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Social creatures: Model animal systems for studying the
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1 | INTRODUCTION that enable living in groups. Within these broad categories, there is a
remarkable diversity of social interactions, including affiliative, ag-

Social behaviour is fundamental to the survival of all vertebrates. At gressive, communicative and co-operative behaviours.! Despite this

the most basic level, reproductive behaviours allow individuals to find variation, the occurrence of all social behaviours ultimately depends

each other, mate and produce offspring. Many species have addition- on the underlying physiology regulating its expression? and aspects of

ally evolved parental behaviours to nurture their young and behaviours these systems can be highly conserved in structure and function across
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different species.3 It is essential to define these pathways to better un-
derstand how social behaviour is perceived and performed by individ-
uals, as well as to uncover why some behaviours are able to adapt to
changing environments or social contexts, “ whereas others are not.”
Neuroendocrine systems play animportant role in social behaviour
because they can act on both the peripheral and central structures
needed for its expression. Neuropeptides acting within a variety of
brain regions regulate how signals from conspecifics are interpreted
and responded to,® whereas hormones acting throughout the body
of an individual ensure that the tissues and organs needed to success-
fully perform social behaviours such as reproduction are present and
functioning.7 Neuroendocrine systems and the brain structures they

8 are well conserved across verte-

act on to promote social behaviour
brate species ° and, in some cases, are also present in invertebrates.”
Despite evidence of certain generalities, neuropeptides that affect so-
cial behaviours often function in a species-specific fashion'®! and the
behavioural outcome of neuropeptide signalling in distinct brain areas
depends on various parameters including sex, reproductive and phys-
iological (i.e., stress-relevant) state.>’* However, comparative neu-
roendocrine studies can provide insights that are relevant to a wide
range of taxa, regardless of the model animal species used, as long as
the species being compared both possess the social behaviours and
neuroendocrine features that are under investigation.*>

Model animal species are a key part of neuroendocrine studies and
have been used in laboratory settings for decades to investigate the
structures and physiological functions underlying social behaviours.'
Common animal models include a variety of primate and rodent spe-

8 various insect and nematode species,18 teleost fish, 1% and pas-

cies
serine songbird or quail species (Figure 1).2° These laboratory-bred
animal models allow total control of study conditions and minimise
potential sources of genetic and experimental variation. However,
concern over the lack of ‘real world’ applicability has led to the devel-
opment of animal models developed from free-ranging populations in
natural environments to validate findings obtained in laboratory stud-
ies or to expand our knowledge of social behaviour in relevant ecolog-
ical contexts.?! The use of well-established laboratory model species
and the development of new ecologically relevant animal models will
advance our understanding of the neuroendocrine mechanisms reg-
ulating social behaviour. Independent of the chosen animal models,
three validities should be fulfilled: (i) construct validity (validity of the
animal model and of the methods used); (ii) internal validity (quality of
the postulated cause-effect relation); and (iii) external validity (gener-
alisation of the results).?? Hence, animal models and their social be-
haviour need to be stable, reproducible and reliable. Here, we review
the species currently used in neuroendocrine research with respect to
social behaviours, the insights that these species have provided, and

the potential species that could be developed as models in future work.

2 | NEMATODES

More than four out of five metazoic individuals on earth are consid-

ered to be nematodes, and over 25 000 nematode species have been

described. Social behaviour in nematodes can take the form of re-
productive behaviours such as mating, or group living such as clump-
ing or swarming, and is usually regulated by pheromone signalling.?®
What we know about how neuropeptides determine nervous system
function in nematodes is largely based on studies of Caenorhabditis
elegans, a free-living nematode that feeds on bacteria growing on
decaying organic matter and populates compost heaps and labora-
tories worldwide. The nervous system in C. elegans hermaphrodites
consists of 302 neurones that are stereotypical between individuals
and largely have the same connectivity. Although the nervous system
is hard-wired, the behaviour of C. elegans must enable these animals
to adapt and survive in fluctuating environmental conditions and thus
shows a high degree of functional plasticity. Neuropeptide signalling
is essential for generating such adaptive behaviour,?* and neuropep-
tides are key regulators and mediators of neural plasticity and learning
in diverse behavioural paradigms of C. elegans.?® In particular, neu-
ropeptide signalling shapes their social and reproductive behaviours.

The best characterised neuropeptide pathway underpinning
social behaviour in C. elegans hinges on the neuropeptide re-
ceptor NPR-1, a homologue of the neuropeptide Y receptor. In a
ground-breaking study, de Bono and Bargmann 2° showed that
NPR-1 acts as a switch to determine whether animals display social
or solitary behaviour during feeding. In the laboratory, worms are
maintained on lawns of Escherichia coli OP50 bacteria grown on agar
dishes. Caenorhabditis elegans locate almost entirely on the food lawn
and eat most of the time. It was observed that wild C. elegans strains
prefer to stay at the edge of the bacterial lawn and feed in groups,
a behaviour termed ‘aggregation’. This is suppressed in the standard
laboratory strain N2, in which animals are solitary and disperse fairly
evenly on the lawn. Remarkably, this divergent phenotype depends
on a single amino acid difference in NPR-1 at position 215. The 215V
variant in N2 is dominant and represents a gain-of-function pheno-
type in which the receptor has increased activity compared to NPR-1
in wild strains. The variation has also been implicated in other be-
havioural differences between N2 and wild strains, such as noxious

27,28

heat avoidance or ethanol tolerance and the gene thus appears

to be a master regulator of behavioural state in C. elegans.29'3°

A series of studies have shown that npr-1-modulated aggregation
behaviour, although it only occurs on food, is not primarily a feeding
strategy but, instead, the consequence of a strategy to avoid high
ambient oxygen. Several sensory neurones are tonically activated by
high ambient [O,] and strongly promote increased locomotory speed
for as long as the stimulus is presented.! When the npr-1?**Y variant
is expressed in specific interneurones (RMG) connected to the O,-
sensing neurones, it becomes activated in the presence of food and
blocks output, rendering the animals unable to escape oxygen-rich
environments.3133 Interestingly, strains of another free-living nema-
tode species, Pristionchus pacificus, which is only distantly related to
C. elegans, also display oxygen-induced social behaviour. However,
this behaviour is not regulated by npr-1.34

The RMG interneurones form the hub of a gap junction network
that also connects them with a number of other sensory neurones

implicated in aggregation behaviour, including pheromone sensors.%?
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FIGURE 1 Social behaviours are
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them have been studied in many
species including those shown here
(Caenorhabditis elegans, Harpegnathos
saltator, Danio rerio, Taeniopygia guttata,
Microtus ochrogaster and Halichoerus
grypus)
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The combination of NPR-1 activity in RMG and sex also regulates
the valence of how other sensory neurones in this circuit control
responses to pheromones, by changing the balance between the
avoidance-promoting ADL neurones and the attraction-promoting
ASK neurones.?> The RMG/npr-1 network is thus a fascinating exam-
ple of how neuropeptides can integrate information across sensory
modalities to regulate social behaviour.

Signalling by the conserved neuropeptide PDF-1 (pigment dis-
persing factor) in the C. elegans nervous system plays key roles in
modulating sexually dimorphic behaviours related to reproduc-
tion. Its receptor, PDFR-1, is orthologous to the secretin family
of G-protein-coupled neuropeptide receptors. PDF-1 regulates
decision-making specifically in males: well-fed male C. elegans
frequently leave a source of plentiful food when hermaphrodites
are absent, in search of a mating partner, whereas hermaphrodites
show little tendency to leave food under the same conditions. This
male-specific mate-searching behaviour requires PDFR-1 receptor
expression in specific sensory neurones.> It thus appears that the
PDF-1 pathway regulates the sexually dimorphic motivational state
and promotes goal-oriented exploratory behaviour, by modifying
the way sensory input is processed. PDF signalling has also been
implicated in regulating the reproductive drive in other inverte-
brates, such as rival-induced prolonged male mating in Drosophila.*”

PDF-1 is also expressed in a recently discovered interneurone
pair, MCM, which is found only in males. The MCM neurones are
specifically required for male-specific associative learning: her-
maphrodite C. elegans learn to avoid NaCl if it is presented to them
in the absence of food. Males suppress this avoidance if NaCl is pre-
sented in the absence of food but in the presence of hermaphrodite
mating partners. This sexual conditioning, over-riding the effect of
starvation on chemosensory learning, is disrupted by MCM ablation

and in pdf-1 null mutants.®®

Recent studies have highlighted a remarkable degree of con-
servation of the oxytocin/vasopressin signalling system in the
regulation of nematode behaviours related to reproduction.®
Mating in C. elegans is conducted primarily by the male, which,
when touching a hermaphrodite with his tail, initiates a series of
mating behaviours during which he makes turns sliding around her
body until he locates the vulva with his tail, stops moving and then
transfers sperm.®? The C. elegans ntc-1 gene encodes the neuro-
peptide nematocin, which is homologous to mammalian vasopres-
sin and oxytocin. Nematocin signalling has multiple roles in these
male-specific behaviours and is necessary for reproductive effi-
ciency. ntc-1 is expressed in thermosensory, mechanosensory and
male-specific CP motoneurones, whereas the receptors are ex-
pressed, amongst other cells, in male-specific neurones and mus-
cles coordinating mating behaviour, including sensory neurones
that detect contact with hermaphrodites or the vulva. Mutants of
ntc-1 are less efficient in mate searching, mate contact, locating
the vulva and transferring sperm, frequently repeating individual
steps in this behavioural sequence. Overall, nematocin signalling
appears to organise the function of distributed circuits to coordi-
nate individual behavioural programmes into coherent reproduc-
tive behaviour in male C. elegans.40

Nematocin signalling is also required for an intriguing social in-
teraction of C. elegans with their offspring, in which a pheromone
signal emanating from the larvae increases the propensity of adult
C. elegans to leave the bacterial food. This behaviour is not caused
by depletion of the bacteria and is conspecific, with larvae of related
nematode species not increasing food-leaving behaviour in C. ele-
gans. It is absent in sterile adults, in mutants unable to produce pher-
omones and in loss-of-function mutants of the ntc-1 nematocin. In a
reproducing population with increasing density, this form of ‘paren-

tal leave’ may increase the fitness of their offspring by making more
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food available to them; however, this has not been demonstrated
directly.**

To conclude, studies on neuropeptide function in C. elegans have
clearly shown that they are of profound importance for the mod-
ulation of neural circuit activity in social behaviours, and also that
specific neuroendocrine systems have roles in similar tasks across
even distantly related metazoa.*? In the future, it will be exciting to
learn more about the role of neuropeptide-regulated behaviours
from studies of the ecology of C. elegans and hopefully other nema-
todes under more natural conditions. As a result of its highly mapped
and invariant nervous system, C. elegans could also be useful for bet-
ter understanding the specificity of neuropeptide signalling, such as
where a particular neuropeptide acts relative to its release site.

3 | INSECTS

Insects are rich in social behaviours. For many insects, this is most
apparent in elaborate courtship behaviours leading to mating; in
others, parental care can take a variety of forms. At the pinnacle
are the variety of social interactions that underpin the structure and
function of social insect colonies (bees, wasps, ants and termites).
Neuropeptides are said to be the largest single class of signal mole-
cule in insects,*® with a variety of roles in metabolism, development,
homeostasis and behaviour; a review of neuropeptides and behav-
jour is provided elsewhere.*® Over 150 insect neuropeptides have
been identified. To some extent, linking neuropeptides to the con-
trol and modulation of insect social behaviours is a field that is still in
its infancy. Nevertheless, some striking advances have been made.

Although not the most social of insects, even the laboratory
fruit fly Drosophila melanogaster has sophisticated social be-
haviours connected to its courtship and mating ritual. This has
been subjected to intense analysis that has uncovered roles for
neuropeptides. Sex peptide is produced in the male accessory
gland and, during copulation, it is transferred in the seminal fluid
to the female, where it induces egg laying behaviour and loss of
receptivity to additional courting males.***> Males also leave be-
hind an anti-aphrodisiac pheromone on mated females that deters
other males.*® Triggering the response of the deterred male re-
quires tachykinin (TK) in its brain. Interestingly, activation of the
TK gene in male Drosophila also increased male-male aggression
when competing for mates. When TK+ neurones were activated
in the male brain, this resulted in increased aggression in the pres-
ence of males and courtship in the presence of females.*’” This
convergence of aggression and sex in a common pathway suggests
that TK release (triggered partly by pheromones) modulates the
choice between fight or courtship.*®

Although insects often have a hands-off approach to raising
their offspring (perhaps limited to depositing eggs in a conducive
location: ‘shoot and scoot’), many insects exhibit a variety of sophis-
ticated methods of parental care, often entailing specific social be-
haviours.*® This is a promising area for neuropeptide research. The

burying beetle Nicrophorus vespilloides has the interesting behaviour

of feeding pre-digested carrion to its larval offspring when they
solicit it. This may be considered as requiring an inhibition and re-
versal of the parent's normal motivation to eat. In Drosophila and
other insects, neuropeptide F (related to vertebrate neuropeptide
Y) has been associated with foraging and feeding behaviours,*34?->1
and thus is a candidate for regulating the parental behaviour of
Nicrophorus. Indeed, Cunningham et al®? showed that adult expres-
sion of the neuropeptide F receptor is greatly reduced during pa-
rental care.

Social insects (bees, wasps, ants and termites) are important
emerging models for understanding the genetic regulation of social
behaviour. Interestingly, in comparisons of neuropeptides (computa-
tionally predicted and biochemically confirmed), it appears that hon-
eybees may express fewer neuropeptide forms than do basal solitary
insects.”® Thus, the increased sophistication of social behaviours
derives from an expansion of functions for existing neuropeptides
rather than an expansion of neuropeptide repertoires. Nevertheless,
the social structures of insect colonies are potentially rich sources
for understanding the role of neuropeptides in social behaviours.*?

Honeybees (Apis mellifera) have been well researched with re-
gard to their social structure, from the time of the discovery of their
famous ‘waggle dance’ onwards. In several studies, proteomic anal-
yses have been used to identify neuropeptides associated with be-
haviours. In most cases, expression differences are found, although
the causality is not established.’*>> A possible exception is control
of aggressive behaviour in Africanised honeybees. These so-called
‘killer bees’ were bred in the 1950s in Brazil by crossing African and
European strains of honeybee. Their heightened aggressiveness
compared with the parental strains is likely driven by differences
in neuropeptide expression. To determine possible neuropeptide
involvement, proteomic analyses were conducted to compare neu-
ropeptide expression in brains from aggressive and passive bees.>®
This identified, in ‘aggressive’ brains, an increased degree of pro-
cessing of a protein precursor to yield allatostatin A (AST-A) and
tachykinin-related neuropeptides. When these were injected into
young (and therefore passive) bees, they too became aggressive.
Interestingly, in other insects AST-A is linked to increased feeding
and foraging behaviours.*®

At the highest level of insect social behaviours, eusocial in-
sects are characterised by having a division of labour in females
between reproductive ‘queen’ and sterile ‘worker’ castes. In the
vast majority of species, queens and workers are genetically iden-
tical but differ in anatomy and in their behavioural repertoires.
For example, queens remain within the protection of the nest,
whereas workers are responsible for foraging, defence and brood
care. In most species, these differences are determined epigeneti-
cally during development. In the ant species Harpegnathos saltator,
however, even adult workers have the ability to transition to be-
coming an egg-layer (a ‘gamergate’), suppressing similar behaviour
by fellow workers in the process (including intimidating them by
fighting). Comparison of the transcriptomes of brains from gamer-
gates and regular workers identified the neuropeptide corazonin

as strongly associated with workers.>” Invertebrate corazonin is
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part of the gonadotrophin-releasing hormone superfamily. It is
present in most insects (aphids and beetles being exceptions) and,
amongst other things, has been implicated in stress responses in
Drosophila.>® However, in the case of Harpegnathos, it appears
that corazonin specifically promotes foraging activity: injection of
corazonin into ants that were transitioning to gamergate status
strongly promoted worker-like foraging activity.”” High levels of
corazonin were also found in the workers of other ants and wasps,
showing that this is not a peculiarity of the unusual social struc-
ture of Harpegnathos.57

Social insects represent a vast resource for understanding
neuropeptide functions. The genetic dissection of complex social
behaviours has thus far been prominent in Drosophila. This will un-
doubtedly be broadened to other insects in the future by the ap-
plication of techniques such as RNA interference and CRISPR/Cas?

gene editing.

4 | FISH

Teleost fishes are the most diverse and largest existing vertebrate
taxa, with tens of thousands of species described so far, including
the majority of fish species targeted by commercial fishing and ag-
uaculture. As such, they display a large variety of social behaviours.
For example, different teleost species may employ a variety of feed-
ing and mating strategies, parental care behaviours and social hier-
archies. They may differ in their levels of aggression and territoriality
and employ a variety of social cues, including visual, olfactory and
sound stimuli. As with other species, social behaviour in fish is also
dependent on their internal state, especially hormonal levels.”*¢°
Lastly, the ecology of social behaviour in teleost fishes has been ex-
tensively reviewed.%*

Here, we focus on the zebrafish (Danio rerio), a small fresh-wa-
ter fish of the Cyprinidae family that is extensively studied as a
model for neurodevelopment, physiology and animal behaviour
because of the ease of accommodating large numbers of fish in
a laboratory, as well as the availability of genetic tools and etho-
logical assays.®? The zebrafish geographical range has been doc-
umented in Pakistan, Myanmar, Nepal and India, and its natural
habitat spans rivers and ponds near streams and rice paddies.®®
Zebrafish are a social species in that they display collective be-
haviour in the formation of small, loose groups, known as shoals.
The benefits of shoaling behaviour have been attributed to preda-
tor avoidance, increased success in foraging and mating, and higher
locomotion efficiency. The size of shoals in the wild is highly vari-
able and depends on the attributes of the specific body of water
(eg, size, amount and type of cover, current speed, etc.). Shoals
comprise between four and 12 fish in small, slow flowing creeks
and reach up to 300 individuals in fast-flowing rivers.®* Notably,
under certain laboratory settings, small groups of zebrafish also
exhibit synchronised motion known as ‘schooling’, and it has been
suggested that this type of collective swimming is influenced by

their environment and the level of stress.®’

o i eroncocinory IR

Zebrafish females lay eggs that are externally fertilised and the
larvae hatch approximately 3 days after fertilisation. By 5-6 days,
the larvae have a functional endocrine system and exhibit complex
behaviours such as prey capture, escape and stress responses.®
In a laboratory setting, a preference to swim near conspecifics
is observed, starting in three week-old juvenile567; however, the
ontogeny of collective behaviours is established earlier because
zebrafish larvae already display weak attraction toward each other
from 7 days post-fertilisation and this interaction increases with
age.%®

Over the last decade, several behavioural paradigms in a labo-
ratory setting have been developed. Zebrafish use both visual and
olfactory social cues; however, as a result of technical difficulties
in controlling the local concentration of water-soluble odourants,
most paradigms to measure zebrafish social-cognitive abilities rely
on visual cues.®? They can identify shoal-mates by their skin colour
patterns and this behaviour is influenced by early-life experience.®’
Assessment of different social modalities is performed by a variety
of social behaviour assays. Thus, the “cohesiveness” of a shoal of fish
has been shown to be context-dependent, increasing in the presence
of a predator and diminishing during feeding.®®’° The motivation or
social drive to swim in a group can be measured by the visually-me-
diated social preference test, in which a single fish has the choice
of swimming near a shoal compartment containing conspecifics

or near an empty “no shoal” compartment.”?

A higher level of so-
cial-cognitive appraisal relates to discrimination between individual
conspecifics. This can be measured by the visually mediated social
recognition test, which measures the preference of a focal fish for a
novel versus a familiar conspecific.”? Recent studies used computer
animations to investigate which specific visual features zebrafish use
to appraise and react to social cues, such as conspecific form and
biological motion.”®”>

Studies of neuroendocrine signals, which modulate zebrafish
social drive, memory and perception, are beginning to emerge. The
structure and function of the neurohypophyseal hormones oxytocin
and vasopressin are evolutionarily conserved among many species.”*
Zebrafish injected with either oxytocin or vasopressin display in-
creased social preference and reduced predator fear.”® An additional
level of evolutionary conservation is the genetic determinant of oxy-
tocin neurone development. The neuroendocrine transcription fac-
tor, Orthopedia, regulates co-expression of oxytocin and the stress
neurohormone corticotrophin-releasing hormone.”* Moreover, de-
velopmental mutations in Orthopedia affect both stress and social
behaviours throughout life, suggesting that neuropeptide balance
in discrete hypothalamic neurones may have a long-term effect on
adult social preference.”*

Recent studies have begun to dissect specific neural circuits
underlying social behaviour. Dyads of two males display aggressive
behaviour to establish hierarchical dominant-subordinate relation-
ships even in the absence of competition for food, shelter, or a po-
tential mate. The outcome of a single fighting interaction is enough
to induce experience-dependent shifts in social status.”” Chou et

al’® showed that sub-regions of the dorsal habenula antagonistically
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regulate the outcome of such social conflict. Because the neuropep-
tide vasotocin/vasopressin is associated with dominant-subordinate
relationships,”? it would be interesting to test whether neurones
in the dorsal habenula receive inputs from vasotocin/vasopressin
neurones.

The zebrafish is an excellent model for social neuroscience
research as it exhibits a variety of measurable social behaviours.
As in other animals, these social behaviours are highly dependent
on external environmental cues (eg, size of the arena, water flow,
etc.), internal state (eg, stress level, hunger state, etc.) and genet-
ics, and the fundamental principles and mechanisms underlying
zebrafish social behaviour are evolutionarily conserved. As an
animal model that is readily amenable to genetic perturbations,
the zebrafish is useful for identifying genes involved in the for-
mation and function of the neuronal circuits that underlie social
behaviours. Furthermore, zebrafish are uniquely suitable for de-
tailed, high-resolution brain activity imaging, as their embryos
and larvae develop externally and are optically transparent."6
Hence, using the above-described paradigms in combination with
state-of-the art optogenetic and imaging tools will allow future
understanding of the mechanisms by which the vertebrate brain

receives and processes socially-relevant information.

5 | BIRDS

Many bird species, such as passerine songbirds and quails, are
used to investigate social behaviours, both in the wild and in
captivity. Much of our knowledge of the social behaviour net-
work (which consists of basal forebrain and midbrain structures
containing a set of interconnected nuclei that control social be-
haviour) 8° originates from studies on birds, which show seasonal
expression of reproductive behaviour, marked sexual behavioural
dimorphism and responses to social behaviour (song/displays, etc.)
in naturalistic contexts. The core components of the brain's social
behaviour network are strikingly similar across vertebrate groups
and are essential for the regulation of fundamental behavioural
features such as maternal care, sexuality, communication and ag-
gression.8 The brain areas originally implicated are the medial
amygdala, medial bed nucleus of the stria terminalis, preoptic area,
lateral septum, ventromedial and anterior hypothalamus, and the
midbrain periaqueductal grey area and tegmentum.80 These areas
are all mutually connected and use numerous hormones (including
in particular prolactin and steroids) and peptides (including gonad-
otrophin-releasing hormone, gonadotrophin-inhibitory hormone,
neurotensin, opioids and vasoactive intestinal polypeptide), all of
which appear to be relevant to individual, species and seasonal
differences in social structure.8%8°

Recently, the mesolimbic dopamine system and the paraven-
tricular nucleus have been added to the network. The paraven-
tricular nucleus is an important source of nonapeptide projections
and almost all forms of social behaviour regulated by the so-

cial behaviour network are modulated by the vasopressin- and

oxytocin-like peptides (mesotocin and vasotocin in birds), includ-
ing parental behaviour, pair bonding, sexual behaviour, social rec-
ognition, non-sexual affiliation and aggression. In zebra finches,
social behaviours are not only correlated with activation of neu-
ropeptide receptors in regions of the common social behaviour

8687 and an-

network, but also involve vocal and auditory circuits
tagonism of the signalling of vasopressin-like peptides alters vocal
learning.8®

Most bird species and some mammals (see below), including
humans, are socially monogamous and exhibit biparental care. The
simultaneous evolution of multiple behavioural characteristics is
associated with evolutionary convergence in the anatomy of nona-
peptide systems and their behavioural effects. For example, meso-
tocin and oxytocin affect maternal care in mammals and neognathan
birds, as well as pair-bonding in prairie voles and zebra finches. The
behavioural and physiological effects of avian nonapeptides are me-
diated by a suite of four receptor types (VT1-VT4) that show strong
sequence similarities with respect to those of mammals and other
vertebrates and, as is typical of mammals, the distributions of these
binding sites are highly species-specific. Much of the behavioural di-
versity observed is produced by variations in gene expression, rather
than by large-scale reorganisations of social circuitry or major differ-
ences in anatomy.

Studies in the socially monogamous zebra finch showed that
systemic administration of an oxytocin antagonist significantly re-
duced the likelihood of pairing in inexperienced birds.8>?° Recent
work also suggests that the nonapeptides play a role in initial
pair formation that is different from that in pair maintenance.”*
Vasopressin and oxytocin are important mediators of parental be-
haviour in mammals. In birds, seasonal expression of reproductive
behaviour induces a male-biased dimorphism in the vasotocin cir-
cuitry in the brain, specifically in the medial bed nucleus of the
stria terminalis. In seasonally breeding birds, the circuit diminishes
during non-breeding periods and its role may lie in reducing male
aggression during the breeding season, to stimulate heightened
affiliative behaviour.”?

Activation of nonapeptide receptors by endogenous mesoto-
cin also promotes social behaviour (preferences for larger groups)
and the preference for familiar social partners in the gregarious
zebra finch.”>7> Antagonism of oxytocin receptors also reduces the
preference for larger groups in finches.”® Isotocin modulates social
communication and approach in fishes”” and mesotocin promotes
social behaviour in birds,” suggesting that oxytocin-like peptides
affect social groupings in different vertebrate groups. Grouping be-
haviour follows seasonal variation in many bird species, with shifts
towards territoriality in the breeding season and grouping in the win-
ter. The receptor densities in various brain regions vary seasonally,
particularly the densities of receptors for the neuropeptides vaso-
tocin, corticotrophin-releasing hormone and vasoactive intestinal
polypeptide (VIP), and VIP receptor density is associated with sea-
sonal flocking.”®

A substantial number of other neuropeptides and brain signal-

ling molecules are correlated with nonapeptide actions and social
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behaviour. For example, studies within socially diverse species of
estrildid finches and emberisid sparrows suggest a role for VIP not
only in avian grouping behaviour but also in aggression and parental
care.®

Here, we touch only on the most recent evidence for nonapep-
tide actions on pair bonds and social behaviour. There is also some
evidence for vasotocin and mesotocin involvement in parental be-
haviour,”>”® territorial aggression and competitive aggression for
mates.!* Because several aspects of the nonapeptide systems are
evolutionarily conserved across vertebrate taxa, future discoveries
made in birds may guide the development of hypotheses and pre-
dictions for subsequent investigations across a much wider array of

taxa.

6 | LABORATORY RODENTS

The classical rodent models in neuroscience are laboratory rats and
mice,® which are chosen not only because of their relatively easy
breeding and fast reproduction cycles, but also, more importantly,
because of their translational relevance, partly based on the depth
to which these rodent models have been studied.”” These models
helped us to deepen our understanding of the neurobiology of so-
cial behaviour. Over the past decades, laboratory rodents have been
studied in terms of social memory and recognition,100 and various

forms of social interactions including sexual behaviour, 0102

6,103

paren-

social play'%* and offensive/defensive aggression.'0%10>

tal care,
Especially, the specific roles of neuropeptides in social behaviour
have been uncovered by studying rodents. For example, we have
learned that high activities of both the oxytocin and vasopressin sys-
tems are necessary to initiate and maintain adequate maternal care
106 and maternal aggression against potential threats.'% In turn, the
brain stress system needs to be dampened, otherwise the mother
neglects her offspring.}’” The latest addition to that list of studied
social behaviour is a behavioural model for social fear; a mouse of
either sex is conditioned (mild foot shock) against a conspecific, re-
sulting in social avoidance behaviour.'°® This behaviour is triggered
by the brain oxytocin system; its heightened activity is able to buffer
against social fear, either by artificially increasing brain oxytocin

109 or in a state of high innate oxytocin activity (i.e., during

levels
Iactation).110 However, it is important to remember that the roles of
oxytocin and vasopressin in social behaviour are not generally ap-
plicable and, instead, are brain site-specific and sex-dependent.!!
Other species that have been used in social behaviour research
include mole rats, California and singing mice, and meadow and
prairie voles.}03112116 prairie voles especially became an important
animal model for studying pair-bonds, social support/consoling be-
haviour and the consequences of social loss and/or biparental care.
For example, increased activity of vasopressin and oxytocin facili-
tates bonding to a partner, whereas sudden disruption of an estab-
lished pair bond leads to impaired oxytocin signalling as a result of
increased activity of the stress system.}'? Furthermore, when one

prairie vole partner is briefly separated and stressed (immobilisation

o i eroncocinor I

or paired shock/tone), the subsequent reunion with the partner
17 which in
18

results in increased grooming (consolation behaviour),
turn causes a faster recovery from the experienced stress,'*® and
increased oxytocin signalling is the main mediator in both cases.

Several of these behaviours have also been studied in other labo-
ratory mammals, including less prominent animal models, such as the
socially monogamous and biparental titi monkey.!?’ Research on the
neurobiological basis of their complex social behaviour has become
more prominent in recent years as a result of their potential transla-
tional importance with resepect to understanding the neural basis of
disorders of social behaviours (including autism).!!

As in other disciplines of neuroscience, social neuroscience
has incorporated transgenic approaches, with a growing number
of transgenic mouse and rat models, and recently even transgenic
prairie voles. Such transgenic models range from full knockout or
knock-in of single or multiple genes to brain region- and gene-spe-
cific inhibition or activation as a result of targeted modifications, eg,
optogenetics or DREADD (designer receptor exclusively activated
by designer drug). Furthermore, the role of epigenetics in social be-
haviour, as well as the effects of targeted manipulations, has been
increasingly studied from the mid-2000s onwards, providing us with
insights into the behavioural effects of stressful or traumatic events,
which even persists into the next generations.*?° Therefore, study-
ing social behaviour and especially its neurobiological basis in rodent
animal models profits from the emerging new techniques in the field.

7 | WILD AND DOMESTIC MAMMALS

The vast majority of research on the neuroendocrinological systems
modulating social behaviour occurs in laboratory animal species.3
However, there is growing interest in studying these mechanisms
outside the laboratory, leading to an increase in studies with do-
mestic or wildlife species. Both domestic and wildlife species show
a diverse range of social behaviours in various contexts, including
recognition of conspecifics, aggression, living in groups, dominance
hierarchies, attracting and courting mates, parental or alloparental
care, bonding across species boundaries, and even complex social
traits such as altruism. Adapting laboratory methodologies to spe-
cies in natural contexts presents many challenges. Nonetheless, new
animal species for investigating neuroendocrine drivers of social be-
haviour are validated every year, using species whose natural behav-
iour allows investigation of particular social phenomena.

Domestic model species have been used to investigate both cen-
tral and peripheral neuroendocrine systems. This has provided not
only insights that are applicable to more conventional mammalian
model species, but also evidence that informs the commercial prac-
tises for breeding and rearing these animals.!? Historically, research
on sheep has been particularly valuable for uncovering the central
pathways regulating the bonding processes between mothers and
infants and the subsequent expression of maternal behaviour.}?21%3
These studies use techniques such as microdialysis and intracerebro-

ventricular infusions to measure and manipulate neuropeptides in
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various brain regions of breeding ewes, and they have demonstrated
the importance of oxytocin in modulating maternal behaviour.?) In
the last 5 years, there has been a surge of interest in studying social
neuropeptides such as oxytocin in companion domestic animals. One
study giving intranasal oxytocin and measuring levels in the urine of
pet dogs and their human owners provided the first evidence of pos-
itive-feedback loops acting across bonded individuals.'?* However,
some papers contributing to this avenue of research must be viewed
with caution, as validation work for some of these species can be in-
complete or not full reported, such as omitting to conduct parralism
testing to determine matrix effects. 125

There are far fewer studies using wildlife species to document
neuroendocrine systems because experiments are limited to mea-
suring peripheral concentrations of neuropeptides in blood, urine
or saliva and using peripheral or intranasal manipulations. Despite
these limitations, wildlife species can present excellent systems by
which to explore the physiology regulating various social behaviours
because certain species evolve to be highly reliant on particular so-
cial acts such as alloparental care and reciprocal altruism. Oxytocin
manipulations have been used in several exotic species to investigate
the physiology underlying living in co-operative groups.” Meerkats
(Suricata suricatta) and naked mole rats (Heterocephalus glaber) both
live in groups that support the breeding efforts of a single dominant
breeding female. Oxytocin given to meerkats increased co-opera-
tive behaviour and care-giving to pups,m’ whereas oxytocin given
to naked mole rats increased pro-social behaviours.*?” Reciprocal
altruism is essential for survival in vampire bats (Desmodus rotun-
dus) because it enables the sharing of blood feeds between roost
companions, and oxytocin manipulations were reported to increase
pro-social behaviour and food sharing between individuals.?

A number of primate studies have also provided evidence for
the role of oxytocin with respect to promoting pro-social behaviour
among group members. Intranasal manipulations increased pro-so-
cial behaviours within pair bonded captive marmosets (Callithrix pen-

icillate)*%?

and salivary and urinary oxytocin concentrations detected
in captive western lowland gorillas (Gorilla gorilla gorilla) varied de-
pending on the social context prior to sample collection.*®° Studies
on wild populations of chimpanzees (Pan troglodytes) have also suc-
cessfully detected correlations between oxytocin and pro-social be-
haviours, such as grooming,*®! food sharing 32 and group cohesion
prior to intergroup conflict.!%3

A marine mammal model system for investigating oxytocin func-
tionality in natural environments has been developed using wild grey
seals (Halichoerus grypus). Blood samples collected from mother-pup
pairs showed a positive relationship between plasma oxytocin levels
and mother-pup proximity in a breeding colony.’** The causality of
this neuropeptide-behaviour relationship has also been determined
by i.v. manipulation experiments in the wild, which showed that oxy-
tocin stimulates proximity seeking and other pro-social behaviours
in seals.” A recent seal study has also provided evidence of positive
feedback loops acting across mother-infant pairs and demonstrated
a relationship between plasma oxytocin levels and daily mass gain

in pups, without increased energetic expenditure by the mother.*%

Although marine mammals appear to be an unlikely choice of species
for neuroendocrine research, several seal species breed on land and
are also individually identifiable and return each year to the same
place to give birth, enabling repeated blood sampling alongside ob-
servation of the entire pup rearing period.134

There are currently few examples of animal species outside of
classic laboratory models that have been used to investigate neu-
roendocrine impacts on social behaviour in natural environments.
However, every year, methods of investigating species novel to
the field are validated both in captivity (eg, gorillas **° and wolves
[Canis lupus] **¢) and in the wild (eg, bottlenose dolphin Tursiops trun-
cates'®). Wildlife and domestic species can provide unique opportu-
nities to investigate physiological drivers of social behaviour outside
of laboratory environments or in completely natural systems and
thus future work will broaden the range of species available for such
research at the same time as providing insights into neuropeptide
functionality that can be applied across more conventional study

species and humans.

8 | CONCLUSIONS

The list of ‘social creatures’ is long, and this review covers only a
limited range of current studies that have expanded our basic un-
derstanding of the neuroendocrine mechanisms of social behaviour.
In recent years, there has been an increase in translational medicine
utilising neuropeptide research to identify new strategies and thera-
peutic interventions for current major psychological conditions,
including autism and depression. The ability of neuroendocrine
studies to help treat these conditions has raised the importance of
determining the normal and pathological mechanisms and pathways
underpinning these disorders. At the same time, it is crucial to the
success of these treatments to identify species and contexts where
neuropeptides have opposing functions in social behaviours, such as
the contrasting role of oxytocin with respect to mediating aggres-
sive behaviour across different species, sexes and reproductive or
social contexts.’ Transgenic animals, including mice, rats, Drosophila,
C. elegans and the zebrafish, are amenable to genetic manipulation
and analysis and, together with the use of state-of-art techniques
(eg, optogenetics and pharmacogenetics), allow us to scrutinise
neuroendocrine systems in-depth, unravelling complex interactions
among the neural, hormonal and peripheral systems that underlie
physiological functions and social behaviours.® Although some of
these model animals are well established and widely used to address
numerous questions, wild animal populations of species ranging
from invertebrates to large vertebrates are important for the inves-
tigation of specific physiological processes and behaviours in their

natural environments.*3¢

ACKNOWLEDGEMENTS

We thank Dr Nathalie Vladis for drawing Figure 1 and Dr David Apps
for critically reading the manuscript. Work was supported by grants
awarded to ML (BBSRC BB/S000224/1), OJB (BO 1958/8-2, GRK



ROBINSON ET AL.

2174), KEB (Wellcome Trust 109614/7/15/Z, MRC MR/N004574/1),
AJ (BBSRC BB/S000801) and GL (Israel Science Foundation
#1511/16; United States-Israel
#2017325; Nella and Leon Benoziyo Center for Neurological

Binational Science Foundation

Diseases, Richard F. Goodman Yale/Weizmann Exchange Program

and Estate of Emile Mimran).

ORCID
Kelly J. Robinson
Oliver J. Bosch

Gil Levkowitz

https://orcid.org/0000-0002-6212-9710
https://orcid.org/0000-0002-0759-8143
https://orcid.org/0000-0002-3896-1881
https://orcid.org/0000-0001-7886-3226
Andrew P. Jarman https://orcid.org/0000-0003-4036-5701
Mike Ludwig https://orcid.org/0000-0001-9983-4950

Karl Emanuel Busch

REFERENCES

1. Insel TR, Young LJ. Neuropeptides and the evolution of social be-
havior. Curr Opin Neurobiol. 2000;10:784-789.

2. Adolphs R. The neurobiology of social cognition. Curr Opin
Neurobiol. 2001;11:231-239.

3. Jurek B, Neumann ID. The oxytocin receptor: from intracellular
signaling to behavior. Physiol Rev. 2018;98:1805-1908.

4. Maruska KP. Social transitions cause rapid behavioral and neuro-
endocrine changes. Integr Comp Biol. 2015;55:294-306.

5. Duckworth RA, Sockman KW. Proximate mechanisms of be-
havioural inflexibility: implications for the evolution of personality
traits. Funct Ecol. 2012;26:559-566.

6. Olazabal DE. Role of oxytocin
Neuroendocrinol. 2018;30:€12594.

7. Robinson KJ, Twiss SD, Hazon N, Moss S, Pomeroy PP. Positive
social behaviours are induced and retained after oxytocin manip-
ulations mimicking endogenous concentrations in a wild mammal.
Proc R Soc B Biol Sci. 2017;284: 1855.

8. Goodson JL, Kabelik D. Dynamic limbic networks and social di-
versity in vertebrates: from neural context to neuromodulatory
patterning. Front Neuroendocrinol. 2009;30:429-441.

9. Gruber CW. Physiology of invertebrate oxytocin and vasopressin
neuropeptides. Exp Physiol. 2014;99:55-61.

10. Bartz JA, Hollander E. The neuroscience of affiliation: forging links
between basic and clinical research on neuropeptides and social
behavior. Horm Behav. 2006;50:518-528.

11. Insel TR. The challenge of translation in social neuroscience: a
review of oxytocin, vasopressin, and affiliative behavior. Neuron.
2010;65:768-779.

12. Stoop R. Neuromodulation by oxytocin and vasopressin. Neuron.
2012;76:142-159.

13. Neumann ID, Landgraf R. Balance of brain oxytocin and vaso-
pressin: implications for anxiety, depression, and social behaviors.
Trends Neurosci. 2012;35:649-659.

14. Goodson JL. Deconstructing sociality, social evolution and relevant
nonapeptidefunctions. Psychoneuroendocrinology.2013;38:465-478.

15. Goodson JL. The vertebrate social behavior network: evolutionary
themes and variations. Horm Behav. 2005;48:11-22.

16. Stoesz BM, Hare JF, Snow WM. Neurophysiological mechanisms
underlying affiliative social behavior: insights from comparative
research. Neurosci Biobehav Rev. 2013;37:123-132.

17. Adkins-Regan E. Neuroendocrinology of social behavior. ILAR J.
2009;50:5-14.

18. Taghert PH, Nitabach MN. Peptide neuromodulation in inverte-
brate model systems. Neuron. 2012;76:82-97.

in parental behaviour. J

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

o i eroncocinos I

Godwin J, Thompson R. Nonapeptides and social behavior in
fishes. Horm Behav. 2012;61:230-238.

O'Connell LA, Hofmann HA. The vertebrate mesolimbic reward
system and social behavior network: a comparative synthesis. J
Comp Neurol. 2011;519:3599-3639.

Blumstein DT, et al. Toward an integrative understanding of so-
cial behavior: new models and new opportunities. Front Behav
Neurosci. 2010;4:34.

Wurbel H. More than 3Rs: the importance of scientific valid-
ity for harm-benefit analysis of animal research. Lab Animal.
2017;46:164-166.

Zhang Z-Q. Animal biodiversity: An update of classification
and diversity in 2013. In: Zhang Z-Q. ed. Biodiversity: An
Outline of Higher-level Classification and Survey of Taxonomic
Richness (Addenda 2013). Auckland, New Zealand: Magnolia
Press. 2013;3703(1):1-82. http://dx.doi.org/10.11646/zoota
xa.3703.1.1

Li C, Kim K. Neuropeptides. WormBook. 2008;1-36.

McDiarmid TA, Ardiel EL, Rankin CH. The role of neuropeptides
in learning and memory in Caenorhabditis elegans. Curr Opin Behav
Sci. 2015;2:15-20.

de Bono M, Bargmann ClI. Natural variation in a neuropeptide Y
receptor homolog modifies social behavior and food response in
C. elegans. Cell. 1998;94:679-689.

Davies AG, Bettinger JC, Thiele TR, Judy ME, Mclintire SL. Natural
variation in the npr-1 gene modifies ethanol responses of wild
strains of C. elegans. Neuron. 2004;42:731-743.

Glauser DA, Chen WC, Agin R, et al. Heat avoidance is regu-
lated by transient receptor potential (TRP) channels and a neu-
ropeptide signaling pathway in Caenorhabditis elegans. Genetics.
2011;188:91-U150.

Gloria-Soria A, Azevedo RBR. npr-1 regulates foraging and dispersal
strategies in Caenorhabditis elegans. Curr Biol. 2008;18:1694-1699.
Milward K, Busch KE, Murphy RJ, de Bono M, Olofsson B. Neuronal
and molecular substrates for optimal foraging in Caenorhabditis el-
egans. Proc Natl Acad Sci USA. 2011;108:20672-20677.

Busch KE, Laurent P, Soltesz Z, et al. Tonic signaling from O, sen-
sors sets neural circuit activity and behavioral state. Nat Neurosci.
2012;15:581-591.

Macosko EZ, Pokala N, Feinberg EH, et al. A hub-and-spoke circuit
drives pheromone attraction and social behaviour in C. elegans.
Nature. 2009;458:1171-1175.

Laurent P, Soltesz Z, Nelson GM, et al. Decoding a neural circuit
controlling global animal state in C. elegans. Elife. 2015;4:e04241.

Moreno E, McGaughran A, Rodelsperger C, Zimmer M, Sommer
RJ. Oxygen-induced social behaviours in Pristionchus pacificus
have a distinct evolutionary history and genetic regulation from
Caenorhabditis elegans. Proc R Soc B-Biol Sci. 2016;283:20152263.
Jang H, Kim K, Neal SJ, et al. Neuromodulatory state and sex spec-
ify alternative behaviors through antagonistic synaptic pathways
in C. elegans. Neuron. 2012;75:585-592.

Barrios A, Ghosh R, Fang C, Emmons SW, Barr MM. PDF-1 neu-
ropeptide signaling modulates a neural circuit for mate-searching
behavior in C. elegans. Nat Neurosci. 2012;15:1675-1682.

Kim WJ, Jan LY, Jan YN. A PDF/NPF neuropeptide signaling cir-
cuitry of male Drosophila melanogaster controls rival-induced pro-
longed mating. Neuron. 2013;80:1190-1205.

Sammut M, Cook SJ, Nguyen KCQ, et al. Glia-derived neu-
rons are required for sex-specific learning in C. elegans. Nature.
2015;526:385-390.

Barr MM, Garcia LR. Male mating behavior. WormBook. 2006;1-11.
Garrison JL, Macosko EZ, Bernstein S, Pokala N, Albrecht DR,
Bargmann CI. Oxytocin/vasopressin-related peptides have an an-
cient role in reproductive behavior. Science. 2012;338:540-543.


https://orcid.org/0000-0002-6212-9710
https://orcid.org/0000-0002-6212-9710
https://orcid.org/0000-0002-0759-8143
https://orcid.org/0000-0002-0759-8143
https://orcid.org/0000-0002-3896-1881
https://orcid.org/0000-0002-3896-1881
https://orcid.org/0000-0001-7886-3226
https://orcid.org/0000-0001-7886-3226
https://orcid.org/0000-0003-4036-5701
https://orcid.org/0000-0003-4036-5701
https://orcid.org/0000-0001-9983-4950
https://orcid.org/0000-0001-9983-4950
http://dx.doi.org/10.11646/zootaxa.3703.1.1
http://dx.doi.org/10.11646/zootaxa.3703.1.1

Oof 12
0922 | wiLey-

41.
42.

43.

44,
45.
46.

47.

48.
49.
50.
51.
52.
53.
54.
55.

56.

57.
58.

59.
60.
61.
62.

63.

ROBINSON ET AL.

Scott E, Hudson A, Feist E, et al. An oxytocin-dependent so-
cial interaction between larvae and adult C. elegans. Sci Rep.
2017;7:10122.

Jekely G, Melzer S, Beets |, et al. The long and the short of it - a
perspective on peptidergic regulation of circuits and behaviour. J
Exp Biol. 2018;221:pii: jeb166710.

Schoofs L, De Loof A, Van Hiel MB. Neuropeptides as regulators of
behavior in insects. Ann Rev Entomol. 2017;62:35-52.

Chen PS, Stummzollinger E, Aigaki T, Balmer J, Bienz M, Bohlen P.
A Male accessory-gland peptide that regulates reproductive-be-
havior of female Drosophila melanogaster. Cell. 1988;54:291-298.
Liu HF, Kubli E. Sex-peptide is the molecular basis of the sperm
effect in Drosophila melanogaster. Proc Natl Acad Sci USA.
2003;100:9929-9933.

Shankar S, Chua JY, Tan KJ, et al. The neuropeptide tachykinin is
essential for pheromone detection in a gustatory neural circuit.
Elife. 2015;4:€06914.

Yamamoto D, Koganezawa M. Genes and circuits of courtship be-
haviour in Drosophila males. Nat Rev Neurosci. 2013;14:681-692.
Pellissier SM. Parental care. In: Resh VH, Carde RT (Eds.),
Encyclopedia of Insects. Cambridge, MA: Academic Press; 2009:
751-753.

Shen P, Cai HN. Drosophila neuropeptide F mediates integration
of chemosensory stimulation and conditioning of the nervous sys-
tem by food. J Neurobiol. 2001;47:16-25.

Wu Q, Wen T, Lee G, Park JH, Cai HN, Shen P. Developmental
control of foraging and social behavior by the Drosophila neuro-
peptide Y-like system. Neuron. 2003;39:147-161.

Nassel DR, Wegener C. A comparative review of short and long
neuropeptide F signaling in invertebrates: any similarities to verte-
brate neuropeptide Y signaling? Peptides. 2011;32:1335-1355.
Cunningham CB, VanDenHeuvel K, Khana DB, McKinney EC,
Moore AJ. The role of neuropeptide F in a transition to parental
care. Biol Lett. 2016;12:pii: 20160158.

Predel R, Neupert S. Social behavior and the evolution of neu-
ropeptide genes: lessons from the honeybee genome. BioEssays.
2007;29:416-421.

Brockmann A, Annangudi SP, Richmond TA, et al. Quantitative
peptidomics reveal brain peptide signatures of behavior. Proc Natl
Acad Sci USA. 2009;106:2383-2388.

Han B, Fang Y, Feng M, et al. Quantitative neuropeptidome analysis
reveals neuropeptides are correlated with social behavior regula-
tion of the honeybee workers. J Proteome Res. 2015;14:4382-4393.
Pratavieira M, Menegasso A, Esteves FG, Sato KU, Malaspina O,
Palma MS. MALDI imaging analysis of neuropeptides in african-
ized honeybee (Apis mellifera) brain: effect of aggressiveness. J
Proteome Res. 2018;17:2358-2369.

Gospocic J, Shields EJ, Glastad KM, et al. The neuropeptide cora-
zonin controls social behavior and caste identity in ants. Cell.
2017;170:748-759 e12.

ZhaoY, Bretz CA, Hawksworth SA, Hirsh J, Johnson EC. Corazonin
neurons function in sexually dimorphic circuitry that shape behav-
ioral responses to stress in Drosophila. PLoS ONE. 2010;5:e9141.
Fernald RD. Social control of the brain. Annu Rev Neurosci.
2012;35:133-151.

Hofmann HA. Gonadotropin-releasing hormone signaling in be-
havioral plasticity. Curr Opin Neurobiol. 2006;16:343-350.

Pitcher TY. The Behaviour of Teleost Fishes. Berlin, Germany:
Springer; 1986.

Oliveira RF. Mind the fish: zebrafish as a model in cognitive social
neuroscience. Front Neural Circuit. 2013;7:131.

Engeszer RE, Patterson LB, Rao AA, Parichy DM. Zebrafish in the
wild: a review of natural history and new notes from the field.
Zebrafish. 2007;4:21-U126.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Suriyampola PS, Shelton DS, Shukla R, Roy T, Bhat A, Martins EP.
Zebrafish social behavior in the wild. Zebrafish. 2016;13:1-8.
Miller N, Gerlai R. From schooling to shoaling: patterns of collec-
tive motion in zebrafish (Danio rerio). PLoS ONE. 2012;7:e48865.
Biran J, Wircer E, Blechman J, Levkowitz G. Development and
function of the zebrafish neuroendocrine system. In: Ludwig M,
Levkowitz G eds. Model Animals in Neuroendocrinology: From Worm
to Mouse to Man. Hoboken, NJ: Wiley-Blackwell; 2018:101-131.
Dreosti E, Lopes G, Kampff AR, Wilson SW. Development of social
behavior in young zebrafish. Front Neural Circuit. 2015;9:39.

Hinz RC, de Polavieja GG. Ontogeny of collective behav-
ior reveals a simple attraction rule. Proc Natl Acad Sci USA.
2017;114:2295-2300.

Engeszer RE, Ryan MJ, Parichy DM. Learned social preference in
zebrafish. Curr Biol. 2004;14:881-884.

Miller N, Gerlai R. Quantification of shoaling behaviour in zebraf-
ish (Danio rerio). Behav Brain Res. 2007;184:157-166.

Wircer E, Blechman J, Borodovsky N, et al. Homeodomain protein
Otp affects developmental neuropeptide switching in oxytocin
neurons associated with a long-term effect on social behavior.
Elife. 2017;6:22170.

Madeira N, Oliveira RF. Long-term social recognition memory in
zebrafish. Zebrafish. 2017;14:305-310.

Abril-de-Abreu R, Cruz J, Oliveira RF. Social eavesdropping in
zebrafish: tuning of attention to social interactions. Sci Rep.
2015;5:12678.

Larsch J, Baier H. Biological motion as an innate perceptual mech-
anism driving social affiliation. Curr Biol. 2018;28:3523-3532.

Qin MY, Wong A, Seguin D, Gerlai R. Induction of social behavior in
zebrafish: live versus computer animated fish as stimuli. Zebrafish.
2014;11:185-197.

Braida D, Donzelli A, Martucci R, et al. Neurohypophyseal hor-
mones manipulation modulate social and anxiety-related behavior
in zebrafish. Psychopharmacology. 2012;220:319-330.

Oliveira RF, Silva JF, Simoes JM. Fighting zebrafish: characteriza-
tion of aggressive behavior and winner-loser effects. Zebrafish.
2011;8:73-81.

Chou MY, Amo R, Kinoshita M, et al. Social conflict resolution reg-
ulated by two dorsal habenular subregions in zebrafish. Science.
2016;352:87-90.

Larson ET, O'Malley DM, Melloni RH. Aggression and vasotocin
are associated with dominant-subordinate relationships in zebraf-
ish. Behav Brain Res. 2006;167:94-102.

Newman SW. The medial extended amygdala in male reproductive
behavior. A node in the mammalian social behavior network. Ann
NY Acad Sci. 1999;877:242-257.

Goodson JL, Kingsbury MA. What's in a name? Considerations of
homologies and nomenclature for vertebrate social behavior net-
works. Horm Behav. 2013;64:103-112.

Smiley KO, Adkins-Regan E. Relationship between prolactin, re-
productive experience, and parental care in a biparental song-
bird, the zebra finch (Taeniopygia guttata). Gen Comp Endocrinol.
2016;232:17-24.

Kriegsfeld LJ, Jennings KJ, Bentley GE, Tsutsui K. Gonadotrophin-
inhibitory hormone and its mammalian orthologue RFamide-
related peptide-3: Discovery and functional implications for
reproduction and stress. J Neuroendocrinol. 2018;30:e12597.
Kingsbury MA, Wilson LC. The role of VIP in social behavior: neu-
ral hotspots for the modulation of affiliation, aggression, and pa-
rental care. Integr Comp Biol. 2016;56:1238-1249.

Riters LV, Cordes MA, Stevenson SA. Prodynorphin and kappa
opioid receptor mRNA expression in the brain relates to social
status and behavior in male European starlings. Behav Brain Res.
2017;320:37-47.



ROBINSON ET AL.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Tomaszycki ML, Richardson KK, Mann KJ. Sex and pairing status
explain variations in the activation of nonapeptide receptors in
song and motivation regions. Behav Neurosci. 2016;130:479-489.
Tomaszycki ML, Atchley D. Pairing increases activation of V1aR,
but not OTR, in auditory regions of zebra finches: the importance
of signal modality in nonapeptide-social behavior relationships.
Integr Comp Biol. 2017;57:878-890.

Baran NM, Peck SC, Kim TH, Goldstein MH, Adkins-Regan E. Early
life manipulations of vasopressin-family peptides alter vocal learn-
ing. Proc R Soc Biol Sci. 2017;284:1859.

Pedersen A, Tomaszycki ML. Oxytocin antagonist treatments alter
the formation of pair relationships in zebra finches of both sexes.
Horm Behav. 2012;62:113-119.

Klatt JD, Goodson JL. Oxytocin-like receptors mediate pair
bonding in a socially monogamous songbird. Proc Biol Sci.
2013;280:20122396.

Kelly EM. Committed for the long haul: do nonapeptides regulate
long-term pair maintenance in zebra finches? Gen Comp Endocrinol.
2019;276:86-92.

Lynn SE. Endocrine and neuroendocrine regulation of fathering
behavior in birds. Horm Behav. 2016;77:237-248.

Goodson JL, Schrock SE, Klatt JD, Kabelik D, Kingsbury MA.
Mesotocin and nonapeptide receptors promote estrildid flocking
behavior. Science. 2009;325:862-866.

Ondrasek NR, Freeman SM, Bales KL, Calisi RM. Nonapeptide
Receptor distributions in promising avian models for the neuro-
ecology of flocking. Front Neurosci. 2018;12:713.

Wilson LC, Goodson JL, Kingsbury MA. Seasonal variation in
group size is related to seasonal variation in neuropeptide receptor
density. Brain Behav Evol. 2016;88:111-126.

Kelly AM, Goodson JL. Hypothalamic oxytocin and vasopres-
sin neurons exert sex-specific effects on pair bonding, gregar-
iousness, and aggression in finches. Proc Natl Acad Sci U S A.
2014;111:6069-6074.

Thompson RR, Walton JC. Peptide effects on social behav-
ior: effects of vasotocin and isotocin on social approach be-
havior in male goldfish (Carassius auratus). Behav Neurosci.
2004;118:620-626.

HallZJ,Healy SD, Meddle SL. Arole for nonapeptides and dopamine
in nest-building behaviour. J Neuroendocrinol. 2015;27:158-165.
Bale TL, Abel T, Akil H, et al. The critical importance of basic animal
researchforneuropsychiatricdisorders. Neuropsychopharmacology.
2019;44:1349-1353.

Camats Perna J, Engelmann M. Recognizing others: rodent's social
memories. Curr Top Behav Neurosci. 2017;30:25-45.

Hashikawa K, Hashikawa Y, Falkner A, Lin DY. The neural cir-
cuits of mating and fighting in male mice. Curr Opin Neurobiol.
2016;38:27-37.

Adekunbi DA, Li XF, Lass G, et al. Kisspeptin neurones in the pos-
terodorsal medial amygdala modulate sexual partner preference
and anxiety in male mice. J Neuroendocrinol. 2018;30:€12572.
Rogers FD, Bales KL. Mothers, fathers, and others: neural sub-
strates of parental care. Trends Neurosci. 2019;42:552-562.
Reppucci CJ, Gergely CK, Veenema AH. Activation patterns of
vasopressinergic and oxytocinergic brain regions following social
play exposure in juvenile male and female rats. J Neuroendocrinol.
2018;30:e12582.

Bosch OJ. Maternal aggression in rodents: brain oxytocin and vaso-
pressin mediate pup defence. Philos Trans R Soc B. 2013;368:1631.
Bosch OJ, Neumann ID. Both oxytocin and vasopressin are me-
diators of maternal care and aggression in rodents: from central
release to sites of action. Horm Behav. 2012;61:293-303.

Klampfl SM, Bosch OJ. Mom doesn't care: when increased brain
CRF system activity leads to maternal neglect in rodents. Front
Neuroendocrin. 2019;53:100735.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

ISR 1 -2

Masis-Calvo M, Schmidtner AK, Oliveira VED, Grossmann CP, de
Jong TR, Neumann ID. Animal models of social stress: the dark side
of social interactions. Stress. 2018;21:417-432.

Neumann ID, Slattery DA. Oxytocin in general anxiety and social
fear: a translational approach. Biol Psychiat. 2016;79:213-221.
Menon R, Grund T, Zoicas I, et al. Oxytocin signaling in the lat-
eral septum prevents social fear during lactation. Curr Biol.
2018;28:1066-1078.

Dumais KM, Veenema AH. Vasopressin and oxytocin receptor sys-
tems in the brain: sex differences and sex-specific regulation of
social behavior. Front Neuroendocrin. 2016;40:1-23.

Pohl TT, Young LJ, Bosch OJ. Lost connections: oxytocin and the
neural, physiological, and behavioral consequences of disrupted
relationships. Int J Psychophysiol. 2019;136:54-63.

Voigt C, Bennett NC. Reproductive status-dependent kisspeptin
and RFamide-related peptide (Rfrp) gene expression in female
Damaraland mole-rats. J Neuroendocrinol. 2018;30:e12571.
Banerjee A, Phelps SM, Long MA. Singing mice. Curr Biol.
2019;29(6):R190-R191.

Anacker AM, Beery AK. Life in groups: the roles of oxytocin in
mammalian sociality. Front Behav Neurosci. 2013;7:185.

Beery AK. Frank Beach award winner: neuroendocrinology of
group living. Horm Behav. 2019;107:67-75.

Burkett JP, Andari E, Johnson ZV, Curry DC, de Waal FBM, Young
LJ. Oxytocin-dependent consolation behavior in rodents. Science.
2016;351:375-378.

Smith AS, Wang ZX. Hypothalamic oxytocin mediates social buff-
ering of the stress response. Biol Psychiat. 2014;76:281-288.

Bales KL, Arias Del Razo R, Conklin QA, et al. Titi monkeys as a
novel non-human primate model for the neurobiology of pair
bonding. Yale J Biol Med. 2017;90:373-387.

Bludau A, Royer M, Meister G, Neumann ID, Menon R. Epigenetic
regulation of the social brain. Trends Neurosci. 2019;42:471-484.
Kanitz E, Tuchscherer M, Puppe B, Tuchscherer A, Stabenow B.
Consequences of repeated early isolation in domestic piglets (Sus
scrofa) on their behavioural, neuroendocrine, and immunological
responses. Brain Behav Immun. 2004;18:35-45.

Kendrick KM, Keverne EB, Baldwin BA. Intracerebroventricular
oxytocin stimulates maternal behaviour in the sheep.
Neuroendocrinology. 1987;46:56-61.

Keverne EB, Kendrick KM. Maternal behaviour in sheep and its
neuroendocrine regulation. Acta Paediatr Suppl. 1994;39:747-756.
Nagasawa M, Mitsui S, En S, et al. Social evolution. Oxytocin-gaze
positive loop and the coevolution of human-dog bonds. Science.
2015;348:333-336.

Bienboire-Frosini C, Chabaud C, Cozzi A, Codecasa E, Pageat P.
Validation of a commercially available enzyme immunoassay for
the determination of oxytocin in plasma samples from seven do-
mestic animal species. Front Neurosci. 2017;11:524.

Madden JR, Clutton-Brock TH. Experimental peripheral adminis-
tration of oxytocin elevates a suite of cooperative behaviours in a
wild social mammal. Proc Biol Sci. 2011;278:1189-1194.

Mooney SJ, Douglas NR, Holmes MM. Peripheral administra-
tion of oxytocin increases social affiliation in the naked mole-rat
(Heterocephalus glaber). Horm Behav. 2014;65:380-385.

Carter GG, Wilkinson GS. Intranasal oxytocin increases social
grooming and food sharing in the common vampire bat Desmodus
rotundus. Horm Behav. 2015;75:150-153.

Smith AS, Agmo A, Birnie AK, French JA. Manipulation of the oxy-
tocin system alters social behavior and attraction in pair-bonding
primates, Callithrix penicillata. Horm Behav. 2010;57:255-262.
Leeds A, Dennis PM, Lukas KE, Stoinski TS, Willis MA, Schook
MW. Validating the use of a commercial enzyme immunoassay to
measure oxytocin in unextracted urine and saliva of the western
lowland gorilla (Gorilla gorilla gorilla). Primates. 2018;59:499-515.



2of12
2922 | wiLey-

131.

132.

133.
134.

135.

136.

ROBINSON ET AL.

Crockford C, Wittig RM, Langergraber K, Ziegler TE, Zuberbuhler
K, Deschner T. Urinary oxytocin and social bonding in related and
unrelated wild chimpanzees. Proc Biol Sci. 2013;280:20122765.
Wittig RM, Crockford C, Deschner T, Langergraber KE, Ziegler TE,
Zuberbuhler K. Food sharing is linked to urinary oxytocin levels
and bonding in related and unrelated wild chimpanzees. Proc R Soc
B-Biol Sci. 2014;281:1778.

Samuni L, Preis A, Mundry R, Deschner T, Crockford C, Wittig RM.
Oxytocin reactivity during intergroup conflict in wild chimpan-
zees. Proc Natl Acad Sci USA. 2017;114:268-273.

Robinson KJ, Twiss SD, Hazon N, Pomeroy PP. Maternal oxytocin
is linked to close mother-infant proximity in grey seals (Halichoerus
grypus). PLoS ONE. 2015; 10:€144577.

Robinson KJ, Hazon N, Twiss SD, Pomeroy PP. High oxytocin in-
fants gain more mass with no additional maternal energetic costs
in wild grey seals (Halichoerus grypus). Psychoneuroendocrinology.
2019; 110:104423.

Schaebs FS, Marshall-Pescini S, Range F, Deschner T. Analytical
validation of an enzyme immunoassay for the measurement

of urinary oxytocin in dogs and wolves. Gen Comp Endocrinol.
2019;281:73-82.

137. Robinson KJ, Ternes K, Hazon N, Wells RS, Janik VM. Bottlenose

dolphin calves have multi-year elevations of plasma oxytocin com-
pared to all other age classes. Gen Comp Endocrinol. 2019:113323.

138. Ludwig M, Levkowitz G. Model Animals in Neuroendocrinology;

From Worm to Mouse to Man. Hoboken, NJ: Wiley Blackwell; 2019.

How to cite this article: Robinson KJ, Bosch OJ, Levkowitz G,
Busch KE, Jarman AP, Ludwig M. Social creatures: Model

animal systems for studying the neuroendocrine mechanisms

of social behaviour. J Neuroendocrinol. 2019;31:€12807.
https://doi.org/10.1111/jne.12807



https://doi.org/10.1111/jne.12807

