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Abstract

Over the course of each day, animals prioritize different objectives. Immediate goals may reflect
fluctuating internal homeostatic demands, prompting individuals to seek out energy supplies or
warmth. At other times, the environment may present temporary challenges or opportunities.
Homeostatic demands and environmental signals often elicit persistent changes in an animal’s
behavior to meet needs and challenges over extended periods of time. These changes reflect the
underlying motivational state of the animal. The larval zebrafish has been established as an
effective genetically tractable vertebrate system to study neural circuits for sensory-motor reflexes.
Fewer studies have exploited zebrafish to study brain circuits that control motivated behavior. In
part this is because appropriate conceptual frameworks, anatomical knowledge, and behavioral
paradigms are not yet well established. This review sketches a general conceptual framework for
studying motivated state control in animal models, how this applies to larval zebrafish and the
current knowledge on neuroanatomical substrates for state control in this model.
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Introduction

Animal behavior is governed by both signals from the environment, and internal state
systems that greatly influence how those signals are interpreted (Baerends, 1971). A major
class of internal state systems control behaviors that promote goal-directed activities such as
feeding, aggression, social behaviors, and responses to threats. Collectively, we refer to these
as motivational state systems. Motivational states reflect the activity of neuromodulatory
systems that shape the activity of neuronal circuits over timeframes of minutes to hours
(Pfaff et al., 2008). Neuromodulation has been extensively studied at molecular and cellular
levels in many systems revealing that amines, neuropeptides and small molecules powerfully

"Address for correspondence: Harold A. Burgess, Ph.D. Building 6B, Room 3B308, 6 Center Drive, Bethesda, MD 20892,
burgessha@mail.nih.gov, Tel: 301-402-6018, Fax: 301-496-0243.

Declaration of Interest
The authors report no declarations of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horstick et al.

Page 2

influence the activity and output of neurons in most brain regions (Marder and Calabrese,
1996; Marder, O’Leary and Shruti, 2014; Wester and McBain, 2014). Many
neuromodulators act broadly, allowing coordinated tuning of disparate circuits and providing
flexibility in the function of groups of neurons as computational needs change (Robbins,
1997). However, there is a pressing gap in our understanding of the specific behavioral roles
of diverse neuromodulatory systems. The most detailed account of the action of
neuromodulators has been provided by studies on the crustacean stomatogastric nervous
system (Stein, 2009). Even in this simple model, little is known about the behavioral
contexts that drive neuromodulator release; indeed the functional consequences of
neuromodulation are only now being explored (Diehl et al., 2013). The strongest evidence
that neuromodulators exert context-specific functions has come from experiments in
invertebrates. In Drosophila, specific serotonergic and dopaminergic neurons that regulate
aggressive behavior have been identified (Alekseyenko et al., 2013, 2014), while in C
elegans, identified neurons use serotonin and pigment dispersing factor to promote roaming
and dwelling states respectively (Flavell et al., 2013). Although there is a vast literature on
the action of neuromodulators in mammals, many experiments rely on pharmacological
manipulations of uncertain specificity, and behavioral tests that do not clearly prove a link to
motivational control (Paredes and Agmo, 2004). Genetic and transgenic techniques now
permit far more precise manipulations. An area that is ripe for exploration, therefore, is the
study of how specific neuromodulators adaptively regulate behavior during different
motivated states in vertebrates.

An ideal vertebrate system for parsing the context-specific functions of neuromodulators
would have a simple nervous system and discrete repertoire of behaviors. At larval stages,
zebrafish have a manageable repertoire of behaviors and a brain that comprises around
100,000 neurons (Fero, Yokogawa and Burgess, 2011). Adults possess a much broader
behavioral repertoire, but this sophistication is accompanied by a much larger and less
tractable brain. Larvae show circadian changes in behavior with characteristic features of
sleep and wakefulness, confirming that at least long-term internal states are maintained
(Zhdanova et al., 2001; Prober et al., 2006; Yokogawa et al., 2007). Larvae have already
been widely used to decode the neuronal circuitry underlying stereotyped sensory-motor
reflexes, using a sophisticated arsenal of tools that facilitate non-invasive monitoring and
manipulation of neurons in the intact animal (reviewed in (Chiu and Prober, 2013)). These
methods are ideal for studying the neuronal basis of motivated states, where invasive
manipulations may irrevocably bias internal state control. This review discusses evidence
that larval stage zebrafish exhibit modifications of behavior consistent with motivational
states, in the context of a general conceptual framework for studying motivational control in
animals. As we are ultimately interested in applying functional insights from fish to
understanding the state-dependent use of neuromodulators in humans, we also discuss the
neuroanatomical substrates for motivation in fish and the extent to which these systems are
conserved.

Defining motivated behavior in animal models

In this review, we will focus on internal states that in humans are experienced as changes in
motivational drive. Defining an apparent change in motivational state in animals from
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observations of behavior or physiology is difficult - our skill as humans at reading the
intentions of other people, arises from experience and cognition, and also uses hard-wired
mechanisms that mirror the activation of corresponding neuronal circuits during our
observation of human motor actions (Baldwin and Baird, 2001; Bonini, Ferrari and Fogassi,
2013). While zebrafish and humans share fundamental neuroanatomical similarities,
evolutionary divergence over the last 400 million years has also lead to significant
differences, with many regions of the brain differentially elaborated, as discussed below.
Thus, anthromorphic interpretation of behavior, that fails to take into account differences in
neuroanatomical function may be extremely misleading. Indeed, Theodore Schneirla
famously asserted that “...approach and withdrawal are the only empirical, objective terms
applicable to all motivated behavior in all animals” (Schneirla, 1959). Nevertheless,
laboratory studies allow the life history and environment of animals to be tightly controlled,
ensuring that changes to the environment produce reproducible behavioral responses whose
contribution to the well-being and survival of the individual can be sometimes be clearly
interpreted. For example, when a nutrient-deprived rat shows greater responsiveness to food
odors, it is reasonable to suggest that its behavior is affected by an internal state similar to
‘hunger’. Unfortunately, clues to adaptive function from overt behavior are often more
ambiguous. For instance many animals show a propensity to locomote near the walls of an
arena. This is frequently interpreted as evidence for a wall-hugging behavior known as
thigmotaxis, and presented as evidence for anxiety (Schnérr et al., 2012). However, wall-
following also arises trivially from predominantly straight movement paths in arenas with
concave walls. When tested with convex walls, wall-following may disappear or be greatly
diminished (Creed Jr and Miller, 1990). Thus, interpretations of the functional significance
of a behavior, especially with respect to the motivational state of the animal, require an
abundance of caution.

There is no single definition for motivated behavior. Such states include “the internal
proximate causes of behavior, variously labeled as drives, instincts or causal systems”
(Colgan, 1993), that “enable the organism to regulate the availability, probability, or
proximity of stimuli” (Salamone, 1992).

In addition, motivational states are persistent, lasting minutes to hours, and terminated after
an objective has been met (Murray, 1964). Most work focuses on just four types of state:
hunger, fear, sex and aggression, broad categories that have the merit of being applicable to
most species, but there are many other relevant internally driven goal-directed activities (e.g.
parental behaviors, salt-appetite and thirst). Research into sleep using zebrafish and other
model organisms has been facilitated by the adoption of criteria that operationally define
‘behavioral sleep’. Similarly, a set of criteria that are measurable in animals may assist as we
probe neuronal mechanisms for motivated behavior. We propose that an operational
definition of a motivated state in animal models should include at least these factors: (1) A
change in behavior or physiology that is maintained by internal mechanisms. (2) The change
is reversible, persisting temporarily even after a trigger stimulus is no longer present in the
environment, or terminating after a specific goal is met. (3) Behavior should be goal-
directed, promoting either the acquisition or avoidance of a specific objective. We will
consider each of these elements and contrast them with processes that also produce
persistent changes in behavior but which do not fulfill these criteria.
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First, behavioral changes should be driven by internal processes, as opposed to being
continuously triggered by stimuli that persist in the environment. In such cases, it is
obviously unnecessary to postulate an enduring change in the animal’s internal state,
although potentially, behaviors may reflect a mix of ongoing sensorimotor processing and
autogenic actions. In larvae, an example is heightened locomotor activity in response to
increased water temperature. Here, elevated activity may be directly driven by the continuing
presence of noxious heat, but possibly also reflect a motivational drive to escape from the
aversive environment (Prober et al., 2008; Curtright et al., 2015). Even sophisticated goal-
directed behaviors do not necessarily need to be driven by an internal drive. In Drosophila,
male courtship behavior can be parsed into a series of discrete steps, sequentially triggered
by cues from the female (Bastock and Manning, 1955; Greenspan and Ferveur, 2000).
Similarly, during phototaxis, larval zebrafish deploy a series of stereotyped swimming
movements for navigating toward a light source (Burgess, Schoch and Granato, 2010).
Although these events may appear goal-directed and require coordinated motor actions
sustained over several minutes, the behavior can be completely described as a series of
motor events acutely triggered by sensory cues; an underlying change in internal state is not
essential to explain the behavior. We also distinguish persistent changes in behavior that
involve simple sensory or motor plasticity that involve forms of learning (Colgan, 1993).
Repeated exposure to abrupt acoustic stimuli induces habituation of the escape response in
larvae, reflecting sensory or sensorimotor adaptation (Wolman et al., 2011). Motor responses
are also plastic: larval zebrafish, for instance, adaptively regulate the vigor of swim
movements in response to feedback on forward propulsion, with persistent changes in motor
performance (Portugues and Engert, 2011). Such forms of sensory or motor learning do not
necessarily implicate a change in goal-directed activity.

Second, motivational states are usually quickly terminated when an objective has been
achieved. Thus, within minutes of nutrient ingestion, food-deprived rats no longer show
elevated levels of feeding behavior (Kohn, 1951). Other states typically persist for a limited
duration, abating after minutes or hours: after a single foot shock, crouching behavior is
initially elevated in rats, then gradually declines over several hours (Blanchard and
Blanchard, 1969). This is different from autogenic processes that are regulated over longer
time periods such as circadian oscillations. Even at early larval stages, behavior in zebrafish
is strongly influenced by an internal circadian clock that drives sleep and wake-like changes
in locomotor activity (Cahill, Hurd and Batchelor, 1998; Hurd and Cahill, 2002). We
conceptualize circadian changes as providing a baseline for internal state, on which short-
term changes in motivated behavior are superimposed. However there may be considerable
overlap between systems that govern wakefulness and motivated behavior, discussed below.

Goal-directed behavior during motivated states

Our third criterion is that a motivated state should promote the acquisition or avoidance of a
specific objective. Distinct motivated states equip animals to cope with different challenges.
Nevertheless, studies on motivated states have distinguished ‘activational’ and “directional’
components (Salamone, 1988; Bailey et al., 2015; Salamone et al., 2015). The directional
component relates to goal-directed behaviors whereby sensory processing and motor
programs are tuned to advance homeostatic needs or prepare for anticipated challenges. In
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contrast, the activational component refers to a quantitative invigoration of movement, such
as the frequency, duration, speed or amplitude of motor activity, that in isolation may not
selectively promote acquisition of a goal. We will discuss activational and directional
components of motivation in turn, first outlining the connection between motivation and net
motor activity, then discussing changes in goal-directed sensory and motor behaviors.

The close connection between maotivational drive and movement activation has long been
recognized, indeed these processes have been referred to as ‘twin galaxies’ of the brain
(Mogenson, Jones and Yim, 1980). This is supported by the intimate link between neural
substrates for drive and motor activity through dopaminergic signaling (Wise and Bozarth,
1987; McGinty et al., 2013; Kdks, 2015). Thus, food-restriction triggers an increase in
ambulatory activity in many mammals, presumably to facilitate foraging behavior (Koubi et
al., 1991; Day, Kyriazakis and Lawrence, 1995; Weed et al., 1997). However, heightened
motor activity is not an essential feature of motivated states (Murray, 1964). In mammals,
threatening stimuli such as predator odors may trigger flight, but in other cases solicit a
freezing response or activate stress pathways without changing motor activity (Perrot-Sinal,
Ossenkopp and Kavaliers, 1999; Blanchard, Blanchard and Griebel, 2005; de Oliveira
Crisanto et al., 2015). In other cases, movement may be clearly goal-directed: sociosexual
stimuli drive the expression of behaviors like grooming and pursuit that show a clear
connection to a motivational objective (Paredes and Agmo, 1989). Larval zebrafish show a
temporary increase in motor activity following several different types of stimulus, possibly
representing behavioral activation during motivated states. After loss of illumination larvae
show a persistent increase in locomotor activity, that facilitates swimming back into
illuminated regions of the environment (Prober et al., 2006; Burgess and Granato, 2007;
Emran et al., 2007; Fernandes et al., 2012). Additionally, exposure to a few seconds of
water-flow causes an increase in locomotor activity that persists for several minutes
(‘Yokogawa, Hannan and Burgess, 2012). Flow-induced hyperactivity is accompanied by
changes in sensory responsiveness that are consistent with goal-directed behavior,
suggesting that it is one component of a motivated state that anticipates additional challenges
in a turbulent environment.

The activational component of motivated behaviors is often described as a state of arousal.
The term ‘arousal’ has had a shifting meaning in the literature, applied to stages of sleep and
wakefulness, and also to phasic periods within the wake state that are characterized by an
energization of behavior (Robbins, 1997). The degree to which these phenomena are
separable is unclear. For instance, is the arousal that accompanies the sight of a dangerous
predator simply an extreme activation of part of the same neural mechanism that governs
sleep-wake transitions? Or are mechanisms that govern sleep-wake transitions distinct from
those involved in phasic arousal? The latter possibility is seen in Drosophila, where
dopamine acts at distinct sites within the nervous system to regulate sleep-wake transitions,
and episodic arousal induced by an air-puff stimulus (Lebestky et al., 2009). On the other
hand, in vertebrates, the neuropeptide hypocretin is required to maintain wakefulness, but
also motivates appetite and feeding behavior. It has recently been suggested that tonic
hypocretin neuron activity maintains wakefulness, whereas bursts of activity stimulate
motivated behaviors like feeding (Mahler et al., 2014).
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At least some of the behavioral modifications during a motivational state should promote a
specific goal. We will focus on the two most frequently characterized behavioral changes
during motivated states: (1) responsiveness to sensory stimuli, and (2) patterns of movement
in the environment. However, more complex behaviors may also be modified: in shoaling
fish species, hunger decreases shoal cohesion permitting more individualistic foraging
patterns to emerge at the expense of increased predatory risk (Sogard and Olla, 1997).

Motivational states strongly increase the salience of relevant sensory signals, improving the
ability of animals to select appropriate behavioral responses to the constant flood of
competing information reaching the brain. For instance, in mammals, fear elevates
sensitivity to threatening stimuli, potentiating startle responses (Anderson, Crowell and
Brown, 1985, p. 19; de S et al., 2014) whereas hunger significantly increases olfactory
sensitivity enabling energy-deprived animals to more readily locate food (Aimé et al., 2007;
Ramaekers et al., 2016). During motivated states, changes in sensory responsiveness may be
confined to ethologically relevant modalities. Thus, hunger does not alter acoustic startle
thresholds in rats or humans, presumably because threatening auditory cues do not convey
useful information for locating food (Anderson et al., 1985, p. 19; de Sa et al., 2014).
Comparable results have been obtained from work in fish. Starvation increases the
responsiveness of several fish species to prey, but actually suppresses escape from predatory
threats, possibly reflecting elevated risk-tolerance during food-search behavior (Ware, 1972;
Croy and Hughes, 1991; Munk, 1995). Intriguingly, similar results have already been
obtained in zebrafish larvae: unfed larvae show reduced avoidance of a simulated visual
threat (Clift et al., 2014). Experiments in zebrafish confirm that changes in sensory
responsiveness can be highly modality specific. During arousal induced by water-flow,
elevated locomotor activity is accompanied by increased sensitivity to visual motion, while
other sensory thresholds are not altered (Yokogawa et al., 2012). During water flow, fish are
exposed to whole field visual motion, and use this information to orient against the current
(Lyon, 1904), thus sensitization to visual motion during water-flow induced arousal prepares
fish to respond more quickly in turbulent water. Experiments using controlled expression of
neuropeptides in larvae further suggest that motivational states selectively regulate sensory
systems. For instance, after increasing hypocretin levels, larvae show increased
responsiveness to dark-flash visual stimuli, but no change in responses to acoustic or thermal
stimuli (Woods et al., 2014). Changes in responsiveness to sensory stimuli do not necessarily
reflect altered sensitivity of the sensory apparatus. Central gating of sensory signals may be
even more critical, because changes in behavioral responsiveness are in some cases
decoupled from changes in the sensitivity of sensory organs (reviewed in (van Swinderen
and Andretic, 2003)).

The goal-directed component of motivated state control also includes changes in the spatial
pattern of autogenic locomotor activity, as distinct from the overall level of activity. Changes
in the spatial pattern of activity include alterations in where an animal prefers to spend time
(place preference), and in its movement path. Place preference reflects goal-directed
behavior, in the active avoidance of threats or proximity to incentives. For instance, in
mouse, the open field is a standard test for measuring anxiety through comparison of time
spent in the perimeter and center of the arena (Crawley, 2007). Anxious mice spend more
time in the perimeter of the environment, presumably thereby reducing exposure to threats.
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Movement trajectories are also significantly affected by behavioral state. Early studies in
Drosophilaand Coccinella septempunctata (ladybird beetle) larvae demonstrated that
starvation resulted in an increased rate of re-orientation and period of spatially restricted
locomotion after encountering food, consistent with a search state for additional nutrition in
the local environment (Carter and Dixon, 1982; Bell et al., 1985). The locomotor dynamics
described in these studies were subsequently observed in many other species, including
vertebrates, establishing a paradigm for investigating regulation of foraging behavior by
hunger (reviewed in (Bell, 1990)).

Finally, motivated states have been suggested to include a component of ‘generalized
arousal’ that encompasses a global increase in responsiveness to sensory stimuli, elevated
motor activity and enhanced emotional responsiveness (Pfaff et al., 2008). The existence of a
generalized arousal state has been inferred from a statistical factor that accounts for a
substantial fraction of the variability in spontaneous locomotion and sensory responsiveness
in mice during different arousal experiments (Garey et al., 2003), as well as from the success
of selective breeding in generating high and low arousal strains of mice (Weil et al., 2010).
A difficulty with this concept is the considerable evidence, as outlined above, that changes in
sensory responsiveness are often highly selective, confined to a single ethologically relevant
modality. One possibility is that the factor from principal component analysis that has been
interpreted as supporting the existence of generalized arousal, in fact relates to a process that
governs part of the sleep/wake continuum, rather than contributing to energized behavior
during short-term motivated states.

In summary, we suggest that motivated states manifest three distinct and quantifiable
changes in behavior: (1) net motor activity, (2) responsiveness to sensory stimuli and (3) the
spatiotemporal organization of movement. These distinct processes can be parsed by
carefully designed behavioral tests. Studies that differentiate elevated motor activity from
goal-directed changes in sensory or motor processing use tasks that measure performance
accuracy to distinguish simple hyperactivity from goal-directed movements (Moses et al.,
1995). For instance, a task in which mice must continuously depress a lever can distinguish
accidental lever-pressing due to hyperactivity and goal-directed lever pressing as part of
reward-seeking behavior (Bailey et al., 2015). Similarly, in zebrafish, the rapid orienting of
larvae to whole-field visual motion during flow-induced arousal is not simply due to
hyperactivity, because the turning movements that cause a change in orientation are more
reliably made in the direction of visual motion than during the baseline state (Yokogawa et
al., 2012). Behavioral assays like these that distinguish different effects of motivated states
are critical for dissecting the context-specific roles of neuromodulatory systems (Paredes and
Agmo, 2004).

Neuroanatomical substrates for motivated state control

Current knowledge of the neurophysiologic substrates that serve goal-directed behaviors in
vertebrates is mostly derived from studies on mammals, most often rodents. To use zebrafish
as a model to dissect mechanisms underlying motivation, similarities and differences to
mammalian neuroanatomy need to be understood. The teleostean brain, while constructed
according to the common vertebrate bauplan (Striedter, 2005), also diverges in important
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ways, with varying degrees of anatomical conservation of transmitter and neuropeptidergic
systems most critical for motivation and internal state control in mammals (Kaslin and
Panula, 2001; Tay et al., 2011; Herget et al., 2014). An important caveat is that the
functional organization of the teleostean forebrain remains incompletely understood, leading
to conflicting interpretations regarding the homology or functional equivalence of specific
structures with mammals. Notably, information about particular brain structures has been
obtained in a piecemeal manner, either from studies using the larval or the mature zebrafish
brain. Larval brains can be efficiently investigated using /n situi-hybridization and epi-
fluorescence immunohistology in conjunction with high-throughput imaging technologies
(Ronneberger et al., 2012; Marquart et al., 2015; Randlett et al., 2015). For example, the
molecular factors that define preoptic and hypothalamic regions, including the ascending
dopaminergic systems, are much better investigated in the larval zebrafish brain (Tay et al.,
2011; Herget et al., 2014). The mature teleostean brain, in contrast, shows better histological
differentiation and visible brain nuclei facilitating annotation of gene expression patterns and
brain function. Zebrafish has been added as a model system recently, but due to the rich
availability of transgenic lines, there is a rapidly growing literature on the molecular
organization and development of the brain and how it compares to tetrapods. As goldfish is a
related carp-like (cyprinid) species that shares many similarities in brain organization (Rupp,
Waullimann and Reichert, 1996), valuable information is also derived from studies on this
model. Goldfish have been used in numerous classical tracing and behavioral studies
because of their large size, which facilitates tracing and manipulation with non-genetic
methods.

Critical structures for motivational control in mammals include the ascending dopaminergic
system of the ventral tegmental area and substantia nigra, the ventral striatum including the
nucleus accumbens, the lateral septum, the basal cholinergic septum (basal nucleus of
Meynert) and the amygdaloid complex (Swanson and Petrovich, 1998; Phelps and LeDoux,
2005; Zahm, 2006; Salamone et al., 2007; Zahm et al., 2013).These forebrain structures each
contain or are influenced by neuromodulatory transmitters including dopamine, serotonin,
acetylcholine and the neuropeptides vasopressin and oxytocin, which play central roles in
motivation, particularly in the context of social and reproductive behavior (Stoop, Hegoburu
and van den Burg, 2015). In addition, the hypothalamus is a vital neuropeptidergic relay
station, central to motivational drives that subserve physiological homeostasis (Puelles and
Rubenstein, 2015). Recent progress in neuroanatomical findings regarding the
corresponding basal forebrain and hypothalamic structures in zebrafish provides a key to
understanding neural systems underlying motivation and goal-directed behaviors in teleosts.
For instance, neurons in the medial domain of the adult zebrafish pallium are activated
during motivated behaviors, supporting a conserved functional role with the mammalian
amygdala (von Trotha, Vernier and Bally-Cuif, 2014).

The dopaminergic system exemplifies the mosaic of peculiarities and similarities of
neuroanatomical organization between teleosts and mammals (Fig. 1). Teleosts, including
cyprinids lack the clusters of dopaminergic neurons that are present in the ventral midbrain
of mammals and other tetrapods. Instead, diencephalic clusters of dopaminergic neurons
with ascending projections into a subpallial striatal-like area represent candidate homologs
of the mammalian VTA/SNc dopaminergic clusters, possibly resembling an ancestral
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condition (Rink and Wullimann, 2001, 2002). Supporting this hypothesis, the basal ganglia
in fish show significant developmental and structural similarities to mammals, consistent
with a conserved functional organization (Wullimann and Mueller, 2004; Mueller and
Waullimann, 2009). Expression patterns of conserved regulatory genes during development
have greatly facilitated the identification of basal ganglia structures in zebrafish. In
mammals, these structures arise from subpallial ganglionic eminences, and expression
patterns of nkx.2.1, nkx2.4, Ihx6 and /hx7 orthologs reveal a ventrally located primordial
pallidum in zebrafish that is homologous to the mammalian medial ganglionic eminence,
and a more dorsally located striatal primordium corresponding to the lateral ganglionic
eminence (Mueller, Wullimann and Guo, 2008; Manoli and Driever, 2014). Furthermore, the
distribution of dopamine receptors and substance P in the teleostean striatopallidum suggest
a largely conserved functional organization of the basal ganglia (Sharma, Berthoud and
Breckwoldt, 1989; Kapsimali et al., 2000). However, separate pallidal and septal elements
have not been identified with certainty in the mature zebrafish (Mueller and Guo, 2009;
Ganz et al., 2012) and the expression patterns of orthopedia transcription factors and other
molecular markers, suggests that the dopaminergic groups projecting to the zebrafish
subpallium represent A11 neurons derived from the alar plate pretectal and thalamic regions
rather than from the basal plate diencephalon (Kastenhuber et al., 2010; Tay et al., 2011).
This finding appears to contradict the notion that these dopaminergic neurons are truly
homologous to the ascending dopaminergic system of other vertebrates as claimed earlier
(Rink and Wullimann, 2001). Nevertheless, given the conserved organization of the basal
ganglia proper, it seems likely that ascending dopaminergic neurons serve similar functions
(Lange et al., 2012). Indeed, pharmacological and genetic experiments support this idea. In
mammals, the dopaminergic system plays a key role in initiating activity during motivated
states (Salamone, 1988; Bailey et al., 2015) and accordingly multiple studies have linked
dopaminergic signaling to motor behavior in zebrafish larvae (Souza, Romano-Silva and
Tropepe, 2011; Farrell et al., 2011; Irons et al., 2013; McPherson et al., 2016).

The unsolved questions regarding ascending dopaminergic systems in zebrafish suggest that
we need a more sophisticated understanding of the posterior tubercular and preoptic-
hypothalamic regions. These areas also contain key neuropeptidergic systems including
oxotocin- and vasopressin-like neuropeptides. Notably, this region differentiates earlier in
zebrafish compared to that of the larval basal ganglia and amygdaloid complex, and may
therefore play a more significant role in motivational control at larval stages. The
neuropeptidergic systems of the preoptic-hypothalamic area and the posterior tuberculum are
characterized by widespread tangential and radial migration during early development,
precluding a direct comparison with mammals (Wullimann and Puelles, 1999; Mueller and
Waullimann, 2002). However, recent molecular and developmental gene expression pattern
analyzes have revealed detailed correspondences between zebrafish and mammals (Machluf,
Gutnick and Levkowitz, 2011; Cheung et al., 2013). The preoptic and hypothalamic regions
are now seen as highly conserved across vertebrates, most likely because of their central role
in maintenance of physiological homeostasis. A dorsal part of the preoptic region in teleosts
topologically corresponds to the mammalian paraventricular nucleus involved in appetite
and sexual behavior (Forlano and Cone, 2007; Herget et al., 2014). The ventromedial
hypothalamus, known to regulate male-male aggression in mammals, also shows conserved
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developmental gene expression profile in zebrafish (Kurrasch et al., 2007, 2009). Finally,
orthologs of mammalian vasopressin and oxytocin, whose functions are linked to motivated
social behaviors, are expressed in larvae at around 5 days post-fertilization (Herget et al.,
2014; Caldwell and Albers, 2015). Intriguingly, around this stage, larvae begin to express
olfactory guided social recognition, hinting at the possible functional involvement of these
neuropeptides (Gerlach et al., 2008; Hinz et al., 2012).

The hypothalamus also plays a central role in coordinating responses to adverse
environmental conditions that act as stressors. The hypothalamic-pituitary-adrenal (HPA)
axis controls the release of glucocorticoids which act on many cell types to protect the body
against threats. The major corticosteroid in teleosts is cortisol and larval zebrafish have a
general stress response to changes in the environment, as shown by the many stimuli that
trigger cortisol release (Alsop and Vijayan, 2008; Yeh, Gléck and Ryu, 2013). Consistent
with the conservation of the HPA axis (actually in fish, the hypothalamic-pituitary-interrenal
(HPI) axis) genetic ablation of hypothalamic neurosecretory cells in zebrafish impairs
cortisol release in response to stress (Gutierrez-Triana et al., 2014). In mammals, stress
drives behavioral adaptations, including appetite suppression (Morton, Meek and Schwartz,
2014), and similarly, after activation of the HPI axis by environmental stressors, larvae show
a temporary reduction in predation behavior that recovers around the same time that cortisol
levels normalize (De Marco et al., 2014). Responses to aversive cues may additionally be
mediated by the locus coeruleus, which whole-brain activity mapping has shown is also
activated by different types of aversive stimulus (Randlett et al., 2015).

Finally, brainstem reticular neurons may be required to initiate motivated states. Reticular
neurons in the nucleus gigantocellularis (NGC) have been proposed to act as central
elements that drive arousal states (Pfaff, Martin and Faber, 2012). In this model, NGC
neurons act as first responders for diverse environmental and homeostatic perturbations.
NGC neurons have widespread ascending projections through which they may activate
neuromodulator systems involved in motivational states and may elevate motor activity
through projections to the spinal cord. Provocatively, it has been suggested that NGC
neurons evolved from a primitive network of giant medullary neurons, that in fish are
represented by reticulospinal neurons such as the Mauthner cell. Like NGC neurons, the
Mauthner cell is activated by multiple sensory pathways and activates a vigorous motor
activity, the escape response. Curiously, a similar hypothesis was advanced by Landis and
Hunt in their seminal book that described the startle response in humans (Landis, 1939).
They noted that perturbations that attract attention, may also produce a very mild experience
of startle, followed by an emotional response. However, in humans, the NGC does not play a
central role in mediating startle responses (Leitner, Powers and Hoffman, 1980) and so the
relevant neurons in fish are likely reticulospinal neurons other than the Mauthner cell.
Indeed, Mauthner cell activation is accompanied by network activity in many other
medullary neurons, providing a possible substrate for persistent arousal (Gahtan et al.,
2002).
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Prospects for studies on motivation using zebrafish

Thus, zebrafish show substantial neuroanatomical conservation of systems implicated in
behavioral state control in mammals, and evidence is accumulating that by 6 days post
fertilization, larvae show persistent changes in behavior consistent with the presence of
motivational states. Why use larvae to dissect motivational circuits? Work in the crustacean
stomatogastric ganglion system has highlighted the remarkable degree to which circuit
dynamics are tuned by a large number of different neuromodulators (reviewed in (Marder,
2012)). Neuromodulators thus profoundly influence computation and information processing
by neuronal circuits during internal states. However, at present, there is limited information
on the functional contribution of individual neuromodulator systems to defined motivational
states in vertebrates. There is much evidence that neuromodulators regulate circuit function
in a manner consistent with a role in motivation, but we know much less about how the
endogenous release of neuromodulators selectively regulates behavior. Distinct motivated
states result from the coherent activity of multiple neuromodulator systems, which likely
have both overlapping and unique functions in each state. Adding to the complexity,
individual neurons may co-release multiple neuromodulators and achieve appropriate
modulation of target circuit activity through their coordinated activities (reviewed in
(Nusbaum et al., 2001)). It is therefore critical to delineate the circumstances in which
neuromodulator secreting neurons are activated, thereby altering the function of target
circuits. For instance, there is considerable evidence that serotonergic signaling from the
dorsal raphe has a state-dependent role in modulating responses to sensory cues. Activation
of dorsal raphe neurons suppresses neuronal responses to acoustic, olfactory and
mechanosensory stimuli (Andersen and Dafny, 1982; Sheibani and Farazifard, 2006;
Petzold, Hagiwara and Murthy, 2009; Dugué et al., 2014), although sub-groups of sensory
neurons also show increased or prolonged sensory responses during serotonin application
(Ebert and Ostwald, 1992; Hurley and Pollak, 1999). Such studies are typically performed
without actively controlling the internal state of the animal. A full accounting requires that
we understand the functional consequences of endogenous neuromodulator activity during
well-controlled motivational states. Zebrafish larvae constitute a valuable system because
genetic and transgenic tools allow neuronal circuitry to be probed at the cellular level. For
instance, in zebrafish, ablation of dorsal raphe neurons prevents sensitization to visual
motion that normally occurs during flow-induced arousal, showing how serotonergic
neurons normally contribute to the maintenance of a defined behavioral state (Yokogawa et
al., 2012).

Still, motivational states that are manifest at larval stages remain incompletely characterized,
and thus the richness of the motivational ‘repertoire’ is not yet clear. Important forms of
motivation that are widely studied in mammals drive social behaviors such as aggression and
mating. Current evidence however, suggests that social behaviors appear in zebrafish only
after the first week of development (Engeszer et al., 2007; Dreosti et al., 2015), although
sensory imprinting involved in social recognition may occur during this period (Gerlach et
al., 2008). Thus a limitation of studies using larvae is that motivational control of social
behavior likely appears only at juvenile or adult stages and thus may not be amenable to
analysis using the simpler larval nervous system.
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A final question concerns the dominant motivational state of larvae at 5-7 days post-
fertilization, a stage commonly used for behavioral studies. Motivational state can influence
almost any aspect of physiology or behavior, but is ignored in many behavioral studies.
Without any intervention, what is the ‘baseline’ motivational state of larvae at this stage? In
fact, this likely varies greatly between experiments and laboratories. Simply moving a larva
from a holding area into the testing arena produces a distinctive temporal pattern of
locomotor activity: at first larvae show strongly reduced movement, followed by several
minutes of heightened activity before activity settles into a steady state (Yokogawa et al.,
2012). These periods may well reflect changes in motivational drive. Understanding the
baseline state becomes increasingly important as we attempt to manipulate motivational
drives. One possibility is that by 5 days post fertilization, larvae are primarily motivated to
consume food. At this stage, yolk supplies are almost depleted, suggesting a need to
replenish energy supplies and nutrients. Around the same time, larvae first begin to show
well coordinated predation behavior (Budick and O’Malley, 2000; McElligott and O’Malley,
2005; Bianco and Engert, 2015), and feeding modifies several larval behaviors (Clift et al.,
2014). Thus, one possibility is that after 5 days, larval behavior is adjusted by motivational
systems to maximize chances of consuming food. This might include regulation of visual
systems for improved recognition of prey items, and modification of movement patterns for
foraging behavior. A resolution to this question will be important for correctly interpreting
studies on motivation.

The notion of motivational drive was introduced by the American psychologist Robert
Woodworth as part of his quest to introduce the study of ‘motivology’ (Woodworth, 1918;
Graham, 1967). Woodworth considered the case of a baseball pitcher, describing the
problem of drive as “why he is engaged in this exercise at all, why he pitches better on one
day than on another, why he rouses himself more against one than against another batter” He
observed that science regards ‘“Why’ questions with great suspicion, preferring to substitute
‘How’ questions. Almost 100 years later, mechanisms that maintain motivated states and
translate objectives into actions are starting to be unraveled. Genetic tractability,
neuroanatomical simplicity and a growing range of suitable behavioral tests make the larval
zebrafish an appealing system for these studies. Thus, at this very old frontier of
neuroscience, one of the newest model organisms to be exploited by neuroscientists, is
poised to finally provide compelling answers to the question of ‘How’.

Zebrafish dopaminergic cell groups sending ascending projections to the teleostean
striatopallidum are located in the posterior tuberculum of the diencephalic basal plate. The
nature of these neurons is still under debate. For example, they may be derived from
ascending dopaminergic groups of ancestral vertebrates and homologous to the ventral
midbrain (ventral tegmental area and substantia nigra pars compacta corresponding to A9—
11) neurons of mammals (Rink and Wullimann, 2001). Alternatively it has been suggested
that they are homologous to A11 dopaminergic neurons. Despite the fact that these neurons
are located in the alar plate pretectum and thalamus in adult rodents (as indicated in this
figure), they may be derived from alar plate hypothalamic or posterior tubercular sites based
on their expression of otp and nkx2.1 during development (Ryu et al., 2007). However, otp
may not specifically label these neurons making other explanations possible. Therefore, it
remains currently an open question if zebrafish possess dopaminergic neurons that are
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homologous and/or functionally equivalent to the mammalian ascending ventral midbrain
dopaminergic neurons.
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Figure 1:
Schematic comparison of the zebrafish (teleostean) and the rat (mammalian) ascending

dopaminergic systems.
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