxiety, and relaxation are more difficult to measure. In
general, fear is associated with an imminent threat and anxiety with an anticipated and
usually nonspecific threat. While these emotional states likely differ between species and
change during development, much can be learned about human fear and anxiety using
zebrafish as a model system. The molecular mechanisms of fear and anxiety are highly
conserved in vertebrates and are present during early development. In addition, zebrafish
escape and avoidance behaviors are modulated by the same anxiolytics that are used in the
treatment of human anxiety disorders.
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Fig 2.
Zebrafish larvae imaged in a 12-well plate at 7 days post-fertilization. The larvae were
imaged using a high-resolution imaging system that allows for the automated analysis of
larval locations and orientations. For a description of the imaging system see (Colwill and
Creton, 2010; Creton, 2009).
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