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The larval zebrafish is a popular model for translational research into neurological and psychiatric disorders due to its conserved vertebrate brain structures, ease of genetic and experimental manipulation and small size and scalability to large numbers. The possibility of obtaining in vivo whole-brain cellular resolution neural data is contributing important advances into our understanding of neural circuit function and their relation to behavior. Here we argue that the larval zebrafish is ideally poised to push our understanding of how neural circuit function relates to behavior to the next level by including considerations of individual differences. Understanding variability across individuals is particularly relevant for tackling the variable presentations that neuropsychiatric conditions frequently show, and it is equally elemental if we are to achieve personalized medicine in the future. We provide a blueprint for investigating variability by covering examples from humans and other model organisms as well as existing examples from larval zebrafish. We highlight recent studies where variability may be hiding in plain sight and suggest how future studies can take advantage of existing paradigms for further exploring individual variability. We conclude with an outlook on how the field can harness the unique strengths of the zebrafish model to advance this important impending translational question.
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Introduction

For decades, the reductionist approach has been one of the most successful in biological research: by reducing as much as possible any confounding factors arising from environmental differences, and even genetic background, we have managed to isolate the effects of a factor of interest. While this approach certainly has its merits and has produced many important discoveries, variability is part of nature. In 1973, geneticist Dobzhansky coined the famous phrase “Nothing in biology makes sense except in the light of evolution.” The traditional reductionist approach seeks to minimize a critical aspect of evolutionary relevance: variability. Without variability, natural selection has no substrate to act on, and without variability, a species has less chance of survival in case of environmental changes (Xue et al., 2019).

An important source of variability is genetic variation across a population, which comprises different distributions and combinations of different alleles of given genes across individuals. Most research investigating genetic factors in variability focus on the genetic effects on trait means: assuming that if two alleles for example have different effects on a trait, this results in different trait means. However, recent evidence suggests that phenotypic variability itself may be under genetic control: two alleles may have the same trait means but differing variances, meaning one allele may be associated with more phenotypic extremes than another (Bruijning et al., 2020; Maloney, 2021). In a typical outbred population such as the human population, where each individual is a unique instance of a particular genotype, investigating and estimating the effects of intragenic variability would be impossible. But in inbred experimental models such as Drosophila, distinguishing variance that stems from a single gene from variability across genes, and how this contributes to variation seen amongst individuals, becomes tractable. Such research has revealed that several behaviors, including turn bias during navigation in a Y-maze, overall activity, and turn regularity, show significant genetic control of variation (Ayroles et al., 2015). Importantly, the variances across traits were uncorrelated, suggesting independent loci controlling variance within these traits. These results are remarkable if pertinent to humans, as even the most well-powered GWAS studies have failed to produce unequivocal clues about the causative neurobiological processes implicated in psychiatric disorders (Horwitz et al., 2019). An association study of handedness in Drosophila found many genes with expression in adult and larval CNS, including a synaptic target recognition gene that is highly conserved (Ayroles et al., 2015), and intragenic variance has also been observed in several other species (Bruijning et al., 2020). These observations provide a promising indication that the results may have broad applicability. If trait variance is under genetic control in humans, then individuals with the same genotype may be perfectly healthy if their trait expression is close to the trait mean, or show completely different forms of pathologies depending on which extreme of the distribution they fall onto. This may also explain why individuals with known genetic markers can have entirely different pathologies (Chubb et al., 2008).

Despite decades of research, no consistent indications for disease etiology have emerged for depression or other psychiatric diseases (Treasure et al., 2015; Pandarakalam, 2018; Vieta et al., 2018; Potenza et al., 2019; Moncrieff et al., 2022; Stein et al., 2022). However, if intragenic variance plays a role in human neuropsychiatric diseases, more detailed investigations into not just trait means but also trait variances will be indispensable for furthering our understanding of disease etiology and effective treatments for different individuals. A useful starting point for this endeavor lies in the comparison of human individual differences studies with studies from model systems. If individual differences in a given behavior are observable in humans and similar differences occur in a model organism in which these can be attributed to intragenic variance, this may provide clues to disease etiology when a candidate gene approach reveals no differences in trait means. We suggest that a part of the answer to current difficulties in neuropsychiatric research may lie in this approach and argue that we should pay closer attention to variability and individual differences in translational neuroscience. In this mini-review after giving case examples of studying individual variability, we discuss the potential of larval zebrafish for studying individual variability in context of neural circuit analysis and translational neuroscience.



Examples of the importance of individual differences

Human neurobiology textbooks famously illustrate the lateralization of language processing in the left cortical hemisphere using the seminal discoveries of Broca and Wernicke. Yet, recent research has shown that the classic narrative of language as a prime example of lateralization and specialization is not as simple (Johns et al., 2008; Friederici, 2011; Chang et al., 2015). Asymmetry in language representation across left and right hemisphere correlates with reading skill: while highly skilled readers show the typical left hemisphere activation during language processing, less skilled readers show activation in the right hemisphere (Prat et al., 2007; Prat et al., 2011; Chiarello et al., 2012). These differences have important clinical relevance: not all stroke patients with the same stroke localization will display the same impairments (Knecht et al., 2002). Language is arguably a uniquely human feature and difficult if not impossible to study in animal models and gain translational insights from. Nevertheless, language lateralization correlates with several other cognitive and behavioral features that can more easily be assessed in other species. Specifically, language lateralization correlates with the degree of motor cortex lateralization, which in turn is strongly influenced by the degree of hand-preference (Knecht et al., 2000). This is of special interest, as one of the behaviors investigated in the study of intragenic variance was a measure of “handedness” as defined by the preference for turning left or right in a Y-maze (Ayroles et al., 2015). Interestingly, in humans handedness is a trait that shows considerable variability: although it is often considered binary, with individuals either categorized as right or left handed, handedness lies on a continuum, with up to 35% of the population being ambidextrous to varying degrees (Knecht et al., 2000). Additionally, handedness correlates with visual processing, with differences in lateralization of facial processing across individuals (Willems et al., 2010; Frassle et al., 2016). Altogether, these examples show how neural representations depend on individual characteristics in common every-day processes but that are typically studied in a “single solution” fashion.

Yet, this variability frequently gets overlooked. For example, human neuroimaging studies frequently focus on right-handers, either excluding left-handed or ambidextrous participants, or grouping ambidextrous individuals with a right-hand preference together with strongly right-handed individuals. This is unfortunate, as this likely misses or masks differences in the degree of lateralization of brain functions, which could equally have important clinical implications in cases of brain trauma or disease. Indeed, in some cases, averaging across individuals without assessing individual variability may lead to a null-result, where no neural representations are uncovered, when in fact they may exist but depend on non-overlapping individual differences (Alfred et al., 2021).

A great example from animal research demonstrating the importance of understanding individual differences and the role that neuromodulators play in them comes from work in the crustacean stomatogastric ganglion (Hamood and Marder, 2014; Daur et al., 2016; Marder et al., 2022). This constitutes a comparatively small circuit of 30 neurons that are well-characterized and identifiable across animals, and produce known outputs like the pyloric rhythm, which drives the digestion in these animals. One might expect that a circuit like this would be rigid in its properties compared to the brain, but even this comparatively “simple” circuit has a lot of room for variability, and multiple solutions for creating stereotyped circuit outputs. A combination of experimental and theoretical work has revealed that similar behavior at the level of single neurons can result from very different combinations of electrophysiological properties, and that similar network performance can in turn be produced by varying combinations of synaptic and cellular properties within the network (Prinz et al., 2004; Goaillard et al., 2009). Importantly, the effects of neuromodulators on circuit activity depend on the combination of cellular parameters that are present in a given circuit, and can thus vary from small to dramatic in different circuits with otherwise similar behaviors (Goldman et al., 2001). This observation provides possible clues about the varying response and tolerability of pharmacological agents between individuals, including individuals being treated for neuropsychiatric disorders. Additionally, differences in cellular properties were shown to correlate with differences in molecular characteristics (Goaillard et al., 2009). Together, these results suggest that seeking to understand the molecular properties alone of neurons within a circuit has limited predictive power of circuit behavior, as the same neuronal properties will lead to different outcomes depending on the properties of other neurons in the circuit, and conversely, that neurons with very different molecular characteristics can produce similar, functional circuit outputs. These insights are particularly relevant as the animals that generated these results are not laboratory-raised, but wild-caught animals that were brought to the lab. This means that each individual, with its own variations, has succeeded in its environment until the point it was caught (Nassim, 2018). Taken together, these results provide a powerful example of how there can be considerable variability at the level of neural circuits that contributes to the success of a species and constitutes viable solutions.



Studying individual differences in larval zebrafish

The larval zebrafish is a powerful model for investigating the neural basis of behavior due to the possibility of in vivo whole-brain imaging at cellular resolution at the same time as larvae are engaged in a behavior. Many studies have used this system to make compelling advances in our understanding of how neural circuits produce behavioral output. However, given the variability within even relatively simple behaviors, it is possible that biologically viable differences in solutions for producing adequate behaviors are missed by not investigating variability more explicitly. Zebrafish lines are typically not isogenic, which may limit how much researchers can learn about the sources of variability, although the generation of isogenic lines is possible in principle, albeit technically demanding (Franěk et al., 2019; Adams et al., 2020). Nevertheless, maintaining genetic diversity can be advantageous depending on the study, as this more closely resembles human populations. The investigation of variability is further complicated by the fact that studies often employ different strategies for dealing with variability.


Common strategies for dealing with variability in current zebrafish neural circuits research

A common first step in analysis pipelines is the alignment of neural data from individual fish to a common framework. This makes individual samples more easily comparable to each other, and renders the results more comparable to previously published results as well. But after this step, methodologies frequently diverge. Some studies combine the data from all fish into one large dataset and only exclude individuals for technical reasons such as poor data quality. See for example (Heap et al., 2018; Andalman et al., 2019; Bahl and Engert, 2020; Oldfield et al., 2020; Marquez-Legorreta et al., 2022). This strategy maximizes statistical power, but forfeits information about individual fish and any possible differences and the results are usually presented as averages. This method risks generating an average result that is not present in any individual, although this can easily be accounted for by verifying if a representative result is present at the individual level, which many studies indeed do. The more likely risk is that a less common result is averaged out and not detected, even though it may represent a true biological solution (see Figure 1 for an illustration). Heap et al. (2018) and Andalman et al. (2019) performed elegant studies investigating the neural correlates of looming dot and inescapable adverse stimulus responses, respectively. Both studies relied on the method of combining data across all individuals. Yet, these behaviors share similarities with the acoustic startle behavior investigated by Pantoja et al. (2016, 2020), which showed stable individual differences that correlated with differences in neural activities. It would therefore be valuable to explicitly investigate the possibility of individual differences in these behaviors and possible differences in neural strategies in future studies.
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FIGURE 1
(A) Top: illustration of two “ideal” normal distributions with the same mean (0) and different variances (blue = 0.5, orange = 1.5). Bottom: two examples of different sample sizes drawn from the distributions illustrated at the top. A small (n = 15) sample size may fail to reveal the differences in variances and even erroneously indicate differences in the mean, when in actuality both samples are drawn from distributions with the same mean but different variances. A larger sample size (n = 100) more accurately represents both the mean and variance of the population the samples were drawn from. (B) Top: illustration of a normal distribution (blue) and a distribution that results from a combination of two distributions with different means (orange). When only a small portion of the sample (here 10%) comes from a distribution with a different mean, this is difficult to detect in the average. Bottom: a small sample size may not reveal any samples that deviate from the majority, while a larger sample size can make outliers more obvious and detectable. 10% of a sample can appear like a small component that may get discarded as outliers, but it is estimated that 5–10% of the human population is left-handed (Knecht et al., 2000). This percentage is high enough that most people know at least one left-handed person, and discarding these outliers would be akin to neglecting the existence of left- handed individuals.


Other studies only include data from fish if the neural responses are replicated in at least X fish, with the threshold X varying from a seemingly arbitrary minimum number to the maximum possible number of fish. See for example (Kawashima et al., 2016; Chen et al., 2018; Haesemeyer et al., 2018; Marques et al., 2020; Vanwalleghem et al., 2020). Chen et al. (2018) and Marques et al. (2020) used this method for revealing convergent neural sensorimotor representations and the neural correlates of state switches between exploration and exploitations, respectively. This method successfully identifies the most commonly employed biological strategy, but risks interpreting this as a universal solution when there may in fact be more nuance or alternative solutions that were discarded in the sample selection process. Marques et al. (2020) for example mention that a subset of their fish were better described by a 3 rather than 2 state model, an observation that represents a promising avenue for further investigating how such differences across individuals may arise.

Lastly, some studies not only apply a selection criteria to neural responses, but also only investigate the neural responses of larvae that meet certain selection criteria in their behavior (Kawashima et al., 2016; Mu et al., 2019; Bahl and Engert, 2020; Lin et al., 2020). This method facilitates high specificity about which neural circuits are involved in a given behavior. Yet, information about individual differences and to what extend behavioral differences correlate with neural differences is lost. For example, Mu et al. (2019) performed a beautiful study investigating the neural mechanisms of passive coping in response to futile attempts of swimming against a fictive current. However, only half of the fish exhibited the investigated passive state, the rest continued to try to swim. A future study comparing the neural activity between fish that do and do not exhibit the passive state could establish to what extend the neural states found in the passive fish are a universal signature of passivity, in particular if optogenetically inducing such states in the brains of fish that previously did not become passive then activates passivity in these fish. Lin et al. (2020) investigated heat aversion and taught larval zebrafish to turn in a specific direction to turn off heat. Only 39% of larvae learned the full task, which included blocks in which the turn directions were switched, 15% of larvae learned to turn in one direction but failed to learn the reversal, and 46% did not learn the task at all. The analysis of the neural responses from the learner fish revealed several clusters of neurons related to the task, with most clusters coinciding with anatomical structures, but also many neurons outside the main anatomical clusters, suggesting widespread representations. Future studies comparing the neural activity between the different types of learners could reveal more detailed information about the role of the different anatomical clusters and whether they are universally related to learning, or whether different brains have different strategies.

All of these studies are prime examples of the reductionist method, which seeks to minimize variability to reveal an underlying general principle. Undoubtedly this method has produced invaluable insights into neural function. However, given the rapid progress in methods and increase in studies investigating in vivo behavior and neural physiology, we are now at a point where investigating individual differences and the inherent flexibility in neural networks that this reveals becomes feasible. For a recent review on the topic of neural variability and its relevance for behavior, readers can refer to Waschke et al. (2021).



Examples of studies of individual differences using larval zebrafish

Although several individual differences studies exist in adult zebrafish, we will focus here on studies in larval zebrafish that combine investigations at the behavioral and neural level. Of particular interest is recent work from Horstick et al. (2020), which demonstrated that zebrafish larvae show similar asymmetrical motor preferences to what was observed in the intragenic variance study in Drosophila (Ayroles et al., 2015). In the absence of visual stimulation, zebrafish larvae exhibited left or right “handedness” by preferentially turning in one or the other direction during dark-induced circling. The preference was consistent across trials for individual larvae, while across the population there was no average tendency toward one or the other direction. Importantly, inbreeding of individuals with the same motor bias did not result in progeny with the same bias but a distribution that was balanced on average, suggesting that the bias is not heritable. Interestingly, follow-up work showed that this “handedness” lies on a continuum, with more or less biased individuals (Hageter et al., 2021), similar to what is seen in humans. The authors identified neurons in the posterior tuberculum that project to habenula as drivers of the motor asymmetry, and further showed the development of this asymmetry is sensitive to temperature but not to other environmental factors such as exposure to conspecifics, enrichment, salinity or physical disturbance. Lastly, Notch signaling, a highly conserved pathway involved in neurogenesis (Sprinzak and Blacklow, 2021), is required for the development of this motor asymmetry. This work provides a promising avenue for investigating individual differences in zebrafish, a model in which neural representations can be studied in vivo at cellular resolution in the whole brain, and where it is possible to control genetic backgrounds and investigate different sources and mechanisms of variability.

In an example involving sensory processing, Pantoja et al. (2016) showed that larval zebrafish show stable individual differences in habituation rates to acoustic startle stimuli. The acoustic startle response (ASR) is an innate defensive response to sudden noise, and here the authors investigated the role of neuromodulatory regulation, as the neuronal populations involved in the ASR receive extensive neuromodulatory inputs. This is of particular interest: both alterations in this type of sensory processing as well as neuromodulatory circuits are associated with neuropsychiatric disorders (Braff et al., 1992; Lopez-Schier, 2019). Pantoja et al. (2016) found that activity in the serotonergic dorsal raphe nucleus negatively correlated with escape probability in response to the acoustic startle stimulus: the more serotonergic neurons were active in a given trial, the lower the probability of escape, and with habituation, the number of active neurons decreased. In animals that habituated faster, the activity in these neurons decreased faster than in animals that habituated more slowly. Investigations into the role of dopamine revealed an opposite effect to serotonin: the more dopaminergic input, the faster the habituation. In contrast to the turning behavior mentioned above, creating F1 progeny from individuals habituating quickly or slowly resulted in populations that overall habituated more quickly or slowly, respectively, suggesting that this behavioral pattern is heritable. Nevertheless, considerable variation amongst the two types of F1 progeny remained, and importantly, serotonergic activity did not perfectly predict escape probability and habituation rates. In some individuals high serotonergic activity was also accompanied by high rates of habituation, suggesting that whilst serotonergic modulation is involved in the process, there are other contributing factors, and the overall pattern of behavior likely depends on a combination of factors. This point is further illustrated in a follow-up study that looked at the patterns of brain activity from the progeny of either low or high habituating individuals, and found that there are differences in multiple brain regions that correlate with these behavioral differences (Pantoja et al., 2020). These studies provide powerful examples of how looking at individual differences can provide further understanding of circuit mechanisms contributing to different behaviors.



Potential approaches for studying variability using larval zebrafish

Currently, sample sizes in larval zebrafish imaging studies are small; n is usually reported anywhere between 6 and 30. Investigating individual differences, and establishing whether any differences in neural solutions represent experimental artifacts or true biological variability, will require collecting much larger sample sizes; estimates from human neuroimaging studies of individual differences suggest sample sizes of n > 100 (Dubois and Adolphs, 2016). The zebrafish model is often lauded for its scalability to larger sample sizes, given the large numbers of larvae that can be obtained and their small size, which makes their maintenance easy and cost-effective. However, the simultaneous recording of neural activity and behavior represents a bottleneck, as often larvae need to be acclimatized to the imaging set-up to observe a behavior in a gel-fixed set-up, and the slow calcium dynamics require imaging over longer periods of time with many repetitions. Nevertheless, given the rapid progress in imaging technologies, particularly in the domain of light-sheet and light-field imaging (Hillman et al., 2019; Zhang et al., 2021), which provide ever larger sampling rates of whole-brain imaging, as well as the continued refinement of fluorescent reporters of neural activity (Lin and Schnitzer, 2016; Zarowny et al., 2020), which can easily be implemented in transgenic zebrafish, we argue that the larval zebrafish is still the most suitable model to pursue this challenge. First, it is feasible that the ease and speed of data collection will continue to increase, in which case approaching sample sizes of 100 + in larval neuroimaging studies will not be prohibitively expensive and/or time-consuming. Second, even if achieving large sample sizes may remain challenging for small research groups, a possible solution is to collaborate across laboratories and utilize multi-lab data repositories. This approach is commonly used in human neuroimaging and genetics research to achieve large sample sizes, and is also implemented in rodent research, for example The International Brain Laboratory (2017). Another possibility is to take advantage of the scalability of experiments at the behavioral level and to use the behavioral data to select different extremes in behavior for comparison in smaller numbers at the neural level (De Haas, 2018). The larval zebrafish model is particularly well suited for this approach given the possibility of multi-well imaging of up to 96 larvae simultaneously, for which automated behavioral analysis techniques are available (Creton, 2009). Indeed, this is the approach taken by Pantoja et al. (2020), and it is not dissimilar from approaches comparing standard and disease-model samples, as was done by Marquez-Legorreta et al. (2022). This approach is also particularly suitable for high-throughput pharmacological screens for drug discovery (Baxendale et al., 2017). Although this approach has its pitfalls – variability across a sample may not be linear, and extremes may be associated with starker differences than less extreme variations – it will be a step toward creating a fuller understanding of how neural circuits generate different types of behavior.

Lastly, once larger sample sizes are achieved, novel analysis tools such as factor analytic, clustering, and modeling approaches such as the ANN analysis by Andalman et al. (2019) will be instrumental in understanding the prevalence and functional role of any differences in neural responses across different individuals.




Conclusion

The larval zebrafish model provides a unique opportunity for gaining insights in translational neuroscience, particularly in the neural circuits domain due to the possibility of recording whole-brain cellular resolution in vivo data. The combination of systems and reductionist approaches has provided compelling insights into neural function. However, the reductionist approach often implicitly assumes that there is a single, perhaps ‘optimal’ solution, when in reality it is likely that evolution has produced several ‘good enough’ solutions (Holmes and Patrick, 2018). Research from human neuroimaging and other model organisms has begun to reveal the translational relevance of individual variability, and we have provided examples of how we can harness the strengths of the larval zebrafish model to contribute to this important emerging field. Personalized medicine is an ambitious goal, but with the right approach, zebrafish can provide insights to get closer to it.



Author contributions

EJ conceptualized and wrote the first draft of the manuscript. SR edited the manuscript. Both authors revised, read, and approved the manuscript.



Funding

The writing of this manuscript was funded by the Dennis and Mireille Gillings Foundation and the German Federal Office for Education and Research (BMBF) Grant Number 01GQ1404 to SR.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Adams, L. G., Gordon, M. S., Buth, D. G., and Hutchings, E. M. (2020). A comparison of isogenic homozygous clone and wildtype zebrafish (Danio rerio): survival and developmental responses to low pH conditions. Zebrafish 17. doi: 10.1089/zeb.2019.1780

Alfred, K. L., Hillis, M. E., and Kraemer, D. J. M. (2021). Individual differences in the neural localization of relational networks of semantic concepts. J. Cogn. Neurosci. 33, 390–401. doi: 10.1162/jocn_a_01657

Andalman, A. S., Burns, V. M., Lovett-Barron, M., Broxton, M., Poole, B., Yang, S. J., et al. (2019). Neuronal dynamics regulating brain and behavioral state transitions. Cell 177:e20. doi: 10.1016/j.cell.2019.02.037

Ayroles, J. F., Buchanan, S. M., O’leary, C., Skutt-Kakaria, K., Grenier, J. K., Clark, A. G., et al. (2015). Behavioral idiosyncrasy reveals genetic control of phenotypic variability. Proc. Natl. Acad. Sci. U.S.A. 112, 6706–6711. doi: 10.1073/pnas.1503830112

Bahl, A., and Engert, F. (2020). Neural circuits for evidence accumulation and decision making in larval zebrafish. Nat. Neurosci. 23, 94–102. doi: 10.1038/s41593-019-0534-9

Baxendale, S., Van Eeden, F., and Wilkinson, R. (2017). The power of zebrafish in personalised medicine. Adv. Exp. Med. Biol. 1007, 179–197. doi: 10.1007/978-3-319-60733-7_10

Braff, D. L., Grillon, C., and Geyer, M. A. (1992). Gating and habituation of the startle reflex in schizophrenic patients. Arch. Gen. Psychiatry 49, 206–215. doi: 10.1001/archpsyc.1992.01820030038005

Bruijning, M., Metcalf, C. J. E., Jongejans, E., and Ayroles, J. F. (2020). The evolution of variance control. Trends Ecol. Evol. 35, 22–33. doi: 10.1016/j.tree.2019.08.005

Chang, E. F., Raygor, K. P., and Berger, M. S. (2015). Contemporary model of language organization: an overview for neurosurgeons. J. Neurosurg. 122, 250–261. doi: 10.3171/2014.10.JNS132647

Chen, X., Mu, Y., Hu, Y., Kuan, A. T., Nikitchenko, M., Randlett, O., et al. (2018). Brain-wide organization of neuronal activity and convergent sensorimotor transformations in larval zebrafish. Neuron 100, 876–890.e5. doi: 10.1016/j.neuron.2018.09.042

Chiarello, C., Welcome, S. E., and Leonard, C. M. (2012). Individual differences in reading skill and language lateralisation: a cluster analysis. Laterality 17, 225–251. doi: 10.1080/1357650X.2011.561860

Chubb, J. E., Bradshaw, N. J., Soares, D. C., Porteous, D. J., and Millar, J. K. (2008). The Disc locus in psychiatric illness. Mol. Psychiatry 13, 36–64. doi: 10.1038/sj.mp.4002106

Creton, R. (2009). Automated analysis of behavior in zebrafish larvae. Behav. Brain Res. 203, 127–136. doi: 10.1016/j.bbr.2009.04.030

Daur, N., Nadim, F., and Bucher, D. (2016). The complexity of small circuits: the stomatogastric nervous system. Curr. Opin. Neurobiol. 41, 1–7. doi: 10.1016/j.conb.2016.07.005

De Haas, B. (2018). How to enhance the power to detect brain-behavior correlations with limited resources. Front. Hum. Neurosci. 12:421. doi: 10.3389/fnhum.2018.00421

Dubois, J., and Adolphs, R. (2016). Building a science of individual differences from FMRI. Trends Cogn. Sci. 20, 425–443. doi: 10.1016/j.tics.2016.03.014

Franěk, R., Baloch, A. R., Kašpar, V., Saito, T., Fujimoto, T., Arai, K., et al. (2019). Isogenic lines in fish – a critical review. Rev. Aquacult. 12, 1412–1434.

Frassle, S., Krach, S., Paulus, F. M., and Jansen, A. (2016). Handedness is related to neural mechanisms underlying hemispheric lateralization of face processing. Sci. Rep. 6:27153. doi: 10.1038/srep27153

Friederici, A. D. (2011). The brain basis of language processing: from structure to function. Physiol. Rev. 91, 1357–1392. doi: 10.1152/physrev.00006.2011

Goaillard, J. M., Taylor, A. L., Schulz, D. J., and Marder, E. (2009). Functional consequences of animal-to-animal variation in circuit parameters. Nat. Neurosci. 12, 1424–1430. doi: 10.1038/nn.2404

Goldman, M. S., Golowasch, J., Marder, E., and Abbott, L. F. (2001). Global structure, robustness, and modulation of neuronal models. J. Neurosci. 21, 5229–5238. doi: 10.1523/JNEUROSCI.21-14-05229.2001

Haesemeyer, M., Robson, D. N., Li, J. M., Schier, A. F., and Engert, F. (2018). A brain-wide circuit model of heat-evoked swimming behavior in larval zebrafish. Neuron 98, 817–831.e6. doi: 10.1016/j.neuron.2018.04.013

Hageter, J., Waalkes, M., Starkey, J., Copeland, H., Price, H., Bays, L., et al. (2021). Environmental and molecular modulation of motor individuality in larval zebrafish. Front. Behav. Neurosci. 15:777778. doi: 10.3389/fnbeh.2021.777778

Hamood, A. W., and Marder, E. (2014). Animal-to-animal variability in neuromodulation and circuit function. Cold Spring Harb. Symp. Quant. Biol. 79, 21–28. doi: 10.1101/sqb.2014.79.024828

Heap, L. A. L., Vanwalleghem, G., Thompson, A. W., Favre-Bulle, I. A., and Scott, E. K. (2018). Luminance changes drive directional startle through a thalamic pathway. Neuron 99, 293–301.e4. doi: 10.1016/j.neuron.2018.06.013

Hillman, E. M. C., Voleti, V., Li, W., and Yu, H. (2019). Light-sheet microscopy in neuroscience. Annu. Rev. Neurosci. 42, 295–313. doi: 10.1146/annurev-neuro-070918-050357

Holmes, A. J., and Patrick, L. M. (2018). The myth of optimality in clinical neuroscience. Trends Cogn. Sci. 22, 241–257. doi: 10.1016/j.tics.2017.12.006

Horstick, E. J., Bayleyen, Y., and Burgess, H. A. (2020). Molecular and cellular determinants of motor asymmetry in zebrafish. Nat. Commun. 11:1170. doi: 10.1038/s41467-020-14965-y

Horwitz, T., Lam, K., Chen, Y., Xia, Y., and Liu, C. (2019). A decade in psychiatric GWAS research. Mol. Psychiatry 24, 378–389. doi: 10.1038/s41380-018-0055-z

International Brain Laboratory (2017). An International laboratory for systems and computational neuroscience. Neuron 96, 1213–1218. doi: 10.1016/j.neuron/2017.12.013

Johns, C. L., Tooley, K. M., and Traxler, M. J. (2008). Discourse impairments following right hemisphere brain damage: a critical review. Lang. Linguist. Compass 2, 1038–1062. doi: 10.1111/j.1749-818X.2008.00094.x

Kawashima, T., Zwart, M. F., Yang, C. T., Mensh, B. D., and Ahrens, M. B. (2016). The serotonergic system tracks the outcomes of actions to mediate short-term motor learning. Cell 167, 933–946.e20. doi: 10.1016/j.cell.2016.09.055

Knecht, S., Drager, B., Deppe, M., Bobe, L., Lohmann, H., Floel, A., et al. (2000). Handedness and hemispheric language dominance in healthy humans. Brain 123(Pt 12), 2512–2518. doi: 10.1093/brain/123.12.2512

Knecht, S., Floel, A., Drager, B., Breitenstein, C., Sommer, J., Henningsen, H., et al. (2002). Degree of language lateralization determines susceptibility to unilateral brain lesions. Nat. Neurosci. 5, 695–699. doi: 10.1038/nn868

Lin, M. Z., and Schnitzer, M. J. (2016). Genetically encoded indicators of neuronal activity. Nat. Neurosci. 19, 1142–1153. doi: 10.1038/nn.4359

Lin, Q., Manley, J., Helmreich, M., Schlumm, F., Li, J. M., Robson, D. N., et al. (2020). Cerebellar neurodynamics predict decision timing and outcome on the single-trial level. Cell 180, 536–551.e17. doi: 10.1016/j.cell.2019.12.018

Lopez-Schier, H. (2019). Neuroplasticity in the acoustic startle reflex in larval zebrafish. Curr. Opin. Neurobiol. 54, 134–139. doi: 10.1016/j.conb.2018.10.004

Maloney, R. T. (2021). Neuromodulation and individuality. Front. Behav. Neurosci. 15:777873. doi: 10.3389/fnbeh.2021.777873

Marder, E., Kedia, S., and Morozova, E. O. (2022). New insights from small rhythmic circuits. Curr. Opin. Neurobiol. 76:102610. doi: 10.1016/j.conb.2022.102610

Marques, J. C., Li, M., Schaak, D., Robson, D. N., and Li, J. M. (2020). Internal state dynamics shape brainwide activity and foraging behaviour. Nature 577, 239–243. doi: 10.1038/s41586-019-1858-z

Marquez-Legorreta, E., Constantin, L., Piber, M., Favre-Bulle, I. A., Taylor, M. A., Blevins, A. S., et al. (2022). Brain-wide visual habituation networks in wild type and fmr1 zebrafish. Nat. Commun. 13:895. doi: 10.1038/s41467-022-28299-4

Moncrieff, J., Cooper, R. E., Stockmann, T., Amendola, S., Hengartner, M. P., and Horowitz, M. A. (2022). The serotonin theory of depression: a systematic umbrella review of the evidence. Mol. Psychiatry. doi: 10.1038/s41380-022-01661-0

Mu, Y., Bennett, D. V., Rubinov, M., Narayan, S., Yang, C. T., Tanimoto, M., et al. (2019). Glia Accumulate Evidence that actions are futile and suppress unsuccessful behavior. Cell 178, 27–43.e19. doi: 10.1016/j.cell.2019.05.050

Nassim, C. (2018). Lessons from the lobster: eve Marder’s work in neuroscience. Cambridge, MA: The MIT Press. doi: 10.7551/mitpress/9993.001.0001

Oldfield, C. S., Grossrubatscher, I., Chavez, M., Hoagland, A., Huth, A. R., Carroll, E. C., et al. (2020). Experience, circuit dynamics, and forebrain recruitment in larval zebrafish prey capture. eLife 9:e56619. doi: 10.7554/eLife.56619

Pandarakalam, J. P. (2018). Challenges of treatment-resistant depression. Psychiatr. Danub. 30, 273–284. doi: 10.24869/psyd.2018.273

Pantoja, C., Hoagland, A., Carroll, E. C., Karalis, V., Conner, A., and Isacoff, E. Y. (2016). Neuromodulatory regulation of behavioral individuality in zebrafish. Neuron 91, 587–601. doi: 10.1016/j.neuron.2016.06.016

Pantoja, C., Larsch, J., Laurell, E., Marquart, G., Kunst, M., and Baier, H. (2020). Rapid effects of selection on brain-wide activity and behavior. Curr. Biol. 30, 3647–3656.e3. doi: 10.1016/j.cub.2020.06.086

Potenza, M. N., Balodis, I. M., Derevensky, J., Grant, J. E., Petry, N. M., Verdejo-Garcia, A., et al. (2019). Gambling disorder. Nat. Rev. Dis. Primers 5:51. doi: 10.1038/s41572-019-0099-7

Prat, C. S., Long, D. L., and Baynes, K. (2007). The representation of discourse in the two hemispheres: an individual differences investigation. Brain Lang. 100, 283–294. doi: 10.1016/j.bandl.2006.11.002

Prat, C. S., Mason, R. A., and Just, M. A. (2011). Individual differences in the neural basis of causal inferencing. Brain Lang. 116, 1–13. doi: 10.1016/j.bandl.2010.08.004

Prinz, A. A., Bucher, D., and Marder, E. (2004). Similar network activity from disparate circuit parameters. Nat. Neurosci. 7, 1345–1352. doi: 10.1038/nn1352

Sprinzak, D., and Blacklow, S. C. (2021). Biophysics of notch signaling. Annu. Rev. Biophys. 50, 157–189. doi: 10.1146/annurev-biophys-101920-082204

Stein, D. J., Shoptaw, S. J., Vigo, D. V., Lund, C., Cuijpers, P., Bantjes, J., et al. (2022). Psychiatric diagnosis and treatment in the 21st century: paradigm shifts versus incremental integration. World Psychiatry 21, 393–414. doi: 10.1002/wps.20998

Treasure, J., Zipfel, S., Micali, N., Wade, T., Stice, E., Claudino, A., et al. (2015). Anorexia nervosa. Nat. Rev. Dis. Primers 1:15074. doi: 10.1038/nrdp.2015.74

Vanwalleghem, G., Schuster, K., Taylor, M. A., Favre-Bulle, I. A., and Scott, E. K. (2020). Brain-wide mapping of water flow perception in zebrafish. J. Neurosci. 40, 4130–4144. doi: 10.1523/JNEUROSCI.0049-20.2020

Vieta, E., Berk, M., Schulze, T. G., Carvalho, A. F., Suppes, T., Calabrese, J. R., et al. (2018). Bipolar disorders. Nat. Rev. Dis. Primers 4:18008. doi: 10.1038/nrdp.2018.8

Waschke, L., Kloosterman, N. A., Obleser, J., and Garrett, D. D. (2021). Behavior needs neural variability. Neuron 109, 751–766. doi: 10.1016/j.neuron.2021.01.023

Willems, R. M., Peelen, M. V., and Hagoort, P. (2010). Cerebral lateralization of face-selective and body-selective visual areas depends on handedness. Cereb. Cortex 20, 1719–1725. doi: 10.1093/cercor/bhp234

Xue, B., Sartori, P., and Leibler, S. (2019). Environment-to-phenotype mapping and adaptation strategies in varying environments. Proc. Natl. Acad. Sci. U.S.A. 116, 13847–13855. doi: 10.1073/pnas.1903232116

Zarowny, L., Aggarwal, A., Rutten, V. M. S., Kolb, I., Project, G., Patel, R., et al. (2020). Bright and high-performance genetically encoded Ca(2+) indicator based on mNeonGreen fluorescent protein. ACS Sens. 5, 1959–1968. doi: 10.1021/acssensors.0c00279

Zhang, Z., Cong, L., Bai, L., and Wang, K. (2021). Light-field microscopy for fast volumetric brain imaging. J. Neurosci. Methods 352:109083. doi: 10.1016/j.jneumeth.2021.109083


OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Larval zebrafish as a model for studying individual variability in translational neuroscience research



		Introduction



		Examples of the importance of individual differences



		Studying individual differences in larval zebrafish



		Common strategies for dealing with variability in current zebrafish neural circuits research



		Examples of studies of individual differences using larval zebrafish



		Potential approaches for studying variability using larval zebrafish







		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Behavioral Neuroscience

Larval zebrafish as a model
for studying individual
variability in translational
neuroscience research






OPS/images/fnbeh-17-1143391-g001.jpg
mean

mean

Distributions with the same
mean and different variances

-2

-3 4

variance
Bl 0.5
Bl 15

-4

n= 100,000

sample size (n)

mean

mean

Distributions with the same variance and
a single or mixed means

-2

-3

-4

distribution
B normal
B mixed

n= 100,000

—

—
€]
e

15

sample size (n)












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Behavioral Neuroscience







