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Behavioral neuroendocrinology has a rich history of using diverse model organisms to elucidate general principles and evolution of hormone-brain-behavior relationships. The oxytocin and vasopressin systems have been
studied in many species, revealing their role in regulating social behaviors. Oxytocin and vasopressin receptors
show remarkable species and individual diﬀerences in distribution in the brain that have been linked to diversity
in social behaviors. New technologies allow for unprecedented interrogation of the genes and neural circuitry
regulating behaviors, but these approaches often require transgenic models and are most often used in mice.
Here we discuss seminal ﬁndings relating the oxytocin and vasopressin systems to social behavior with a focus on
non-traditional animal models. We then evaluate the potential of using CRISPR/Cas9 genome editing to examine
the roles of genes and enable circuit dissection, manipulation and activity monitoring of the oxytocin and vasopressin systems. We believe that it is essential to incorporate these genetic and circuit level techniques in
comparative behavioral neuroendocrinology research to ensure that our ﬁeld remains innovative and attractive
for the next generation of investigators and funding agencies.

1. Introduction

into OXT/AVP systems provides an example of the critical value of
maintaining diversity in study organisms in behavioral neuroendocrinology. In this review, we will highlight the contribution of comparative research and innovation in the surge in interest in OXT/AVP systems and social behavior, and discuss our vision to ensure that OXT/
AVP research maintains prominence in behavioral neuroendocrinology
for decades to come.
Seventy years ago, Frank Beach warned that the intensive focus on
the albino rat was detrimental to comparative psychology (Beach,
1950). As noted by several colleagues, the concern of excessive focus on
few model organisms (e.g. mice) and behaviors is no less a concern for
behavioral neuroendocrinology today (Phelps et al., 2010; Lambert
et al., 2019; Thompson, 2020). Indeed, modern behavioral neuroscience, like neuroscience in general, focuses tremendous resources
and attention to a few model organisms, and we and others have argued
for preserving diversity in study species (Blumstein et al., 2010;
Yartsev, 2017; Johnson and Young, 2018; Gallant and O’Connell,
2020). After all, some of the most important discoveries of neuroscience
were made using non-traditional species, including action potentials in

1.1. The value of a comparative perspective
Behavioral neuroendocrinology has a rich tradition using comparative approaches to discover mechanisms giving rise to diversity in
behavior and to elucidate general principles of hormone-brain-behavior
relationships. Social behaviors are particularly diverse among vertebrates and provide exciting opportunities to investigate the evolution of
proximate mechanisms of behavior. The oxytocin (OXT) and arginine
vasopressin (AVP) systems have emerged as key regulators of social and
reproductive behaviors and variation in these systems contribute to the
extraordinary diversity in social behaviors across and within species.
Indeed, both neuropeptide systems are potential pharmacological targets or biomarkers for disorders of social function, including autism
(DeMayo et al., 2019; Parker et al., 2019; Oztan et al., 2020). Much of
the growth in interest in the OXT/AVP systems in relation to behavior is
attributable to the success of the comparative approach, with key discoveries being made in sheep, hamsters, voles and ﬁnches. Research
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in voles (Burkett et al., 2016), social vigilance in Peromyscus californicus
(Duque-Wilckens et al., 2018) and mate choice in medaka ﬁsh (Yokoi
et al., 2015; Yokoi et al., 2020). We will not attempt to summarize all
studies linking these neuropeptides to social behaviors, but highlight a
few concepts emerging in the last decades.

giant squid neurons, long-term potentiation in Aplysia, and light-sensitive proteins from alga for optogenetics. Exciting advances have been
made in understanding neural mechanisms underlying motivated behavior, fear, and learning and memory using precisely deﬁned conditioning paradigms, albeit in relatively few species. This is understandable considering the ease by which behavior in these paradigms is
quantiﬁed (e.g. number of lever presses, nose pokes, startle intensity),
and tractability of certain model species to technically challenging
techniques, such as cell type speciﬁc circuit manipulation (Datta et al.,
2019). Research in a greater variety of animal species provides opportunities to study a broader range of behaviors relevant to humans,
such as pair bonding, paternal care, empathy and grieving (Bosch et al.,
2016; Burkett et al., 2016; Bendesky et al., 2017; Walum and Young,
2018). We believe there is tremendous interest among young investigators for utilizing non-traditional species to study a diversity of
behaviors. However, unprecedented advances in technology to manipulate genes and circuits in select model organisms are equally enticing
to next generation scientists. A solution to this problem is to adapt these
technologies to diverse species.

2.2. Receptor distribution and diversity in social behavior
Prairie voles have been particularly useful for understanding the
role of OXT and AVP in regulating social behaviors. Prairie vole are
socially monogamous while meadow voles are not, and OXT and AVP
promote pair bonding in prairie voles (Johnson and Young, 2015;
Walum and Young, 2018). While the voles have similar distributions of
OXT and AVP in the brain, they diﬀer markedly in distribution of receptors that respond to the peptides, OXTR and AVPR1a, respectively
(Young and Wang, 2004). The ﬁrst study to demonstrate a relationship
between brain receptor distribution and behavior used transgenic
technology to create mice that express prairie vole Avpr1a in a pattern
resembling that of vole brain. These mice responded to AVP with increased aﬃliative behavior (Young et al., 1999). In one of the ﬁrst
studies to use viral vector gene transfer to study behavior, we showed
that expressing the prairie vole Avpr1a in ventral pallidum of meadow
voles elicited partner preference behavior (Lim et al., 2004). Subsequent viral vector mediated over expression or inhibition studies in
voles conﬁrmed the role of variation in receptor expression in regulating pair bonding behaviors (Gobrogge et al., 2009; Keebaugh and
Young, 2011; Barrett et al., 2013; Keebaugh et al., 2015). Likewise,
oxytocin receptors in lateral septum correlate with ﬂock size preference
in diﬀerent species of estrildid ﬁnches (Goodson et al., 2009). Within
prairie voles, robust individual variation in OXTR density in the nucleus
accumbens (NAc) aﬀects resilience to early-life neglect on later life pair
bonding (Barrett et al., 2015), while variation in AVPR1A expression in
retrosplenial cortex predicts space use and sexual ﬁdelity in males in
seminaturalistic enclosures (Okhovat et al., 2015). Genetic studies revealed a role for genetic polymorphisms in generating individual variation in OXTR and AVPR1A density and social behaviors in voles
(Hammock and Young, 2005; Okhovat et al., 2015; King et al., 2016).
While genetic regulation of OXT and AVP genes are highly conserved,
such that puﬀer ﬁsh genome sequences are faithfully transcribed in
OXT neurons of transgenic mice (Gilligan et al., 2003), expression
patterns of receptor genes are much more labile, and subject to natural
selection through accumulation of mutations, a mechanism key to diversity in social behaviors.
Receptor autoradiography has been used to characterize OXTR and
AVPR1A distribution in the brains of a variety of species (Beery et al.,
2008), lending support that diversity in brain receptor expression
contributes to behavioral diversity. Comparative studies show that
OXTR/AVPR1a distribution in sensory areas is associated with the
dominant modality of social communication, such that OXTR is distributed in olfactory pathways in rodents, but in visual pathways in
primates (Freeman et al., 2014a; Freeman et al., 2014b; Freeman and
Young, 2016). The mapping of OXTR and AVPR1a distribution guided
site-speciﬁc behavioral pharmacology, ultimately leading to a better
understanding of the circuitry involved in many social behaviors.
However, one limitation of OXTR/AVPR1A research is the lack of antibodies that give reliable, reproducible staining across species to facilitate molecular and cellular characterization of peptide sensitive
neural cells, limiting understanding of OXT/AVP sensitive circuits responsible for regulating behaviors.

1.2. Technological innovation in behavioral neuroendocrinology
Behavioral neuroendocrinology has historically used a wide variety
of model organisms and approaches to study hormone-brain-behavior
relationships, by focusing on hormones and neuropeptides. Success in
the ﬁeld has been fueled by technical developments, such as hormone
assays, autoradiography, and lesions, which are applicable to many
species (Balthazart, 2020). In the 1990s, genetic engineering in mice
emerged, resulting in increasing focus on mice to understand molecular
mechanisms of behavior (Rissman et al., 1999). However, we are optimistic that there will be a resurgence of comparative studies in behavioral neuroscience now that techniques such as viral-mediated gene
transfer and CRISPR-mediated genome editing make genetic and circuit
manipulation possible in virtually any species (Amadei et al., 2017;
Tanaka et al., 2018; Horie et al., 2019; Yokoi et al., 2020). OXT/AVP
behavioral neuroendocrinology is poised to combine gene/circuit manipulation techniques with comparative neuroscience and remain at the
forefront of behavioral neuroscience. We predict the study of other
neuroendocrine systems will thrive by incorporation of these new
technologies, keeping our ﬁeld competitive for funding and attractive
for the next generation of scientists. We summarize selected past accomplishments in OXT/AVP comparative research and highlight some
future directions we feel our ﬁeld is heading. We identify genetic, circuit and behavioral technical opportunities that will strengthen OXT/
AVP research in diverse species. We hope our contribution to this
special issue (McCormick, 2020) will inspire young aspiring and established investigators alike to invigorate comparative behavioral
neuroendocrinology, keeping the ﬁeld at the forefront of innovation in
neuroscience.
2. Oxytocin, vasopressin and social behavior
2.1. A brief summary of ﬁndings
The ﬁrst studies linking OXT to social behavior demonstrated that in
parallel to stimulating birth and milk ejection during lactation, OXT
initiated maternal responsiveness and maternal bonding in rats and
sheep (Pedersen et al., 1982; Kendrick et al., 1987). Later studies in
monogamous prairie voles demonstrated a role of OXT in pair bonding
as well (Williams et al., 1994; Young and Wang, 2004). In parallel, AVP
was found to regulate scent marking and territorial aggression in
hamsters (Albers, 2012), and selective aggression and pair bonding in
prairie voles (Winslow et al., 1993). These neuropeptide systems were
then linked to vocal communication in ﬁsh (Goodson and Bass, 2000),
and ﬂock size preferences in ﬁnches (Goodson et al., 2009). More recent
studies have explored the roles of these peptides in consoling behavior

2.3. Social salience and the ﬂow of social information
One theme that has emerged from OXT/AVP research is that these
peptides modulate the salience and reinforcing value of social stimuli
(Walum and Young, 2018). OXT acts in olfactory bulb of mice to increase signal to noise of social cues, and in the auditory cortex to
2
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immune system of prokaryotes that serves to deactivate foreign nucleic
acid sequences. The CRISPR/Cas9 system consists of a guide RNA
(gRNA) homologous to the target gene that guides the Cas9, an RNA
guided endonuclease, to any genomic locus ﬂanked by the sequence
NGG (Cong et al., 2013; Jinek et al., 2012). In its simplest form, the
CRISPR/Cas9 system induces double-stranded breaks in DNA, leading
to small insertions and deletions (indels, typically < 10 nucleotides),
because of imperfect DNA repair. CRISPR/Cas9 allows editing of coding
and non-coding sequences, to create null mutations (knockout), or
disrupt transcription factor binding cites (Fig. 1B). CRISPR/Cas9 also
enables the insertion of genetic sequences in a targeted manner
(knockin) (Fig. 1C).

enhance response to pup vocalizations (Marlin et al., 2015; Oettl et al.,
2016). OXT interacts with dopamine and serotonin systems to facilitate
social reward (Dolen et al., 2013; Hung et al., 2017; Borland et al.,
2018). These properties make OXT an attractive candidate for improving social cognition in autism (DeMayo et al., 2019). These peptides modulate a highly conserved ‘social behavior network’, or ‘social
salience neural network’, consisting of several interconnected brain
areas across vertebrate species (Goodson, 2005). OXTR signaling facilitates the ﬂow of sociosensory information across this network by
coordinating neural activity across the network (Johnson et al., 2016;
Johnson et al., 2017; Johnson and Young, 2017). Thus, OXT has been
called the “grease” of the social brain (Walum and Young, 2018).
Variation in OXTR and AVPR1a expression across these networks likely
produces variation in social behaviors between physiological states and
across species.
OXT and AVP modulate social behaviors in an often sex-, context-,
and species-dependent manner. They facilitate parental nurturing and
maternal aggression (Bosch and Neumann, 2012), social approach and
social vigilance (Duque-Wilckens et al., 2018; Williams et al., 2020)
depending on context and site of action. The ability to manipulate
speciﬁc circuits would enhance our ability to investigate the full complexity of OXT/AVP action. Some genetic tools have become available
to manipulate these neuropeptide systems, including viral vectors that
faithfully drive transgene expression in OXT neurons under the control
of the OXT promoter. These tools have been used to optogenetically
stimulate OT neurons in Mandarin voles (He et al., 2019) and to label
OXT projections in prairie voles (Bosch et al., 2016). Unfortunately,
viral vectors to drive transgene expression selectively in OXTR and
AVPR1a neurons are not available, and likely will not become available, because of the nature of the regulatory control of receptor expression.

3.3. Knockouts and Cre recombinase knockins
The construction of transgenic animals by CRISPR/Cas9 could
greatly facilitate the comparative study of OT/AVP function on a molecular level. CRISPR/Cas9 has been used to generate Oxtr knockout
prairie voles and medaka ﬁsh (Horie et al., 2019; Yokoi et al., 2020),
providing insight into OXT function in these species. Male medaka
compete for females and court indiscriminately, while females selectively choose mates. Oxtr mutant males prefer familiar mates and females to mate indiscriminately, suggesting OXTR facilitates adaptive
mate choices in this species.
Cre recombinase knockin mice are useful for expressing transgenes
in speciﬁc cell types, allowing cell-type speciﬁc circuit manipulation.
An exciting use of CRISPR/Cas9 is to insert Cre coding sequence in
tandem with OXT/AVP or OXTR/AVPR1a so that Cre recombinase is
expressed only in cells that express the targeted gene (Fig. 1C). By injecting viral vectors with Cre-dependent transgenes (e.g. ﬂuorescent
proteins, channel rhodopsin, DREADDs, GcAMP) into the brain of Cre
transgenic animals, the transgene will only be expressed in cells that
express the targeted gene (e.g. Oxtr, Fig. 1D). An Oxtr-Cre animal would
enable the expression of any Cre-dependent gene only in Oxtr-positive
cells in any brain region (Fig. 1E). When crossed with a Cre-dependent
reporter transgenic animal (e.g. GFP), all Oxtr neurons in the brain
could be mapped (Hidema et al., 2016; Newmaster et al., 2020).
While CRISPR/Cas9 facilitates the generation of transgenic animals,
it remains a laborious task requiring in vitro fertilization technology.
An alternative approach that is viable for a broader range of species is
to deliver CRISPR/Cas9 components via viral vectors directly into the
brain (Swiech et al., 2015). Adeno-associated viral vector (AAV)
mediated CRISPR/Cas9 oﬀers spatiotemporal control over genomic
editing, depending on injection parameters, but provides less control
over the cell types targeted, although speciﬁc promoters and AAV serotypes may bias editing to selected cell types (e.g. glia vs neurons). To
illustrate this approach, we generated AAV9-CRISPR/Cas9 and to target
the prairie vole Oxtr coding sequence. Six weeks after injection we
observed ~60% reduction in OXTR binding using receptor autoradiography compared to using a control guide RNA (gRNA) vector
(Fig. 2).

3. Future directions with a focus in genome editing
3.1. The challenge and a solution
There are many areas of potential growth in OXT/AVP research,
including epigenetics, and imaging (Perkeybile et al., 2019; Andari
et al., 2020). But here we focus on one advance that we believe has the
greatest potential for accelerating OXT/AVP comparative research in
this age of circuit neuroscience; genome editing. The ability to manipulate or monitor activity of speciﬁc cell types in mice has accelerated discovery in behavioral neuroscience and these techniques are
attracting the brightest of future researchers to mouse behavioral
neuroscience. The lack of ability to manipulate genomes of non-traditional organisms is perhaps the biggest threat to comparative behavioral neuroendocrinology. We are conﬁdent that this limitation can
now be overcome. Recent advances in CRISPR/Cas9 technologies now
enable the targeted editing of genomes in a wide variety of species and
could be a boon for behavioral neuroendocrinology. In the remainder of
this review, we describe the use of genomic editing in non-traditional
models and detail how genomic editing in combination with other innovative approaches can facilitate mechanistic understanding of OXT/
AVP signaling on genetic and circuit levels. While we focus on OXT and
AVP, these principles apply to all behavioral neuroendocrinology.

3.4. Probing genetic regulation of Oxtr and Avpr1a
Human genetic studies have linked single nucleotide polymorphisms (SNPs) in OXTR and AVPR1A with variation in social behavior,
brain function and psychiatric disorders (Skuse et al., 2014; LoParo and
Waldman, 2015; Hernandez et al., 2020). In prairie voles, multiple
polymorphisms in noncoding regions of Avpr1a and Oxtr genes robustly
predict region-speciﬁc expression of brain receptors and social behaviors (Okhovat et al., 2015; King et al., 2016). An important question
with translational implications is which SNPs are functional and how do
they alter expression in brain. CHIP-seq to determine SNP alignment
with chromatin enhancers and repressors based on histone modiﬁcation, and ATAC-seq to align polymorphisms with accessible chromatin
can provide evidence of which SNPs are most likely functionally

3.2. CRISPR/Cas9 and comparative research
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 technology provides a means for introducing errors or
speciﬁc DNA sequences in a targeted manner in a range of species
through injection of proteins and targeting nucleic acids into embryos
(Fig. 1A). However, in species where embryos are not easily accessible,
like birds or reptiles, the generation of transgenic animals is still challenging (London, 2020).
CRISPR/Cas9 technology is derived from the innate adaptive
3
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Fig. 1. Use of the CRISPR/Cas9 toolkit for comparative studies of OXT and AVP signaling. A) (Left) CRISPR/Cas9 components can be injected into the embryo to
generate germline transgenic animals, as has been done for prairie vole (Horie et al., 2019) and medaka ﬁsh (Yokoi et al., 2020). (Right) CRISPR/Cas9 components
can be packaged into viral vector to enable genomic editing of neural population with spatiotemporal control. B) After induction of double-stranded breaks in the
DNA, non-perfect repair mechanisms result in small indels, that can be used to disrupt the coding sequence of Oxtr, or regulatory elements that control Oxtr
expression. C) CRISPR/Cas9 can be used to place the Cre sequence after Oxtr or Avpr1a to generate Oxtr-Cre or Avpr1a-Cre transgenic animals. D) CRE recombinase
inverts genetic sequences that are ﬂanked by loxP sites, and is exploited to speciﬁcally express DREADD, channel rhodopsin and GcAMP in CRE-positive cells. E)
Speciﬁc expression of transgenes allows for the manipulation and monitoring of neural circuits with (sub)cellular resolution.

transcription factor binding sites in putative regulatory regions to study
neuropeptide or receptor regulation (Fig. 1B).

inﬂuencing expression. Viral-mediated CRISPR/Cas9 is an ideal tool to
prove the causal relationship between non-coding SNPs and expression
of Oxtr and Avpr1a, as CRISPR/Cas9 can be adapted to induce double
stranded breaks at the SNP locus with the appropriate guide RNA. By
introducing indels at the candidate SNP, it would be possible ascertain
its eﬀect on expression. This approach could be useful to disrupt

3.5. Labeling OXT/AVP system circuits
For many species, we know where OXT and AVP act to mediate a

Fig. 2. AAV-mediated CRISPR/Cas9 can be used in adult prairie vole to reduce OXTR expression. (Left) Schematic illustrating the procedure in which AAV-CRISPR/
Cas9 was used to perturb OXTR expression in the nucleus accumbens. (Middle) Image of untreated, fresh-frozen slice depicting viral-mediated eGFP expression.
(Right) I125-OVTA autoradiography was performed on the adjacent slice, showing a reduction in OXTR binding after CRISPR/Cas9 mutagenesis (left hemisphere,
arrow) in comparison to the control site (right hemisphere).
4
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will enhance the genetic tractability of many non-traditional animal
models and attract the most talented young neuroscientists to the behavioral neuroendocrinology tradition.

behavior but we know very little about circuits involved. The development of CRISPR Oxtr-Cre or Avpr1a-Cre animals would allow the
tracing of the inputs and projections of any particular receptor population. For example, by injection Cre-dependent green ﬂuorescent
protein (GFP) viral vector into the NAc of Oxtr-Cre animals, one could
map the projections of NAc OXTR neurons. Alternatively, infusion of
Cre-dependent retrograde viral tracers into NAc would reveal all OXTR
neurons that project to NAc. This information is valuable for going
beyond individual brain regions and considering circuits in relation to
neuropeptide regulation of behavior.
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3.6. Monitoring circuit activity
Ultimately, it will be important to understand how OT/AVP signaling inﬂuences circuit activity to modulate behaviors. Fiber photometry and intracranial miniscopes to monitor activity of neurons by
detecting ﬂuorescence from transgenically expressed Ca2+-sensors (e.g.
GcAMPs) are revolutionizing behavioral neuroscience from a circuit
perspective (Chen et al., 2013). By injecting AAV's expressing GcAMPs
into speciﬁc brain regions it is possible to monitor cellular activity with
a high degree of spatial and temporal resolution (Fig. 1D, E). This
technique has been used to investigate ensemble activity of NAc neurons in relation to partner versus stranger approach in prairie voles
(Scribner et al., 2020). Sensors for detecting neurotransmitters in vivo
using similar techniques are also rapidly becoming available (Ma et al.,
2018; Sun et al., 2018).
When CRE-dependent AAV-GcAMP 'is combined with Cre transgenic
animals, it becomes possible to monitor activity of speciﬁc cell types
during behavior or stimulation. This approach was recently used in OxtCre mice to monitor activity of hypothalamic OXT neurons during social
interactions (Resendez et al., 2020). It would be feasible to monitor the
activity of any population of Oxtr cells in voles using CRISPR generated
Oxtr-Cre animals.
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et al., 2007). CNO can be infused systemically, or locally and is extremely adaptable to behavioral paradigms. Both opto- and chemogenetics are easily combined with viral-mediated approaches, and are
adaptable to non-traditional animal models (Fig. 1D, E). We recently
showed that excitatory prefrontal cortex neurons modulate NAc neuron
activity to promote pair bonding in prairie voles (Amadei et al., 2017).
These techniques become more powerful through manipulation of
speciﬁc neurons using selective promoters or Cre transgenic animals.
Numerous studies have used opto- or chemogenetics to manipulate OXT
neurons in mice (Oettl et al., 2016; Ferretti et al., 2019; Resendez et al.,
2020) and mandarin vole (He et al., 2019) using AAV and an OXT
promoter to limit expression to OXT neurons. When combined with
CRISPR generated Oxtr-Cre or Avpr1a-cre transgenics, it is possible to
activate of inhibit OXTR or AVPR1a neurons (Tan et al., 2019).
4. Conclusion
OXT/AVP behavioral neuroendocrinology has beneﬁted tremendously from innovative, comparative research. The ﬁeld must
continue to embrace a diversity of model organisms while at the same
time take advantage of the revolutionary neuroscience tools that allow
precise interrogation of genes and circuits. We hope that CRISPR/Cas9
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