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Zebrafish provide a convenient and useful model for research into the specific neurons 

that govern motor behaviors, since they allow researchers to perform whole-brain imaging to 

discover neural structures that consistently activate while a behavior is being performed. This 

particular experiment examined the spontaneous swimming behavior of zebrafish. Zebrafish, like 

any other animal, will make goal-directed movements toward stimuli such as lights, sounds, or 

food odors. But in addition, a fish without any environmental stimuli to guide its path also will 

perform a series of swimming movements, most likely as a form of foraging or exploratory 

behavior. This study utilized a series of logical experimental steps to describe this behavior both 

in terms of trajectory and in terms of the neurons involved in controlling it. 

First, researchers observed the swimming trajectories of zebrafish larvae while they were 

in a stimulus-free environment. The tanks were evenly-lit, and there were no sounds, food, or 

other sensory cues present to guide the motor behaviors of the fish. According to the null 

hypothesis, if spontaneous exploratory behavior occurred randomly, left and right turns would 

occur in random sequences without any bias toward past turning behavior. In this case, the null 

was rejected--zebrafish larvae demonstrated a distinct pattern of turning behavior that involved a 

series of turns either to the left or the right, and then a switch to a series in the opposite direction. 

The series of turns would last for several seconds, which the researchers termed “long streaks.” 



Both the patterns of turning and the long streaks were significantly different from models of 

random behavior. This behavior was consistent across fish, and across trials. 

Having established this consistent trajectory of movement in freely-swimming fish, 

researchers then sought to discover whether the same movements could be recorded while the 

fish were paralyzed and imaged under a microscope. To record the neural signals associated with 

these movements, the researchers recorded electrical signals in left and right peripheral motor 

nerves, which fed into an algorithm to sum up the two signals and generate models of the 

trajectories that would occur if the fish were freely swimming. The maps of these “fictive 

behaviors” were then compared to the swimming trajectories that had been observed in 

freely-swimming fish to determine whether the fictive behaviors provided an accurate model of 

real behavior. Researchers found that the correlational overlap between fictive behaviors and real 

swimming behaviors was significant enough for them to proceed with further experimentation, 

utilizing imaging techniques to record neuronal firing while simultaneously recording the fictive 

behaviors. 

Since zebrafish larvae are quite small and have transparent nervous systems, researchers 

were able to perform whole-brain light sheet recordings of neural activity in paralyzed fish 

concurrently with behavioral recordings. While fictive behaviors were recorded and displayed as 

two-dimensional trajectories, a light sheet imaging device scanned the brains of the fish to see 

which areas were activating in response to different motor behaviors. The fish being used for this 

experiment were genetically-modified GCaMP6 fish, meaning that their neurons expressed a 

green fluorescent protein whenever calcium ion activation increased. This allowed researchers to 

track patterns of activation within the brain over several trials in different fish, producing “maps” 



of the fluorescence activity in various regions of the brain. Although there were several areas of 

the brain that showed activation, the area that showed the most consistent activation in all of the 

fish during turning behaviors was an area previously referred to as the hindbrain oscillator 

(Ahrens et al., 2013), which consists of bilateral, symmetrical clusters of cells on either side of 

the midbrain. This area of the hindbrain also showed concentrated activation in each ipsilateral 

hemisphere corresponding to turn direction. Researchers chose to re-term this area as the 

“anterior rhombencephalic turning region” or “ARTR,” because of its role in controlling 

directional turning behaviors. By counting and dividing this area into individual neurons, they 

were able to further isolate the ARTR into its specific rhombomeres, drawing it as distinct from 

other areas such as rhombomeres 4-6 (more likely to be involved in direct behavioral output) and 

the inferior olive (likely involved less directly in turning behaviors). The ARTR was found to be 

more directionally tuned, and to activate in slow patterns that matched the switches in turning 

behaviors more consistently. 

Researchers then tested the hypothesis that lateral activation of the ARTR biases turning 

behavior in one direction or the other, which produces the characteristic chains of turning in one 

direction. In order to do this, they made lesions on one side of the ARTR and observed 

trajectories of swimming behavior before and after the lesions. As expected, they saw more 

biased patterns of turning behavior before the lesion, and more random patterns of turning 

behavior after creating the lesions. Furthermore, they used optogenetic stimulation in the ARTR 

to observe behavioral changes, and found that lateral stimulation of this region produced both 

biases in the directions of turning behaviors and changes in the magnitudes of the turns made by 

the fish. 



The researchers then wanted to determine which neurotransmitters are involved in the 

process of lateral switching to influence turning behavior. Utilizing the Z-brain atlas, they 

determined that the neurons in this region are chiefly clusters of glutamatergic and GABAergic 

neurons, the former contributing to excitation and the latter being inhibitory. This arrangement, 

combined with knowledge of the behavioral outputs, suggested to them a circuit of mutual 

inhibition in which one side’s excitation produces inhibition in the other side, and vice-versa. 

Calcium imaging suggested that neural projections of the GABAergic do cross the midline that 

divides the two sides of the ARTR, which would facilitate this circuit of mutual inhibition. 

Although the researchers also used red fluorescent tracing in an attempt to ascertain the 

downstream effects of this system, they were not able to conclusively trace the projections. 

However, they suggest that future research into this pathway should focus on areas such as the 

medial longitudinal fasciculus (MLF), which contains premotor neurons that may play a role in 

initiating turning behavior. 

Finally, researchers wanted to examine the environmental usefulness of this chained 

turning behavior. The shape produced by the series of lateral terms is best described as a 

“slalom,” in which the fish explore a circular region efficiently and evenly without straying too 

far. The researchers compared this motion to that of chaotic oscillators described by engineers 

(Tlelo-Cuautle and Ramos-Lo ́pez, 2014; Mobus and Fisher, 1999). This behavior, they 

speculated, would be an adaptive form of baseline foraging activity since it allows the fish to 

thoroughly explore one area and avoid swimming into outside zones where danger could lurk. 

Overall, the researchers succeeded in describing patterns of spontaneous foraging 

behavior, as well as identifying the brain areas and mechanisms involved in producing this 



behavior. In the discussion section, the researchers proposed a more explicit hypothesis of the 

temporal mechanisms underlying activation in the ARTR. They suggested that excitation in one 

side of the ARTR biases turning behavior to one side, and the ipsilateral motor neurons provide 

feedback signals to continue producing activation in the same side of the ARTR, which 

simultaneously inhibits the opposite side. This activation decays over time, and results in a 

removal of inhibition from the opposite side. Researchers hypothesize that the switch in turn 

direction could be attributed to spontaneous firing in the ARTR, upstream signals to the ARTR, 

or simply from the decay in inhibition to allow firing in the opposite side of the ARTR. They 

suggest that further research should focus on more specifically determining the connections 

within this system, and between the ARTR and other parts of the brain to more accurately 

ascertain its role in the greater scheme of turning behavior. 
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