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Abstract

Multiple species display robust behavioral variance among individuals due to genetic, genomic,
epigenetic, neuroplasticity and environmental factors. Behavioral individuality has been
extensively studied in various animal models, including rodents and other mammals. Recently,
fish, such zebrafish (Danio rerio), have emerged as powerful aquatic model organisms with overt
individual differences in behavioral, nociceptive and other CNS traits. Here, we evaluate
individual behavioral differences in mammals and fish, emphasizing the importance of cross-
species analyses of intraspecies variance in experimental models of normal and pathological CNS

functions.
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Introduction

Experimental (animal) models are a powerful tool for neuroscience and biobehavioral
research [1-3]. In addition to utilizing animals as models of normal and pathological biological
processes, some species are particularly commonly used in biomedicine (due to their practical
ease, genetic tractability and other avdantages), often conceptualized as ‘model organisms’ or
‘model species’ [4]. Like humans, various animal model species display robust behavioral
variance among individuals, presenting consistent (stable) behavioral traits that vary between
individuals from the same species/group [5-8]. Genetic, genomic and epigenetic mechanisms, as
well as neurodevelopmental, neuroplasticity and environmental factors potently modulate
individual behavioral traits in various organisms [9-12]. In laboratory settings, individual
behavioral variance can be reduced by standardizing some general housing and experimental
conditions or by using more homogenous (e.g., inbred vs. outbred) animals and/or their
populations (e.g., same-batch, same-supplier) [13]. However, individuals of even the same strain
may display remarkable variance in their behavioral responses to the identical stimuli in
standardized laboratory conditions [6]. Moreover, standardizing laboratory conditions does not
always reduce, and may even promote, variance in animal behavioral models [14][19333241], thus
complicating the reproducibility of preclinical animal research [29470495, 28448068].

Initially treated as an unwanted ‘noise’ in behavioral data, such individual differences are
currently recognized as critical traits that embody individuality [15-24] and its underlying
biological mechanisms [25-28], and as an important variative material for evolution [23, 29-31].
Moreover, human disorders typically involve patient populations that are genetically and
environmentally heterogenous, and cannot be standardized in a way as laboratory animals can [32,
33]. Combined with high heterogeneity of clinical behavioral symptoms [34, 35], and recent
concerns over biological data replicability [36, 37], this collectively raises the question whether
individual behavioral differences in animal models should be minimized or, instead, rigorously

studied, especially since behavior of an individual is not the behavior of the average [38].



Common in various species, individual behavioral differences [39-44] are often affected
by age, sex, size, social status and learned adaptive strategies [19, 45, 46]. However, it remains
unclear whether this variability is due to consistent individual traits or random stochastic variation
[47, 48]. Thus, further studies on individual traits and their variation are needed to examine this
problem in depth. As already mentioned, one of such approaches involves varying animal
environmental conditions [14][19333241, 29470495, 28448068], including environmental
enrichment during neurobehavioral studies that minimizes risks of obtaining conflicting data in
replicate studies [25000800,15602544, 19835063].

Another strategy in this field is to assess individual variance in a wider range of species,
including rodents, primates, other mammals [49, 50] and aquatic (fish) organisms [51]. For
example, the zebrafish (Danio rerio) is rapidly emerging as a new popular animal model for
studying CNS disorders [52, 53]. This species not only possesses all the classical neurotransmitter
systems of humans and neuropharmacological responses that parallel those in humans [54], but
display high genetic and physiological homology to humans [55]. Together, this makes zebrafish
a likely tool for preclinical research of individual behavioral traits and their variance [56]. Here,
we evaluate mammalian and fish models to emphasize the importance of cross-species analyses
of individual behavioral differences in experimental models of normal and pathological CNS
processes.

As already mentioned, genetic and epigenetic factors play a key role in shaping behavioral
strategies in human and animal populations [57-60]. In fact, animal personality variation
attributable to additive genetic variation and heritability of personality is higher than heritability
of behavior itself [61]. While some traits (e.g., bold/shy aggressiveness, aggressiveness, sociability
and dominance/submission, Table 1) are generally conserved between species, other traits are
species-specific (e.g., mammalian grooming and hissing or snail’s protective withdrawal from
shell). In humans, individual traits may also involve complex emotions (e.g., remorse, pride,
shame and embarrassment) difficult to properly translate to animals and likely representing

human-specific traits [62, 63]. Common methods of probing animal individuality experimentally
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are based on exposing them to novel objects (e.g., shy-boldness tests) or conspecifics (e.g.,
aggression screens). Differences in boldness/shyness and aggression have been reported in various
species, including rodents [64, 65], primates [66, 67], pumpkinseed sunfish [68] and zebrafish
[69]. Animal shyness/boldness is context-specific and not always presents a unified behavioral
trait [ 70], since individual differences that are adaptive in one context (e.g., predator defense) may
not be adaptive in other contexts (e.g., exploration or social interactions) [71]. In fish, boldness
can be assessed by various endpoints, including horizontal position, swim level, feeding latency
[69], the latency to enter a novel environment, activity levels or reactions to threatening and benign
novel objects [72].

Furthermore, much variance depends on the environment in which the animals live. For
example, environmental enrichment can influence the results of different experimental protocols
[73]. Thus, using enriched vs. standard conditions may help evaluate the impact of environmental
enrichment. For example, mice exposed to an enriched environment attack intruders more
frequently than controls kept in standard conditions [74]. Social enrichment also affects animal
behavior. In rainbow trouts, bold fish reduce their boldness after observing losing conspecifics in
fights [75]. Social isolation of rhesus monkeys triggers severe behavioral abnormalities that persist
into adulthood, and animals with high impulsive aggression display lower brain serotonin [76].
Highly stereotypic (H) deer mice (Peromyscus maniculatus bairdii) group together in the presence
of a non-stereotypic (N) conspecific, and are marginalized by animals of the N-cohort [77]. The
sociability of deer mice is therefore modified by the level of stereotypy displayed by conspecifics,
consistent with the social deficits in obsessive compulsive disorder (OCD) patients and their social
experiences in the presence of healthy peers [78]. Social status affects access to food, mates and
shelter and is associated with physiological profiles of the individuals and their health status [79,
80]. Many individual features (e.g., social dominance) can be at least partially heritable and
expressed through the interaction between aggression-related epigenotypes, bringing genetic

methods into studying individuality [69]. Thus, assessing common mechanism of how



individuality may be determined by internal (e.g., neurotransmitter or gene expression levels) or
external factors may generate new insights into liability to mental diseases.

Behavioral individuality in mammalian and fish models

Albeit well-recognized [81, 82], the individual differences in rodent models continue to be
actively studied. For example, individuals from the same laboratory vary in their motor and
exploratory activity, and these differences are relatively consistent along the lifespan [83-85].
Levels of horizontal locomotor activity [84] or vertical rearing [86, 87] in response to novelty and
performance in an exploration box [88] can assess variability of exploratory behavior [89]. Animal
exploratory behavior is also linked to different pharmacological, environmental an age-related
conditions, as, for example, is the case for amphetamine self-administration (higher in rodents
with high exploration) and sensitization (weaker in high exploration) [83, 84], methamphetamine
response (higher with high exploration) [90], memory impairment in old age (higher with high
exploration) [85], anxiety- and depression-like behaviors (lower with high exploration) [91, 92],
playfulness in early life (higher with low exploration) [93], neuroendocrine stress response [94],
striatal dopaminergic activity [86] and basal dopamine levels in nucleus accumbens (all higher
with high exploration) [95], and oxidative metabolism in dorsal raphe (lower with high
exploration) [96].

Likewise, anxiety-like behavior can be measured by time spent in the open arm of the
elevated plus-maze [97, 98], associated with avoidance behavior in the unconditioned burying test
(lower with low anxiety) [8], playfulness in early life (higher with high anxiety) [93] and striatal
serotonin levels (higher with low anxiety) [99]. Other paradigms to study rodent traits include
testing extraversion, neuroticism [100], impulsivity and risk taking [101]. Overt individual
differences can also be observed in the forced swim ‘despair’ test [102], cold-restraint stress [103],
sucrose preference after chronic stress [ 104] and rapid acquisition tests [105]. Individual response
to severe stress includes a continuum of high-to-low responders across a rodent population that
parallels that observed in humans. Such naturalistic distribution of high risk vs. high resilience is

particularly notable. Indeed, not all humans exposed to trauma will progress to full-blown post-



traumatic stress disorder (PTSD), with only 20-40% of victims developing the illness. Similar to
15-25% of trauma-exposed rodents presenting PTSD-like phenotypes [106, 107], this links
differences in individual resilience profiles to the risk of developing PTSD.

Chronic exposure to stress hormones prenatally, during infancy, childhood, adolescence,
adulthood or aging, impact the brain to ultimately preordain cognitive and mental illness. Their
specific effects on brain and behavior are a function of the timing and the duration of the exposure,
inter-twined with gene-environment influences [108, 109]. These aspects, modelled in animals
using social isolation [ 110], maternal separation [111], chronic exposure to illicit drugs [112-114]
or toxins [115, 116], offer invaluable preparations to study individual behavioral differences [110,
117].

Furthermore, rodents with specific traits can be selectively bred to reproduce these traits,
such as apomorphine-susceptibility [118, 119] and locomotion in novel environment [120] (e.g.,
Mudsley reactive rats [121, 122] and Roman avoidance learning rats [123, 124]). Florida H (high
anxiety) and L (low anxiety) rats that demonstrate two-fold difference in anxiety between H and
L in males and three-fold difference in females [125]. Likewise, genetic analyses of individual
traits have linked emotionality to three specific loci on chromosomes 1, 12 and 15 [126].
Moreover, the epigenetic transfer of behavioral traits has been shown in offspring of rats reared in
social isolation [127] or following maternal separation [128].

As already noted, individuality occurs in genetically identical mice, including exploration,
hippocampal neurogenesis [129], avoidance and risk assessment (e.g., the C57BL/6J mice
displaying striking variation in learned fear) [130]. Individual features of aggressive behavior in
different strains of rodents have also been identified, varying markedly in wild vs. laboratory
animals (e.g., Wistar rats) [131]. WTG rats, for example, demonstrate varying aggression levels
(from no to high) when an unfamiliar intruder male rat appears in their territory [132], whereas
the variability of aggressive behavior is smaller in laboratory (e.g., Wistar rats) vs. wild-type

animals [132]. However, in contrast to strain differences in intensity, the patterns of aggression in



domesticated rats do not differ from that of wild rats [133, 134], with similar 50-60% partial
heritability [132].

However, rodent-based studies are insufficient for obtaining a whole picture of CNS
pathogenesis, and multiple limitations impede translating rodent results into clinical practice. In
contrast, nonhuman primates (e.g., rhesus macaques) are closer to humans in terms of physiology
[76, 135, 136], behavior, social structure [137] and high (99%) genetic homology [138]. Due to
the importance of these factors in studying nervous system and psychopathology, primates present
with a major advantage over other animal models. Primate studies have revealed individual
differences in addiction, flight-or-fight response, curiosity, aggressiveness and other behaviors
[139-141]. For example, significant differences in social play, aggression and alcohol sensitivity
between individuals are observed for different »45-HTTLPR alleles, analogous to the human 5-
HTTLPR polymorphism of the serotonin transporter SLC6A44 gene [137].

Like other animal models, fish also exhibit overt individual behavioral differences [5, 56].
In Amazon molly (Poecilia formosa), individual behavioral differences can arise in clonal
individuals raised in highly standardized conditions [ 142]. Different exploration strategies in novel
object response and risk-taking behavior are seen in various isogenic lines of the rainbow trout
(Oncorhynchus mykiss) [143]. In other fishes, differences in anxiety-like behavior are strain-
dependent (e.g., higher in leopard and albino zebrafish) [ 144], whereas offspring activity levels in
other species relies on social status and personality of parents [ 145]. Together, this emphasizes the
role of both genetic and epigenetic components in behavioral individuality traits and its heritability
mechanisms in fishes [142, 146]. However, while the two cloned red-spotted cherry salmon
(Oncorhynchus masou macrostomus) strains show individual differences in boldness, activity and
carefulness, variations in reactivity and greediness cannot be explained by differences between the
clones [146]. Thus, individual differences may also arise from epigenetic or microenvironmental
factors as well [142].

Spontaneous mutations can affect CNS morphological features and, hence, behavioral

traits. For example, zebrafish epithalamus, especially the habenula, is involved in emotionality



and individual behavioral differences. The habenula is a key dorsal component conducting
intermediate brain routes to connect the limbic sections of the forebrain, as well as the midbrain
and posterior brain [147]. Interestingly, the habenula is asymmetrical in zebrafish [148]. Artificial
selection for right-eye use when looking at own mirror image displayed a significant increase in
frequency of reversed asymmetry in expression of lov gene in the habenula while selection for
left-eye use tended to decrease it [149]. Thus, habenula development may be involved in the
regulation of boldness in zebrafish, as mutations in the lov gene and subsequent aberrant
asymmetry of habenula correlate with increased boldness [148]. Finally, various molecular
mechanisms, including histone-related pathways, may underlier behavioral variability in fish,
since laboratory and isogenic zebrafish larvae display consistent individual traits swimming freely
or responding to experimental stimuli, but show reduced individual behavioral differences by
disrupted histone deacetylation) [150].

Case in point: pain variability between humans, rodents, and fish

Pain is a complex physiological reaction to injury, directing nociceptive signals from pain
receptors to the brain [151, 152]. In humans, genetic variance associated with variable pain
phenotypes involves biogenic aminergic genes GTP cyclohydrolase 1 (GCHI), solute carrier
family 6 member 4 (SLC6A4), adrenoreceptor -2 (ADRBZ2) and serotonin 5-HT receptor 2A (5-
HTR2A4) [153], the vanilloid receptor subtype 1 (TRPV1), delta opioid receptor subtype 1 (OPRDI)
and catechol O-methyltransferase gene (COMT) genes [154, 155]. There are also sex and ethnical
differences in pain responses as women are more sensitive to cold and heat among all races, and
Europeans of both sexes are more tolerant to cold, and Asians to hot, stimuli [156]. Furthermore,
while neuropathic pain often evokes comorbid exhibit anxiety and depression [157, 158], severe
anxiety increase pain sensitivity [159]. Depression-related pain can be also linked to
neuroinflammatory or somatic mechanisms (e.g., microglial miscommunication) [160].

Complementing clinical studies, various rodent pain studies have focused on affective
[161], cognitive [162], perceptual [163] and motor [164] components of pain responsivity using

cold, heat, mechanical or chemical stimuli, inflammation and neuropathic pain models [165]. Like



humans, rodent pain responses show robust intraspecies variability. For example, rodent
neuropathic pain evokes highly variable locomotor, social, anxiety-like and depression-like
responses, with pain correlating with reduced sociability and increased anxiety and depression
[162]. Pain-exposed rodents can also display social transfer of pain, inducing pain-like responses
in intact animals [161, 166]. Likewise, genetic variance in rodents also contributes to variability
in pain phenotypes. For example, mice lacking purinergic P2X4 receptors display reduced pain
hypersensitivity to mechanical stimulus during inflammation and pain insensitivity in the spinal
nerve injury model, but intact responses to thermal stimuli [ 167]. Cross-species analyses between
humans and mice also reveal a critical role of testosterone in pain, as males from both species
display reduced pain sensitivity under stress [168].

Relatively recently, pain has been studied in fishes. For example, the rainbow trout exhibits
abnormal pectoral fin side-to-side movements and lip rubbing when given a noxious stimulus
[169]. Juvenile Atlantic cods treated with capsaicin, acetic acid, or injured by fishing hook,
displayed increased opercular beat rate, abnormal lateral head shaking, and frequent bottom
hovering [170]. Zebrafish exposed to acetic acid exhibit characteristic abdominal constriction-like
response and reduced locomotor activity [171]. While fish pain research is relatively young, some
species differences are likely. For example, zebrafish do not alter the expression of nociception-
related genes in dorsal root ganglia, one of the key structures in pain development [172], and also
have different role of the nociceptin opioid receptor (NOP) that that of mammals [173].

Notably, there is an interesting nature of pain sensitivity cross-species stratification,
modulated by inter-individual differences in neurophysiology, neurogenetics, neurochemistry and
behavior [159]. In humans, variance in individual pain responses has long been reported [174],
strongly implicating the endogenous opioid system [174, 175] (also see similar findings in rodents
[176]). Like humans [177], rodents (e.g., C57Bl/6 mice) exhibit significant inter-individual
variability in pain responses to thermal [178] or physical injury-related stimuli [179]. Supporting
the role of genetic factors, such variance in pain responses is higher in outbred than inbred mice

[180], and even genetically close inbred mouse sub-strains (e.g., C57BL/6J and C57BL/6NJ)
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display distinct pain sensitivity responses to inflammatory and thermal stimuli [178]. Notably, the
purinergic P2X4 receptors, essential in nociceptive responses, is also responsible for inter-
individual pain variability in both humans and rodents [181]. Relatively little is known about
zebrafish pain sensitivity variance, despite their generally conserved opioid system [182].
However, our own pilot data with several models of pain (Rosemberg and Costa, unpublished
observations) support inter-individual difference in most pain indices in zebrafish, similarly to
rodents and humans.

General discussion

Probing individuality in different animal species is promising for further translational
behavioral research on learning, perception, memory and psychopathology [20]. However, most
such studies are traditionally based on intra-species comparisons, even though some evolutionarily
conserved behavioral traits or phenomena (e.g., locomotor activity, anxiety or fear/immobility)
can be studied in more than one species, revealing a strong behavioral homology across phyla
[183]. In human personality research, the distinction between intra- and cross-species comparison
usually does not arise, because studies are performed on a single species (humans). Nevertheless,
in the field of animal personality research, such distinction is important, and translational distortion
should be taken into account.

Fishes, especially zebrafish, are rapidly becoming powerful animal model organisms for
studying CNS disorders and behavior [52, 53]. For example, notable advantages of zebrafish
include low cost, relatively simple neuronal organization and well-understood behavioral
endpoints with diverse behavioral strategies and personal traits [15, 53, 184-186]. Specifically,
sex variance can be observed in zebrafish studies on drug abuse, where males show more persistent
drug-related [186] and novelty-evoked anxiety-like behaviors [187], as well as higher whole-body
cortisol levels during chronic stress and aggression [185]. Likewise, stable strain-specific
behavioral differences in zebrafish have also been reported [144].

In summary, animal models are highly suitable for studying personality development.

Since it is a long-term process, longitudinal studies are needed to obtain the key data about markers
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that can affect personality change. Animal lifespan is usually shorter than in humans, and such
studies in animals take less time [188]. It is also easier to observe each day of an animal’s life in
laboratory conditions and manipulate these conditions to determine how they affect personality
development during the lifespan. For example, confidence, excitability and sociability in a group
of rthesus monkeys 1is associated with specific events in the animal’s life (e.g., early separation
from mother or colony) [189-191]. In contrast, longer lifetime, development periods, poorer
control of the environment and ethical considerations make similar research complicated in
humans.

Animal personality studies also enable genetic research that is cheaper than the equivalent
humans studies and offers several important advantages [192, 193]. Indeed, behavioral genomics,
focused on how genes and groups of interacting genes work to influence behavior, is at the center
of such investigations [194]. With substantial molecular genetic research already done on mice
[195], enough genomic information for this species is now available for gene-behavior research
[194]. Together with gene mapping technologies [ 126, 196], it can help to reveal the complex basis
of different behavioral traits. Knockout mouse models have developed into a significant tool to
examine biological mechanisms hypothesized to underlie personality traits [197]. Transgenic
methods and new cloning techniques could also be useful for animal research in genetic influence
on personality [198, 199].

The availability of species with rich and complex social interactions enables research into
interactions between different personality types, and how this may contribute to risk and resilience
(e.g., see studies in the deer mouse [77]). Animal models also provide a valuable opportunity to
experimentally test the effect of different stressors, for example, social, environmental or
pharmacological, on personality development. In humans, personality has been linked to substance
use and abuse [200, 201], academic performance [202], relationship outcomes and satisfaction
[203, 204]. Thus, using animal models of different species (both human and non-human) is a
promising option to understand human behavior and other CNS phenomena (Fig. 1). Furthermore,

recent paradigms have shifted the focus from inherent and environmental factors to their complex
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interactions [205]. For example, Gene-Environment interactions (GxE) show that different
genotypes cause different individual sensitivity to an environmental factor, and that environment
can indeed affect the CNS [206-212].

Despite criticism and fear to excessively anthropomorphize non-human personality,
individuality and temperament, mounting evidence supports their existence in animals [20]. While
there are obvious differences in methods of studying personality in human and animals, both fields
now use personality traits as the core strategy to understand such differences in behavior [141].
Some traits (e.g., honesty, self-esteem and perfectionism) are difficult or impossible to access in
species evolutionarily distant from humans, whereas other traits (e.g., activity, emotionality,
bold/fear-like behavior, exploration or novelty seeking) are generally conserved and widely
studied among species (Table 1), including primates, rodents and fish [20, 56]. However, because
there is also a risk to ‘animal-morphise’ behavioral data (attributing animal motivations and
behavioral characteristics to humans), critical evaluation of all behavioral traits become important.
Recent progress in formalizing personality research by developing and applying its statistical
definitions and models [213] may also foster research in this field. For example, as most statistical
models assume that the study sample represents a random selection of individuals from the
population, such studies may, in fact, target a specific behavior of the studied population that does
not reflect the range of responses observed in nature, and neither applies to the population as a
whole, nor targets the personality, individuality and temperament of individual responses [213].

Overall, the value of studying individual behavioral traits is unambiguous. As mentioned
above, different individuals of the same species can display various responses to different stimuli
despite sharing the same environmental conditions. For example, a significant difference exists
for social games and aggressive behavior along with alcohol sensitivity between individual rhesus
macaques with different 725-HTTLPR alleles [137]. At the same time, zebrafish display robust sex
differences, with males showing higher whole-body cortisol levels and more persistent drug-
related anxiety behavior than females [214, 215]. Nevertheless, despite multiple studies of

individual behavioral differences, many questions concerning the mechanisms underlying these
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differences remain open (Table 2). For example, the exact biological nature of individuality and
personality in behavior remains poorly understood (Fig. 1). Resulting from complex interactions
involving a wide spectrum of factors, it is difficult to untangle and necessitate thorough control of
inherent, intrinsic and environmental factors simultaneously. Thus, animal models represent a
highly controllable tool that provides a powerful alternative in studies on personality and
individual variation in behavior. This is made possible by the large amount of animal genetic data
available, their short lifespan that helps observe development of personality easier and deeper
compared to humans, and the absence of many ethic limitations, provides an important basis for
their use as surrogate preparations to human studies.

Taken together, it underlines the significance and utility of animal models of different
species in personality and individuality studies. For example, as shown in Fig. 1., cross-species
analyses of putative shared behavioral traits and their variance may reveal evolutionarily
conserved ‘shared’ biological mechanisms that underly both individual behavioral traits and their
variance. In this case, intra-species variance may be simply explained by aberrant mechanisms
that normally control and determine such behavioral traits per se. However, it is also possible that
individual variance is at least partially mediated by unique, distinct molecular pathways unrelated
to those of their respective traits. As such, focus on these putative novel mechanisms that
specifically drive individual differences may be necessary. From this standpoint, cross-species
studies that examine molecular mechanisms of intraspecies variance may be critical for revealing
such shared (and, hence, evolutionarily conserved, ‘core’) mechanisms that specifically determine
the variance of behavioral traits without directly affecting such traits per se (Fig. 1). Nevertheless,
although using a wide spectrum of model species may be particularly beneficial for translational
neuroscience research, including personalized neurology and psychiatry, special attention should
be paid to ensuring adequate cross-species translation of such biological and behavioral data.

Finally, we also call for more innovation of research in this field, including a wider use of
novel and underrepresented model organisms. For example, as discussed above, zebrafish emerge

as one of such valuable model organisms for studying individual differences in behavioral traits
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[refs], empowered by their highly conserved neurochemical systems and CNS drug targets with
humans [53, 54, 216-218], drug screening potential [217, 218], high genetic homology to humans

[55], external fertilization and the ease with which genetic manipulation can be performed [refs].
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Table 1. Selected examples of individual behavioral traits across species.

Primates

Rodent

Fish

Boldness

Heritability of personality in
rhesus macaques and its
association with fitness [140];
association between boldness and
danger awareness in vervet
monkeys [66]; distinct patterns
of locomotor and boldness
responses to novelty in
cynomolgus monkeys [67]

Correlation between gluco-
corticoids and boldness in novel
object responses [65];
safety/approach behaviors in an
automated maze [219]

Overt bold-shy continuum (based on
position in the tank and feeding
latency) in zebrafish [69]; changes of
boldness in the rainbow trout
observing other fish lose fight [75]

Aggressiveness

Correlation of aggressive
individual occurrence in rhesus
monkeys with serotonin
metabolism [136]

High aggression in Wildtype
Groningen (WTG) rats [220]

Distinct aggressive behaviors (chase,
bite, repel, spar) in zebrafish colonies
[184]

Dominance

Fecal glucocorticoid metabolite
correlates with social stress and
dominance in Sichuan snub-nosed
monkeys [221]

Heritability of social dominance
traits [222]

Distinct patterns of plasma cortisol
and telencephalic corticotrophin-
releasing hormone, neuropeptide Y
and glucocorticoid receptor gene
expression in dominant vs
subordinate fish [79]

Sociability

Peer-reared monkeys display
extreme behavioral and
physiological reactions to
environmental challenges [76]

Social group size may promote
the evolution of individual
behavioral ‘signatures’, such as
social alarm calls in sciurid
rodents [80]

Social interaction affects growth,
stress, immune function and
reproductive condition [79]

16



Table 2. Selected open questions to be clarified concerning the individual behavioral
differences in animal models (also see Fig. 1) PLEASE RETURN ALL
REMOVED/CROSSED GREEN QUESTIONS BACK TO THIS TABLE

e While many factors (e.g., environment and genetics) can contribute to individual behavioral
differences, what are common neurological mechanisms resulting in stability of certain behaviors?

e Are putative biological mechanisms driving individual behavioral variance merely the result of
inactivity of molecular pathways controlling the stability of behavioral traits, or they represent distinct
molecular machinery?

e How similar are individual behavioral characteristics in mammals (including primates) and zebrafish?

e How evolutionarily ancient are various complex behavioral traits, such as emotionality (e-g;-can-they
were-observedin-Celegans{2231)?

e Can more complex patterns and traits (e.g., honesty, self-esteem, perfectionism, etc.) be observed in
animal models, including model organisms?

e How can these complex patterns be modulated pharmacologically, genetically or epigenetically?

e  Are there any strong epigenetic markers of particular individual behavioral patterns?

e How differently can stress modulate behavioral patterns in individuals of one group/population?

e How can individual behavioral traits (and their variance) in animal models be used as biomarkers for
CNS disorders of humans?

e How can individual behavioral traits in animal models be used for developing personalized psychiatry
for humans?

e How can behavioral variation be modified environmentally (e.g., environmental enrichment),

especially in nover model organisms (e.g., zebrafish)?

e How can individual traits be reversed/relearned?

e How can individual differences of the experimenters contribute to an animal individual differences
observed in a study?

e (Can there be separate groups of genes modulating variance of individual traits (Fig. 1) without
affecting the traits per se?
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Figure 1. Cross-species analyses of putative shared behavioral traits and their variance may
reveal overlapping, evolutionarily conserved biological mechanisms underlying both
individual behavioral traits and their variance. For example, intra-species variance may
arise from aberrant mechanisms that normally control and determine such behavioral traits.
However, it is also possible that individual variance is at least partially mediated by distinct
molecular pathways unrelated to those of their respective traits per se. As such, focus on
these putative novel mechanisms that specifically drive individual differences may be
necessary. From this standpoint, cross-species studies that examine such unique molecular
mechanisms of intraspecies variance may also be critical, helping to identify shared (and,
hence, evolutionarily conserved, ‘core’) mechanisms that specifically and solely determine
the variance of behavioral traits (also see Table 2).

Individual behavioral traits and intra-species variance

\
[
Shared mechanisms )

underlying variance of
CNS traits =

Shared mechanisms 1 '—.—.—,
underlying CNS traits J

v

18



References:

1.

2.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cryan, J.F. and D.A. Slattery, Animal models of mood disorders: recent developments.
Current opinion in psychiatry, 2007. 20(1): p. 1-7.

Gould, T.D. and L.I. Gottesman, Psychiatric endophenotypes and the development of valid
animal models. Genes, Brain and Behavior, 2006. 5(2): p. 113-119.

Stewart, A.M., et al., Zebrafish models for translational neuroscience research: from tank
to bedside. Trends in neurosciences, 2014. 37(5): p. 264-278.

Katz, P.S., ‘Model organisms’ in the light of evolution. Current Biology, 2016. 26(14): p.
R649-R650.

Demin, K.A., et al.,, The role of intraspecies variation in fish neurobehavioral and
neuropharmacological phenotypes in aquatic models. Aquatic toxicology, 2019.

Anreiter, 1., H.M. Sokolowski, and M.B. Sokolowski, Gene—Environment Interplay and
Individual Differences in Behavior. Mind, Brain, and Education, 2017. 0(0).

Koolhaas, J., et al., Neuroendocrinology of coping styles: towards understanding the
biology of individual variation. Frontiers in neuroendocrinology, 2010. 31(3): p. 307-321.
Ho, Y .J., J. Eichendorff, and R.K. Schwarting, Individual response profiles of male Wistar
rats in animal models for anxiety and depression. Behav Brain Res, 2002. 136(1): p. 1-12.
Caldji, C., et al., The effects of early rearing environment on the development of GABAA
and central benzodiazepine receptor levels and novelty-induced fearfulness in the rat.
Neuropsychopharmacology, 2000. 22(3): p. 219-229.

Hofmann, H.A., Functional genomics of neural and behavioral plasticity. Journal of
neurobiology, 2003. 54(1): p. 272-282.

Holmes, A., et al., Early life genetic, epigenetic and environmental factors shaping
emotionality in rodents. Neuroscience & Biobehavioral Reviews, 2005. 29(8): p. 1335-
1346.

Wolf, M. and F.J. Weissing, Animal personalities: consequences for ecology and
evolution. Trends in ecology & evolution, 2012. 27(8): p. 452-461.

Slater, P., Data collection. Ethology, 1978.

Kafkafi, N., et al., Reproducibility and replicability of rodent phenotyping in preclinical
studies. Neuroscience & Biobehavioral Reviews, 2018. 87: p. 218-232.

Toms, C.N. and D.J. Echevarria, Back to basics: searching for a comprehensive framework
for exploring individual differences in zebrafish (Danio rerio) behavior. Zebrafish, 2014.
11(4): p. 325-340.

Bell, A.M., S.J. Hankison, and K.L. Laskowski, The repeatability of behaviour: a meta-
analysis. Animal Behaviour, 2009. 77(4): p. 771-783.

Conrad, J.L., et al., Behavioural syndromes in fishes: a review with implications for
ecology and fisheries management. Journal of Fish Biology, 2011. 78(2): p. 395-435.
Dall, S.R.X., A.L. Houston, and J.M. McNamara, The behavioural ecology of personality:
consistent individual differences from an adaptive perspective. Ecology Letters, 2004.
7(8): p. 734-739.

Dingemanse, N.J. and D. Réale, Natural selection and animal personality. Behaviour,
2005. 142(9-10): p. 1159-1184.

Gosling, S.D., From mice to men: what can we learn about personality from animal
research? Psychological bulletin, 2001. 127(1): p. 45.

Koolhaas, J.M., et al., Coping styles in animals: current status in behavior and stress-
physiology. Neurosci Biobehav Rev, 1999. 23(7): p. 925-35.

Wilson, D.S., Adaptive individual differences within single populations. Philosophical
Transactions of the Royal Society B: Biological Sciences, 1998. 353(1366): p. 199-205.
Sih, A., A. Bell, and J.C. Johnson, Behavioral syndromes: an ecological and evolutionary
overview. Trends in ecology & evolution, 2004. 19(7): p. 372-378.

Toms, C.N., D.J. Echevarria, and D.J. Jouandot, 4 methodological review of personality-
related studies in fish: focus on the shy-bold axis of behavior. International Journal of
Comparative Psychology, 2010. 23(1).

19



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,
44,

45.

46.

Oswald, M.E., et al., Is Behavioral Variation along the Bold-Shy Continuum Associated
with Variation in the Stress Axis in Zebrafish? Physiological and Biochemical Zoology,
2012. 85(6): p. 718-728.

Rey, S., et al., Combining animal personalities with transcriptomics resolves individual
variation within a wild-type zebrafish population and identifies underpinning molecular
differences in brain function. Molecular ecology, 2013. 22(24): p. 6100-6115.

Schrandt, M.N., et al., Physical habitat and social conditions across a coral reef shape
spatial patterns of intraspecific behavioral variation in a demersal fish. Marine ecology,
2012.33(2): p. 149-164.

Schrandt, M.N. and S.C. Lema, Habitat-associated intraspecific variation in behavior and
stress responses in a demersal coral reef fish. Marine Ecology Progress Series, 2011. 443:
p. 153-166.

Dingemanse, N.J., et al., Behavioural reaction norms: animal personality meets individual
plasticity. Trends in ecology & evolution, 2010. 25(2): p. 81-89.

Schuett, W., T. Tregenza, and S.R. Dall, Sexual selection and animal personality.
Biological Reviews, 2010. 85(2): p. 217-246.

Seebacher, F. and 1. Walter, Differences in locomotor performance between individuals:
importance of parvalbumin, calcium handling and metabolism. Journal of Experimental
Biology, 2012. 215(4): p. 663-670.

Charney, A., et al., Evidence for genetic heterogeneity between clinical subtypes of bipolar
disorder. Translational psychiatry, 2017. 7(1): p. €993.

Pishva, E., et al., The epigenome and postnatal environmental influences in psychotic
disorders. Social psychiatry and psychiatric epidemiology, 2014. 49(3): p. 337-348.
Cummings, J.L., Cognitive and behavioral heterogeneity in Alzheimer’s disease. seeking
the neurobiological basis. Neurobiology of aging, 2000. 21(6): p. 845-861.

Kremen, W.S., et al.,, Heterogeneity of schizophrenia: a study of individual
neuropsychological profiles. Schizophrenia Research, 2004. 71(2-3): p. 307-321.

Frye, S.V., et al., Tackling reproducibility in academic preclinical drug discovery. Nature
Reviews Drug Discovery, 2015. 14(11): p. 733.

Huang, Y. and R. Gottardo, Comparability and reproducibility of biomedical data.
Briefings in bioinformatics, 2012. 14(4): p. 391-401.

Gomez-Marin, A. and A.A. Ghazanfar, The Life of Behavior. Neuron, 2019. 104(1): p. 25-
36.

Biro, P.A. and J.A. Stamps, Do consistent individual differences in metabolic rate promote
consistent individual differences in behavior? Trends in ecology & evolution, 2010.
25(11): p. 653-659.

Macri, S., F. Zoratto, and G. Laviola, Early-stress regulates resilience, vulnerability and
experimental validity in laboratory rodents through mother—offspring hormonal transfer.
Neuroscience & Biobehavioral Reviews, 2011. 35(7): p. 1534-1543.

Michael, R. and G. Saayman, Individual differences in the sexual behaviour of male rhesus
monkeys (Macaca mulatta) under laboratory conditions. Animal behaviour, 1967. 15(4):
p. 460-466.

Wilson, D.S., Adaptive individual differences within single populations. Philosophical
Transactions of the Royal Society of London B: Biological Sciences, 1998. 353(1366): p.
199-205.

Maye, A., et al., Order in Spontaneous Behavior. PLOS ONE, 2007. 2(5): p. e443.
Ayroles, J.F., et al., Behavioral idiosyncrasy reveals genetic control of phenotypic
variability. Proceedings of the National Academy of Sciences of the United States of
America, 2015. 112(21): p. 6706-6711.

Slater, P., Individual differences in animal behavior, in Perspectives in ethology. 1981,
Springer. p. 35-49.

Smith, B.R. and D.T. Blumstein, Fitness consequences of personality: a meta-analysis.
Behavioral Ecology, 2008. 19(2): p. 448-455.

20



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

Dopfel, D., et al., Individual variability in behavior and functional networks predicts
vulnerability using an animal model of PTSD. Nature Communications, 2019. 10(1): p.
2372.

Tervo, Dougal G.R., et al., Behavioral Variability through Stochastic Choice and lIts
Gating by Anterior Cingulate Cortex. Cell, 2014. 159(1): p. 21-32.

Grandin, T. and M.J. Deesing, Behavioral genetics and animal science, in Genetics and
the Behavior of Domestic Animals (Second Edition). 2014, Elsevier. p. 1-40.

Ray, J. and S. Hansen, Temperament in the rat: sex differences and hormonal influences
on harm avoidance and novelty seeking. Behavioral neuroscience, 2004. 118(3): p. 488.
Tran, S. and R. Gerlai, Individual differences in activity levels in zebrafish (Danio rerio).
Behavioural brain research, 2013. 257: p. 224-229.

Khan, K.M., et al., Zebrafish models in neuropsychopharmacology and CNS drug
discovery. Br J Pharmacol, 2017. 174(13): p. 1925-1944.

Meshalkina, D.A., et al., Adult zebrafish in CNS disease modeling: a tank that's half-full,
not half-empty, and still filling. Lab Anim (NY), 2017. 46(10): p. 378-387.

Kalueff, A.V., AM. Stewart, and R. Gerlai, Zebrafish as an emerging model for studying
complex brain disorders. Trends in pharmacological sciences, 2014. 35(2): p. 63-75.
Lieschke, G.J. and P.D. Currie, Animal models of human disease: zebrafish swim into view.
Nature Reviews Genetics, 2007. 8(5): p. 353.

Volgin, A.D., et al., Zebrafish models for personalized psychiatry: Insights from
individual, strain and sex differences, and modeling gene x environment interactions.
Journal of Neuroscience Research, 2018. 0(0).

Puglia, M.H., et al., Epigenetic modification of the oxytocin receptor gene influences the
perception of anger and fear in the human brain. Proceedings of the National Academy of
Sciences, 2015: p. 201422096.

St-Cyr, S. and P.O. McGowan, Programming of stress-related behavior and epigenetic
neural gene regulation in mice offspring through maternal exposure to predator odor.
Frontiers in behavioral neuroscience, 2015. 9: p. 145.

Zannas, A.S., N. Provencal, and E.B. Binder, Epigenetics of posttraumatic stress disorder:
current evidence, challenges, and future directions. Biological psychiatry, 2015. 78(5): p.
327-335.

Oosten, J.E., C. Magnhagen, and C.K. Hemelrijk, Boldness by habituation and social
interactions: a model. Behavioral Ecology and Sociobiology, 2010. 64(5): p. 793-802.
Dochtermann, N.A., T. Schwab, and A. Sih, The contribution of additive genetic variation
to personality variation: heritability of personality. Proceedings of the Royal Society B:
Biological Sciences, 2015. 282(1798): p. 20142201.

Al-Shawaf, L., et al., Human emotions: An evolutionary psychological perspective.
Emotion Review, 2016. 8(2): p. 173-186.

Harris, L.T. and S.T. Fiske, Dehumanized perception. Zeitschrift fiir Psychologie, 2015.
Frynta, D., et al., Behavioural strategies of three wild-derived populations of the house
mouse (Mus m. musculus and M. m. domesticus) in five standard tests of exploration and
boldness: Searching for differences attributable to subspecies and commensalism.
Behavioural processes, 2018. 157: p. 133-141.

Dawson, C., et al., Shyness—Boldness, but not Exploration, Predicts Glucocorticoid Stress
Response in Richardson's Ground Squirrels (Urocitellus richardsonii). Ethology, 2014.
120(11): p. 1101-1109.

Blaszczyk, M.B., Boldness towards novel objects predicts predator inspection in wild
vervet monkeys. Animal Behaviour, 2017. 123: p. 91-100.

Zou, H., et al., Pattern of novel object exploration in cynomolgus monkey Macaca
fascicularis. J Med Primatol, 2017. 46(2): p. 19-24.

Coleman, K. and D. Wilson, Shyness and boldness in pumpkinseed sunfish: individual
differences are context-specific. Anim Behav, 1998. 56(4): p. 927-936.

Oswald, M.E., M. Singer, and B.D. Robison, The Quantitative Genetic Architecture of the
Bold-Shy Continuum in Zebrafish, Danio rerio. PLoS ONE, 2013. 8(7): p. €¢68828.

21



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

Carter, A.l., et al., Animal personality: what are behavioural ecologists measuring?
Biological Reviews, 2013. 88(2): p. 465-475.

Coleman, K. and D.S. Wilson, Shyness and boldness in pumpkinseed sunfish: individual
differences are context-specific. Animal Behaviour, 1998. 56(4): p. 927-936.

White, J.R., et al., 4 Comparison of Measures of Boldness and Their Relationships to
Survival in Young Fish. PLoS ONE, 2013. 8(7): p. €68900.

Bayne, K. and H. Wurbel, The impact of environmental enrichment on the outcome
variability and scientific validity of laboratory animal studies. Rev Sci Tech, 2014. 33(1):
p. 273-80.

Haemisch, A., T. Voss, and K. Gartner, Effects of environmental enrvichment on aggressive
behavior, dominance hierarchies, and endocrine states in male DBA/2J mice. Physiol
Behav, 1994. 56(5): p. 1041-8.

Frost, A.J., et al., Plasticity in animal personality traits: does prior experience alter the
degree of boldness? Proceedings of the Royal Society B: Biological Sciences, 2007.
274(1608): p. 333-339.

Suomi, S.J., Early stress and adult emotional reactivity in rhesus monkeys. Ciba Found
Symp, 1991. 156: p. 171-83; discussion 183-8.

Wolmarans, D.W., D.J. Stein, and B.H. Harvey, Social behavior in deer mice as a novel
interactive paradigm of relevance for obsessive-compulsive disorder (OCD). Social
neuroscience, 2017. 12(2): p. 135-149.

Wolmarans, D.W., et al., Peromyscus maniculatus bairdii as a naturalistic mammalian
model of obsessive-compulsive disorder: current status and future challenges. Metabolic
brain disease, 2018. 33(2): p. 443-455.

Filby, A.L., et al., Physiological and health consequences of social status in zebrafish
(Danio rerio). Physiol Behav, 2010. 101(5): p. 576-87.

Pollard, K.A. and D.T. Blumstein, Social Group Size Predicts the Evolution of
Individuality. Current Biology, 2011. 21(5): p. 413-417.

Pawlak, C.R., Y.J. Ho, and R.K. Schwarting, Animal models of human psychopathology
based on individual differences in novelty-seeking and anxiety. Neurosci Biobehav Rev,
2008. 32(8): p. 1544-68.

Korpela, K., Sex influences rat personality more than geographical origin. Applied animal
behaviour science, 2011. 133(1-2): p. 95-100.

Piazza, P.V., et al., Vertical shifts in self-administration dose-response functions predict a
drug-vulnerable phenotype predisposed to addiction. J Neurosci, 2000. 20(11): p. 4226-
32.

Piazza, P.V., et al., Factors that predict individual vulnerability to amphetamine self-
administration. Science, 1989. 245(4925): p. 1511-3.

Dellu, F., et al., Reactivity to novelty during youth as a predictive factor of cognitive
impairment in the elderly: a longitudinal study in rats. Brain Res, 1994. 653(1-2): p. 51-6.
Thiel, C.M., et al., High versus low reactivity to a novel environment: behavioural,
pharmacological and neurochemical assessments. Neuroscience, 1999. 93(1): p. 243-51.
Thiel, C.M., J.P. Huston, and R.K. Schwarting, Hippocampal acetylcholine and
habituation learning. Neuroscience, 1998. 85(4): p. 1253-62.

Harro, J., et al., Impaired exploratory behaviour after DSP-4 treatment in rats:
implications for the increased anxiety after noradrenergic denervation. Eur
Neuropsychopharmacol, 1995. 5(4): p. 447-55.

Wexler, Y., Y. Benjamini, and 1. Golani, Vertical exploration and dimensional modularity
in mice. Royal Society open science, 2018. 5(3): p. 180069.

Bevins, R.A. and J.L. Peterson, Individual differences in rats' reactivity to novelty and the
unconditioned and conditioned locomotor effects of methamphetamine. Pharmacology
Biochemistry and Behavior, 2004. 79(1): p. 65-74.

Dellu, F., et al., Individual differences in behavioral responses to novelty in rats. Possible
relationship with the sensation-seeking trait in man. Personality and Individual
Differences, 1993. 15(4): p. 411-418.

22



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Mallo, T., et al., Rats with persistently low or high exploratory activity: behaviour in tests
of anxiety and depression, and extracellular levels of dopamine. Behav Brain Res, 2007.
177(2): p. 269-81.

Richter, S.H., et al., Play matters: the surprising relationship between juvenile playfulness
and anxiety in later life. Animal behaviour, 2016. 114: p. 261-271.

Piazza, P.V., et al.,, Corticosterone levels determine individual vulnerability to
amphetamine self-administration. Proc Natl Acad Sci U S A, 1991. 88(6): p. 2088-92.
Bradberry, C.W., et al., Individual differences in behavioral measures: correlations with
nucleus accumbens dopamine measured by microdialysis. Pharmacology Biochemistry
and Behavior, 1991. 39(4): p. 877-882.

Matrov, D., I. Kolts, and J. Harro, Cerebral oxidative metabolism in rats with high and low
exploratory activity. Neurosci Lett, 2007. 413(2): p. 154-8.

Pawlak, C.R., et al., The Elevated Plus-Maze Test: Differential Psychopharmacology of
Anxiety-Related Behavior. Emotion Review, 2012. 4(1): p. 98-115.

Schwarting, R. and C. Pawlak, Behavioral neuroscience in the rat: taking the individual
into account. Meth Find Exp Clin Pharmacol, 2004. 26(S2): p. 17-22.

Schwarting, R.K., et al., Relationship between anxiety and serotonin in the ventral
striatum. Neuroreport, 1998. 9(6): p. 1025-9.

Garcia-Sevilla, L., Extraversion and neuroticism in rats. Personality and Individual
Differences, 1984. 5(5): p. 511-532.

Kirkpatrick, K., A.T. Marshall, and A.P. Smith, Mechanisms of individual differences in
impulsive and risky choice in rats. Comparative cognition & behavior reviews, 2015. 10:
p. 45.

Suvrathan, A., A. Tomar, and S. Chattarji, Effects of chronic and acute stress on rat
behaviour in the forced-swim test. Stress, 2010. 13(6): p. 533-540.

Ossenkopp, K.-P. and D.S. Mazmanian, Some behavioral factors related to the effects of
cold-restraint stress in rats: A factor analytic—multiple regression approach. Physiology
& behavior, 1985. 34(6): p. 935-941.

Strekalova, T. and H.W. Steinbusch, Measuring behavior in mice with chronic stress
depression paradigm. Progress in Neuro-Psychopharmacology and Biological Psychiatry,
2010. 34(2): p. 348-361.

Locurto, C., et al., The structure of individual differences in batteries of rapid acquisition
tasks in mice. Journal of Comparative Psychology, 2006. 120(4): p. 378.

Cohen, H., J. Zohar, and M. Matar, The relevance of differential response to trauma in an
animal model of posttraumatic stress disorder. Biological psychiatry, 2003. 53(6): p. 463-
473.

Cohen, H., et al., Unsupervised fuzzy clustering analysis supports behavioral cutoff criteria
in an animal model of posttraumatic stress disorder. Biological Psychiatry, 2005. 58(8):
p. 640-650.

Lupien, S.J., et al., Effects of stress throughout the lifespan on the brain, behaviour and
cognition. Nature reviews neuroscience, 2009. 10(6): p. 434.

Juster, R.-P., et al., A transdisciplinary perspective of chronic stress in relation to
psychopathology throughout life span development. Development and psychopathology,
2011. 23(3): p. 725-776.

Regenass, W., M. Moller, and B.H. Harvey, Studies into the anxiolytic actions of
agomelatine in social isolation reared rats: Role of corticosterone and sex. Journal of
Psychopharmacology, 2018. 32(2): p. 134-145.

Daniels, W., et al., Maternal separation in rats leads to anxiety-like behavior and a blunted
ACTH response and altered neurotransmitter levels in response to a subsequent stressor.
Metabolic brain disease, 2004. 19(1-2): p. 3-14.

Strauss, L., et al., Late-life effects of chronic methamphetamine exposure during puberty
on behaviour and corticostriatal mono-amines in social isolation-reared rats.
Developmental neuroscience, 2014. 36(1): p. 18-28.

23



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Swanepoel, T., M. Mdller, and B.H. Harvey, N-acetyl cysteine reverses bio-behavioural
changes induced by prenatal inflammation, adolescent methamphetamine exposure and
combined challenges. Psychopharmacology, 2018. 235(1): p. 351-368.

Moller, M., J. Fourie, and B.H. Harvey, Efavirenz exposure, alone and in combination with
known drugs of abuse, engenders addictive-like bio-behavioural changes in rats. Scientific
reports, 2018. 8.

Terre’Blanche, G., et al., The styrene metabolite, phenylglyoxylic acid, induces striatal-
motor toxicity in the rat: influence of dose escalation/reduction over time. Neurotoxicity
research, 2011. 20(1): p. 97-101.

Mokoena, M.L., et al., Ozone exposure of Flinders Sensitive Line rats is a rodent
translational model of neurobiological oxidative stress with relevance for depression and
antidepressant response. Psychopharmacology, 2015. 232(16): p. 2921-2938.

Harvey, B.H., et al., Social isolation rearing-induced anxiety and response to agomelatine
in male and female rats: Role of corticosterone, oxytocin, and vasopressin. Journal of
Psychopharmacology, 2019. 33(5): p. 640-646.

Cools, A.R., et al., Search after neurobiological profile of individual-specific features of
Wistar rats. Brain Res Bull, 1990. 24(1): p. 49-69.

Ellenbroek, B.A., F. Sluyter, and A.R. Cools, The role of genetic and early environmental
factors in determining apomorphine susceptibility. Psychopharmacology (Berl), 2000.
148(2): p. 124-31.

Stead, J.D., et al., Selective breeding for divergence in novelty-seeking traits: heritability
and enrichment in spontaneous anxiety-related behaviors. Behav Genet, 2006. 36(5): p.
697-712.

Hall, C.S., The inheritance of emotionality. Sigma Xi Quarterly, 1938. 26(1): p. 17-37.
Blizard, D.A. and N. Adams, The Maudsley reactive and nonreactive strains: a new
perspective. Behavior Genetics, 2002. 32(5): p. 277-299.

Brush, F.R., Selection for differences in avoidance learning: the Syracuse strains differ in
anxiety, not learning ability. Behavior Genetics, 2003. 33(6): p. 677-696.

Brush, F.R., J. Froehlich, and P. Sakellaris, Genetic selection for avoidance behavior in
the rat. Behavior Genetics, 1979. 9(4): p. 309-316.

Ramos, A., et al., Genetic selection of two new rat lines displaying different levels of
anxiety-related behaviors. Behavior Genetics, 2003. 33(6): p. 657-668.

Flint, J., et al., 4 simple genetic basis for a complex psychological trait in laboratory mice.
Science, 1995. 269(5229): p. 1432-1435.

Ko, C.-Y., S.-C. Wang, and Y.-P. Liu, Sensorimotor gating deficits are inheritable in an
isolation-rearing paradigm in rats. Behavioural brain research, 2016. 302: p. 115-121.
Lovic, V. and A.S. Fleming, Propagation of maternal behavior across generations is
associated with changes in non-maternal cognitive and behavioral processes. Behavioural
processes, 2015. 117: p. 42-47.

Freund, J., et al., Emergence of individuality in genetically identical mice. Science, 2013.
340(6133): p. 756-759.

Hager, T., et al., Display of individuality in avoidance behavior and risk assessment of
inbred mice. Frontiers in behavioral neuroscience, 2014. 8: p. 314.

Vidal, J., B. Buwalda, and J.M. Koolhaas, Male Wistar rats are more susceptible to lasting
social anxiety than Wild-type Groningen rats following social defeat stress during
adolescence. Behavioural processes, 2011. 88(2): p. 76-80.

de Boer, S.F., B.J. van der Vegt, and J.M. Koolhaas, Individual variation in aggression of
feral rodent strains: a standard for the genetics of aggression and violence? Behavior
genetics, 2003. 33(5): p. 485-501.

Blanchard, R.J. and D.C. Blanchard, Aggressive behavior in the rat. Behavioral biology,
1977. 21(2): p. 197-224.

Timmermans, P.J.A., Social behaviour in the rat. 1978, Nijmegen:[sn].

24



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

SARNYAI, Z., Neurobiology of Stress and Cocaine Addiction: Studies on Corticotropin-
Releasing Factor in Rats, Monkeys, and Humansa. Annals of the New York Academy of
Sciences, 1998. 851(1): p. 371-387.

Suomi, S.J., Aggression and social behaviour in rhesus monkeys. Novartis Found Symp,
2005. 268: p. 216-22; discussion 222-6, 242-53.

Barr, C.S., et al., The utility of the non-human primate model for studying gene by
environment interactions in behavioral research. Genes, Brain and Behavior, 2003. 2(6):
p- 336-340.

Priifer, K., et al., The bonobo genome compared with the chimpanzee and human genomes.
Nature, 2012. 486: p. 527.

Gosling, S.D. and O.P. John, Personality Dimensions in Nonhuman Animals: A Cross-
Species Review. Current Directions in Psychological Science, 1999. 8(3): p. 69-75.

Brent, L.J.N., et al., Personality Traits in Rhesus Macaques (Macaca mulatta) Are
Heritable but Do Not Predict Reproductive Output. International journal of primatology,
2014. 35(1): p. 188-209.

Weiss, A., Personality Traits: A View From the Animal Kingdom. J Pers, 2018. 86(1): p.
12-22.

Bierbach, D., K.L. Laskowski, and M. Wolf, Behavioural individuality in clonal fish arises
despite near-identical rearing conditions. Nat Commun, 2017. 8: p. 15361.

Millot, S., et al., Assessment of genetic variability of fish personality traits using rainbow
trout isogenic lines. Behavior genetics, 2014. 44(4): p. 383-393.

Egan, R.]., et al., Understanding behavioral and physiological phenotypes of stress and
anxiety in zebrafish. Behav Brain Res, 2009. 205(1): p. 38-44.

Zajitschek, S., et al., Paternal personality and social status influence offspring activity in
zebrafish. BMC evolutionary biology, 2017. 17(1): p. 157.

Iguchi, K.i., N. Matsubara, and H. Hakoyama, Behavioural individuality assessed from two
strains of cloned fish. Animal Behaviour, 2001. 61(2): p. 351-356.

Bianco, I.LH. and S.W. Wilson, The habenular nuclei: a conserved asymmetric relay station
in the vertebrate brain. Philosophical Transactions of the Royal Society B: Biological
Sciences, 2008. 364(1519): p. 1005-1020.

Dadda, M., et al., Early differences in epithalamic left-right asymmetry influence
lateralization and personality of adult zebrafish. Behavioural brain research, 2010. 206(2):
p. 208-215.

Bisazza, A., et al., Lateralization of detour behaviour in poeciliid fish: the effect of species,
gender and sexual motivation. Behavioural brain research, 1998. 91(1-2): p. 157-164.
Roman, A.-C., et al., Histone H4 acetylation regulates behavioral inter-individual
variability in zebrafish. Genome biology, 2018. 19(1): p. 55.

Ullrich, P., Pain, in Practical Psychology in Medical Rehabilitation, M.A. Budd, et al.,
Editors. 2017, Springer International Publishing: Cham. p. 397-404.

Mpller, A.R., Anatomy and Physiology of Pain, in Textbook of Tinnitus, A.R. Moller, et
al., Editors. 2011, Springer New York: New York, NY. p. 121-132.

Young, E.E., W.R. Lariviere, and 1. Belfer, Genetic basis of pain variability: recent
advances. Journal of Medical Genetics, 2012. 49(1): p. 1-9.

Kim, H., et al.,, Genetic influence on variability in human acute experimental pain
sensitivity associated with gender, ethnicity and psychological temperament. Pain, 2004.
109(3): p. 488-96.

Belfer, 1., H. Shnol, and P. Finelli, Molecular Genetics of Variability in Human Pain, in
eLS.2013.

Kim, H., et al., Comparison of experimental and acute clinical pain responses in humans
as pain phenotypes. J Pain, 2004. 5(7): p. 377-84.

Holley, A.L., et al., Clinical Phenotyping of Youth With New-Onset Musculoskeletal Pain
A Controlled Cohort Study. Clinical Journal of Pain, 2017. 33(1): p. 28-36.
Widerstrom-Noga, E., et al., Somatosensory phenotype is associated with thalamic
metabolites and pain intensity after spinal cord injury. Pain, 2015. 156(1): p. 166-174.

25



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Coghill, R.C., Individual Differences in the Subjective Experience of Pain: New Insights
Into Mechanisms and Models. Headache, 2010. 50(9): p. 1531-1535.

Zis, P., et al., Depression and chronic pain in the elderly: links and management
challenges. Clinical Interventions in Aging, 2017. 12: p. 709-720.

Li, C.L., et al., Validating Rat Model of Empathy for Pain: Effects of Pain Expressions in
Social Partners. Front Behav Neurosci, 2018. 12: p. 242.

Martinez-Navarro, M., et al., Influence of behavioral traits in the inter-individual
variability of nociceptive, emotional and cognitive manifestations of neuropathic pain.
Neuropharmacology, 2019. 148: p. 291-304.

Bokiniec, P., et al., The neural circuits of thermal perception. Curr Opin Neurobiol, 2018.
52: p. 98-106.

Dale, J., et al., A new automated device for quantifying mechanical nociceptive responses.
J Neurosci Methods, 2019. 312: p. 148-153.

Barrot, M., Tests and Models of Nociception and Pain in Rodents. Neuroscience, 2012.
211: p. 39-50.

Lu, Y.F., et al., Social interaction with a cagemate in pain increases allogrooming and
induces pain hypersensitivity in the observer rats. Neurosci Lett, 2018. 662: p. 385-388.
Tsuda, M., et al., Behavioral phenotypes of mice lacking purinergic P2X4 receptors in
acute and chronic pain assays. Mol Pain, 2009. S: p. 28.

Martin, L.J., et al., Male-Specific Conditioned Pain Hypersensitivity in Mice and Humans.
Curr Biol, 2019. 29(2): p. 192-201 e4.

Sneddon, L.U., The evidence for pain in fish: the use of morphine as an analgesic. Applied
Animal Behaviour Science, 2003. 83(2): p. 153-162.

Eckroth, J.R., et al., Physiological and behavioural responses to noxious stimuli in the
Atlantic cod (Gadus morhua). PLoS One, 2014. 9(6): p. €100150.

Costa, F.V., et al., Understanding nociception-related phenotypes in adult zebrafish:
Behavioral and pharmacological characterization using a new acetic acid model.
Behavioural Brain Research, 2019. 359: p. 570-578.

Malafoglia, V., et al., Extreme thermal noxious stimuli induce pain responses in zebrafish
larvae. J Cell Physiol, 2014. 229(3): p. 300-8.

Rivas-Boyero, A.A., et al., Pharmacological characterization of a nociceptin receptor
from zebrafish (Danio rerio). Journal of molecular endocrinology, 2011. 46(2): p. 111.
Mogil, I.S., The genetic mediation of individual differences in sensitivity to pain and its
inhibition. Proc Natl Acad Sci U S A, 1999. 96(14): p. 7744-51.

Corder, G., et al., Endogenous and Exogenous Opioids in Pain. Annu Rev Neurosci, 2018.
41: p. 453-473.

Simonin, F., et al., Disruption of the kappa-opioid receptor gene in mice enhances
sensitivity to chemical visceral pain, impairs pharmacological actions of the selective
kappa-agonist U-50,488H and attenuates morphine withdrawal. EMBO J, 1998. 17(4): p.
886-97.

Coronado, R.A., et al., Pain sensitivity subgroups in individuals with spine pain: potential
relevance to short-term clinical outcome. Phys Ther, 2014. 94(8): p. 1111-22.

Bryant, C.D., et al., C57BL/6 substrain differences in inflammatory and neuropathic
nociception and genetic mapping of a major quantitative trait locus underlying acute
thermal nociception. Mol Pain, 2019. 15: p. 1744806918825046.

Banik, R.K., et al., Strain and sex influence on pain sensitivity after plantar incision in the
mouse. Anesthesiology, 2006. 105(6): p. 1246-53.

Tuttle, A.H., et al., Comparing phenotypic variation between inbred and outbred mice.
Nature Methods, 2018. 15(12): p. 994-996.

Sorge, R.E., et al., Genetically determined P2X7 receptor pore formation regulates
variability in chronic pain sensitivity. Nature Medicine, 2012. 18(4): p. 595-599.

Bao, W., et al.,, Opioid Neurobiology, Neurogenetics and Neuropharmacology in
Zebrafish. Neuroscience, 2019. 404: p. 218-232.

26



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.
196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Gomez-Marin, A., et al., Generative rules of Drosophila locomotor behavior as a
candidate homology across phyla. Scientific reports, 2016. 6: p. 27555.

Paull, G.C., et al., Dominance Hierarchies in Zebrafish (Danio rerio) and Their
Relationship with Reproductive Success. Zebrafish, 2010. 7(1): p. 109-117.

Rambo, C.L., et al., Gender differences in aggression and cortisol levels in zebrafish
subjected to unpredictable chronic stress. Physiology & Behavior, 2017. 171: p. 50-54.
Lopez Patino, M.A., et al., Gender differences in zebrafish responses to cocaine
withdrawal. Physiology & Behavior, 2008. 95(1): p. 36-47.

Tran, S. and R. Gerlai, Individual differences in activity levels in zebrafish (Danio rerio).
Behav Brain Res, 2013. 257: p. 224-9.

Brock, A.l., et al., Zebrafish behavioral models of ageing, in The rights and wrongs of
zebrafish: Behavioral phenotyping of zebrafish. 2017, Springer. p. 241-258.
Stevenson-Hinde, J., R. Stillwell-Barnes, and M. Zunz, Subjective assessment of rhesus
monkeys over four successive years. Primates, 1980. 21(1): p. 66-82.

Stevenson-Hinde, J. and M. Zunz, Subjective assessment of individual rhesus monkeys.
Primates, 1978. 19(3): p. 473-482.

Stevenson-Hinde, J., M. Zunz, and R. Stillwell-Barnes, Behaviour of one-year-old rhesus
monkeys in a strange situation. Animal Behaviour, 1980. 28(1): p. 266-277.

Gershenfeld, H. and S. Paul, Towards a genetics of anxious temperament: from mice to
men. Acta Psychiatrica Scandinavica, 1998. 98: p. 56-65.

Gershenfeld, H.K., et al., Mapping quantitative trait loci for open-field behavior in mice.
Behavior genetics, 1997. 27(3): p. 201-210.

Blake, J.A., et al., The Mouse Genome Database (MGD): expanding genetic and genomic
resources for the laboratory mouse. Nucleic Acids Research, 2000. 28(1): p. 108-111.
Plomin, R. and J. Crabbe, DNA. Psychological bulletin, 2000. 126(6): p. 806.

Talbot, C.J., et al., High-resolution mapping of quantitative trait loci in outbred mice.
Nature genetics, 1999. 21(3): p. 305.

Dulawa, S.C., et al., Dopamine D4 receptor-knock-out mice exhibit reduced exploration
of novel stimuli. Journal of Neuroscience, 1999. 19(21): p. 9550-9556.

Wakayama, T., et al., Full-term development of mice from enucleated oocytes injected with
cumulus cell nuclei. Nature, 1998. 394(6691): p. 369.

Wilmut, L., et al., Viable offspring derived from fetal and adult mammalian cells. Nature,
1997. 385(6619): p. 810.

Cloninger, C.R., S. Sigvardsson, and M. Bohman, Childhood personality predicts alcohol
abuse in young adults. Alcoholism: clinical and experimental research, 1988. 12(4): p. 494-
505.

Kotov, R., et al., Linking “big” personality traits to anxiety, depressive, and substance use
disorders: a meta-analysis. Psychological bulletin, 2010. 136(5): p. 768.
Chamorro-Premuzic, T. and A. Furnham, Personality predicts academic performance:
Evidence from two longitudinal university samples. Journal of research in personality,
2003. 37(4): p. 319-338.

Shiota, M.N. and R.W. Levenson, Birds of a feather don't always fly farthest: Similarity in
Big Five personality predicts more negative marital satisfaction trajectories in long-term
marriages. Psychology and Aging, 2007. 22(4): p. 666.

Vohs, K.D., C. Finkenauer, and R.F. Baumeister, The sum of friends' and lovers' self-
control scores predicts relationship quality. Social Psychological and Personality Science,
2011. 2(2): p. 138-145.

Jaffee, S.R. and T.S. Price, Gene—environment correlations: A review of the evidence and
implications for prevention of mental illness. Molecular psychiatry, 2007. 12(5): p. 432.
Duncan, L.E., A.R. Pollastri, and J.W. Smoller, Mind the gap: Why many geneticists and
psychological scientists have discrepant views about gene—environment interaction (G x
E) research. American Psychologist, 2014. 69(3): p. 249.

27



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Kalueff, A.V., M. Wheaton, and D.L. Murphy, What's wrong with my mouse model?
Advances and strategies in animal modeling of anxiety and depression. Behav Brain Res,
2007. 179(1): p. 1-18.

Le Strat, Y., N. Ramoz, and P. Gorwood, The role of genes involved in neuroplasticity and
neurogenesis in the observation of a gene-environment interaction (GxE) in schizophrenia.
Current molecular medicine, 2009. 9(4): p. 506-518.

Baye, T.M., T. Abebe, and R.A. Wilke, Genotype—environment interactions and their
translational implications. Personalized medicine, 2011. 8(1): p. 59-70.

Hein, R., L. Beckmann, and J. Chang-Claude, Sample size requirements for indirect
association studies of gene—environment interactions (G % E). Genetic Epidemiology: The
Official Publication of the International Genetic Epidemiology Society, 2008. 32(3): p.
235-245.

Hunter, D.J., Gene—environment interactions in human diseases. Nature Reviews
Genetics, 2005. 6(4): p. 287.

Omenn, G., Gene-environment interactions: eco-genetics and toxicogenomics. Genomic
and Personalized Medicine, edited by Ginsburg G and Willard H, 2nd ed. New York:
Elsevier, nd, 2012.

Roche, D.G., V. Careau, and S.A. Binning, Demystifying animal ‘personality’ (or not):
why individual variation matters to experimental biologists. The Journal of Experimental
Biology, 2016. 219(24): p. 3832.

Patifio, M.A.L., et al., Gender differences in zebrafish responses to cocaine withdrawal.
Physiology & behavior, 2008. 95(1-2): p. 36-47.

Rambo, C.L., et al., Gender differences in aggression and cortisol levels in zebrafish
subjected to unpredictable chronic stress. Physiology & behavior, 2017. 171: p. 50-54.
Demin, K.A., et al.,, Zebrafish models relevant to studying central opioid and
endocannabinoid systems. Progress in Neuro-Psychopharmacology & Biological
Psychiatry, 2018.

Demin, K.A., et al., Acute effects of amitriptyline on adult zebrafish: Potential relevance
to antidepressant drug screening and modeling human toxidromes. Neurotoxicol Teratol,
2017. 62: p. 27-33.

Meshalkina, D.A., et al., The Effects of Chronic Amitriptyline on Zebrafish Behavior and
Monoamine Neurochemistry. Neurochem Res, 2018.

Franks, B., E.T. Higgins, and F.A. Champagne, 4 Theoretically Based Model of Rat
Personality with Implications for Welfare. PLoS ONE, 2014. 9(4): p. €95135.

Buwalda, B., J.M. Koolhaas, and S.F. de Boer, Trait aggressiveness does not predict social
dominance of rats in the Visible Burrow System. Physiol Behav, 2017. 178: p. 134-143.
Yang, L.L., et al., Fecal glucocorticoid metabolite relates to social rank in Sichuan snub-
nosed monkeys. Italian Journal of Zoology, 2016. 83(1): p. 15-25.

Fang, Q., et al., Individuality and Transgenerational Inheritance of Social Dominance and
Sex Pheromones in Isogenic Male Mice. J Exp Zool B Mol Dev Evol, 2016. 326(4): p.
225-36.

McGrath, P.T., et al., Quantitative mapping of a digenic behavioral trait implicates globin
variation in C. elegans sensory behaviors. Neuron, 2009. 61(5): p. 692-699.

28



