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Leveraging the unique social organization of California mice to study 
circuit-specific effects of oxytocin on behavior 

Alyssa A. Lake , Brian C. Trainor * 

Department of Psychology, University of California, Davis, CA 95616, United States of America   
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A B S T R A C T   

Oxytocin is a versatile neuropeptide that modulates many different forms of social behavior. Recent hypotheses 
pose that oxytocin enhances the salience of rewarding and aversive social experiences, and the field has been 
working to identify mechanisms that allow oxytocin to have diverse effects on behavior. Here we review studies 
conducted on the California mouse (Peromyscus californicus) that shed light on how oxytocin modulates social 
behavior following stressful experiences. In this species, both males and females exhibit high levels of aggression, 
which has facilitated the study of how social stress impacts both sexes. We review findings of short- and long- 
term effects of social stress on the reactivity of oxytocin neurons. We also consider the results of pharmaco-
logical studies which show that oxytocin receptors in the bed nucleus of the stria terminalis and nucleus 
accumbens have distinct but overlapping effects on social approach behaviors. These findings help explain how 
social stress can have different behavioral effects in males and females, and how oxytocin can have such 
divergent effects on behavior. Finally, we consider how new technological developments and innovative research 
programs take advantage of the unique social organization of California mice to address questions that can be 
difficult to study in conventional rodent model species. These new methods and questions have opened new 
avenues for studying the neurobiology of social behavior.   

1. Introduction 

Oxytocin is an important neuromodulator that is known for its role in 
modulating social behaviors such as pair bonding (Young and Wang, 
2004), nursing (Zik and Roberts, 2015) and reproduction (Carter et al., 
2020) across many mammalian species. Initial hypotheses on the func-
tion of oxytocin focused on its ability to facilitate social interactions. 
Intriguingly, there is growing evidence that the behavioral effects of 
oxytocin are versatile. In humans, intranasal administration of oxytocin 
led to improved social speech and reduced anxiety in certain social sit-
uations (Domes et al., 2007; Heinrichs et al., 2003). These results 
generated enthusiasm that oxytocin could be a useful therapeutic for 
anxiety or depression. However, clinical trials have yielded mixed re-
sults (De Cagna et al., 2019; Leppanen et al., 2018). This could be that 
intranasal oxytocin can also increase anxiety (Eckstein et al., 2014). 
Indeed, stressful situations induced exaggerated oxytocin release in 
women with high trait anxiety (Tabak et al., 2022). Thus, while oxytocin 
can promote social approach behaviors in some contexts, studies across 
multiple species find that oxytocin can increase anxiety-related 

behaviors or antisocial responses (Beery, 2015). To account for these 
diverse behavioral effects, the social salience hypothesis poses that 
oxytocin strengthens the salience of both positive and negative social 
encounters (Bartz et al., 2011; Shamay-Tsoory and Abu-Akel, 2016). 
This hypothesis can account for diverse behavioral effects of oxytocin, 
but an important question is how this is achieved mechanistically. 
Initially it was hypothesized that oxytocin acting in the mesolimbic 
dopamine system signaled the salience of both positive and negative 
social experiences (Shamay-Tsoory and Abu-Akel, 2016). Recent 
experimental data suggest that oxytocin may act in distinct but over-
lapping circuits to exert different effects on social behavior (Steinman 
et al., 2019). Much of these data were collected in a unique species, the 
California mouse (Peromyscus californicus), that has proved to be a useful 
model for studying the intersection between stress, oxytocin, and social 
behavior. 

The California mouse is a monogamous species (Jašarević et al., 
2013; Ribble, 1991) in which males and females aggressively defend 
territories (Ribble and Salvioni, 1990). This territorial behavior trans-
lates to laboratory settings, where female California mice exhibit 
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aggressive behavior in a resident-intruder test (Davis and Marler, 2003; 
Silva et al., 2010). High levels of female aggression facilitated the 
application of social defeat methods in female California mice (Kuske 
and Trainor, 2021). Intriguingly engaging in aggression triggers a 
stronger increase in corticosterone (Trainor et al., 2010) and more 
anxiety-related behaviors (Kuske et al., 2023) in females compared to 
males. Social defeat stress occurs when an individual loses an aggressive 
interaction, and is a widely used experimental approach that induces 
behavioral changes related to anxiety and depression across a diverse 
range of species (Cooper and Huhman, 2005; Tidey and Miczek, 1996; 
Van Kampen et al., 2002). During social defeat, a focal subject is placed 
within the home cage of another animal that will initiate aggression and 
defeat the focal animal, inducing a stress response. Across many rodent 
species, males exposed to social defeat exhibit a decrease in social 
approach in novel contexts (Krishnan et al., 2007; Kudryavtseva et al., 
1991; Tickerhoof et al., 2020). Studying females has been more chal-
lenging because under standard laboratory conditions female aggression 
levels in conventional mouse and rat lines tend to be relatively low (see 
Kuske and Trainor, 2021 for review). 

An evolutionarily conserved behavioral response to social stress is 
avoidance of new social situations (Blanchard et al., 1993; Huhman, 
2006; Kudryavtseva et al., 1991; Martinez et al., 1998; Tornatzky and 
Miczek, 1993). A common behavioral assay used to assess the impact of 
social stress in rodents is a social interaction test. Focal subjects are 
placed in an open field to acclimate. Next, a small cage is placed into the 
open field for the focal mouse to acclimate to. Finally, an unfamiliar 
target mouse is placed within the cage. There is some variability in the 
type of cage that is used. Some studies use a Plexiglas structure with 
small holes cut out while others are made of a wire mesh. In California 
mice, higher levels of social interaction are observed with wire mesh 
cages (Greenberg et al., 2014; Trainor et al., 2011) compared to Plexi-
glas structures (Williams et al., 2022), likely because the focal animal 
has greater access to the target mouse. Social approach is usually 
quantified by time spent within one body length of the cage containing 
the target animal. In California mice, defeat stress reduces social 
approach in females to a greater extent than in males (Trainor et al., 
2011) and this effect of stress in females can be reversed by chronic (but 
not acute) treatment with a selective serotonin reuptake inhibitor 
(Greenberg et al., 2014). Social defeat also increases vigilance behavior, 
which is defined as time the focal mouse spends orienting towards the 
target while avoiding it (Duque-Wilckens et al., 2018). Social vigilance 
is an ethologically valid behavior that may help individuals monitor 
threatening social situations (Wright et al., 2020), and has been 
observed in other species (Newman et al., 2019; Willmore et al., 2022). 
Social vigilance can also be induced in California mice that were raised 
without a father (Walker et al., 2023). Here we review studies conducted 
in California mice that shed light onto the diverse behavioral effects of 
oxytocin on social behavior. An important theme is that diverse 
behavioral effects of oxytocin are mediated by distinct but overlapping 
neural circuits. Pharmacological studies indicate that these circuits 
appear to function similarly in males and females. In contrast, social 
stress has divergent effects on the activation of oxytocin neurons in 
males and females. The ability to study both males and females in similar 
behavioral contexts such as social stress was a key feature contributing 
to these discoveries. 

2. Social defeat and oxytocin neuron activation 

Effects of stress on oxytocin release have been quantified in a variety 
of contexts (Kalin et al., 1985; McQuaid et al., 2016), usually by 
measuring oxytocin levels in plasma. Oxytocin is released into the blood 
from the paraventricular nucleus (PVN) or the supraoptic nucleus (SON) 
of the hypothalamus. In addition, oxytocin can be released within the 
brain without altering peripheral levels (Neumann and Landgraf, 2012). 
An alternative approach is to estimate the activity of oxytocin neurons 
within the brain by co-staining for an immediate early gene such as c-fos 

(Hoffman and Lyo, 2002). This double labeling approach provides an 
anatomically precise estimate of how different experiences alter the 
activity of different populations of oxytocin neurons. In Steinman et al., 
2016, the impact of defeat stress on the activity of oxytocin neurons was 
systematically estimated using an oxytocin/c-fos immunolabeling 
approach in both male and female California mice. 

2.1. Paraventricular nucleus 

First, the acute effects of social defeat were assessed by examining 
brains collected one hour after one or three episodes of social defeat 
(Steinman et al., 2016). In PVN and SON, oxytocin/c-fos colocalizations 
were elevated in both male and female California mice after a third 
episode of stress (Table 1). Interestingly, males but not females had 
increased oxytocin/c-fos colocalizations after only one episode of defeat 
stress. After two episodes of defeat stress, male and female California 
mice exhibit increased autogrooming behavior immediately before a 
third episode of defeat (Greenberg et al., 2015). This appears to be an 
anxiogenic response because it can be blocked by treatment with a 
kappa opioid receptor antagonist (Williams et al., 2018). In one study, 
effects of defeat on autogrooming were more robust in males than fe-
males (Williams et al., 2018), suggesting that oxytocin release in close 
proximity to defeat stress may enhance the salience of this aversive 
event. 

In contrast, the long-term effects of social defeat on oxytocin/c-fos 
colocalizations are more robust in females. When mice were tested in 
a social interaction test two weeks after defeat stress or control handling, 
oxytocin/c-fos colocalizations in the anterior PVN were increased in 
females but not males (Steinman et al., 2016). These results corre-
sponded with behavioral effects of social defeat, which reduce social 
approach in females but not males 2–4 weeks after the last stress 
exposure (Greenberg et al., 2014; Trainor et al., 2011). No differences 
were observed in the posterior PVN. These results contrasted with the 
outcome of acute social defeat, which had equivalent effects on anterior 
and posterior PVN oxytocin/c-fos colocalizations. Previous studies have 
also observed distinct effects of hypoxia (Ruyle et al., 2018) and social 
interactions (Ho et al., 2010) on neuronal activity in anterior versus 
posterior PVN neurons. In C57Bl6/J mice, neuroanatomical tracing was 
used to determine that magnocellular oxytocin neurons are predomi-
nantly distributed in the anterior PVN while parvocellular oxytocin 
neurons are predominantly distributed in the posterior PVN (Lewis 
et al., 2020). Magnocellular oxytocin neurons release oxytocin into the 
periphery and within the brain while parvocellular oxytocin cells release 
oxytocin primarily within the brain (Grinevich and Ludwig, 2021). 
Optogenetic manipulations of parvocellular oxytocin neurons within the 
posterior PVN showed that these cells facilitate social learning whereas 
magnocellular oxytocin neurons did not (Lewis et al., 2020). There may 
be important species differences, as parvocellular oxytocin neurons in 
female Wistar rats were found to promote social approach (Tang et al., 
2020). Further work is needed to determine whether there are consistent 
differences across species in populations of PVN oxytocin neurons. 
Although some behavioral effects of oxytocin neurons may be species- 

Table 1 
Effects of stress on paraventricular nucleus oxytocin neurons.  

Male Female  

• One episode of social defeat increased 
oxytocin/c-fos colocalizations in 
anterior and posterior PVN  

• Three episodes of social defeat 
increase oxytocin/c-fos colocaliza-
tions in anterior and posterior PVN  

• No effect of stress on oxytocin/c-fos 
colocalizations in PVN during a social 
interaction test with novel male  

• No effect of one episode of social 
defeat on oxytocin/c-fos colocaliza-
tions in PVN  

• Three episodes of social defeat 
increase oxytocin/c-fos in anterior 
and posterior PVN  

• Stressed females have increased 
oxytocin/c-fos colocalizations in 
anterior PVN during a social interac-
tion test with novel female.  
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specific, paraventricular oxytocin neurons should not be treated as a 
unitary entity. In addition, a population of oxytocin neurons outside of 
the hypothalamus, within the bed nucleus of the stria terminalis (BNST), 
was found to be robustly affected by social defeat stress. 

2.2. Bed nucleus of the stria terminalis 

An understudied population of oxytocin neurons is present in the 
medioventral bed nucleus of the stria terminalis (BNSTmv, Table 2). 
This group of oxytocin neurons is present in C57Bl/6J mice (Nasan-
buyan et al., 2018), Wistar rats (DiBenedictis et al., 2017), prairie voles 
(Kelly et al., 2018), and California mice (Steinman et al., 2016). Defeat 
stress increased oxytocin/c-fos colocalizations in the BNSTmv after a 
social interaction test in females but not males, and this effect could be 
observed 10 weeks after the last episode of defeat stress. Defeat stress 
also increased the number of oxytocin positive cells in females but not 
males. A similar effect on BNSTmv oxytocin cell numbers was observed 
in a C57BL6/J witness defeat model (Duque-Wilckens et al., 2020), 
which induced stronger social vigilance responses in females. Changes in 
oxytocin cell numbers could be driven by increased oxytocin synthesis 
or by a decrease in oxytocin release (making neurons more readily 
detectable via immunohistochemistry). Real-time qPCR analyses on 
ventral BNST punch samples demonstrated that defeat stress increased 
oxytocin (Oxt) mRNA in females but not males (Steinman et al., 2016), 
suggesting that defeat stress increases oxytocin synthesis and reactivity 
within the BNST. A subsequent study on male C57BL6/J mice observed 
that a single 10 min episode of social defeat increased oxytocin/c-fos 
colocalizations within the BNSTmv (Nasanbuyan et al., 2018). These 
correlational data strongly implicated BNST oxytocin neurons in medi-
ating stress coping responses. This hypothesis was tested using antisense 
morpholinos, which target oxytocin mRNA and prevent translation of 
the mature protein, similar to previous studies in birds (Kelly and 
Goodson, 2014). 

In female California mice, the effects of stress on social behavior 
were blunted by oxytocin antisense treatment in the BNSTmv (Duque- 
Wilckens et al., 2020). Stressed females treated with a single injection of 
antisense targeting Oxt mRNA had lower levels of social vigilance and 
higher levels of social approach compared to females treated with 
missense. Importantly, there were no effects of antisense treatment in 
females that were not exposed to defeat stress. These data demonstrate 
that oxytocin produced within the BNST plays a key role in promoting 
stress-induced social avoidance and vigilance. To assess where these 
BNST oxytocin neurons could be releasing oxytocin, an adeno- 
associated virus (AAV) containing an oxytocin promoter was used to 
drive expression of the fluorescent Venus in BNST oxytocin neurons. 
Venus produced within neurons was transported into axons, allowing for 
the visualization of oxytocinergic projections (Knobloch et al., 2012). 
Fluorescent fibers originating from BNSTmv oxytocin neurons were 
detected in the anteromedial BNST (BNSTam) as well as other brain 

regions mediating defensive behaviors such as the anterior and lateral 
hypothalamus (Duque-Wilckens et al., 2020). 

2.3. Summary 

Overall, immunostaining data in California mice show that oxytocin 
neurons are highly sensitive to social defeat in the short and long term. 
In the short term, social defeat broadly activates oxytocin neurons in 
both males and females. However, the long-term effects of stress on 
oxytocin neuron reactivity are observed in females but not males. Pu-
berty appears to be the key developmental timepoint preventing similar 
changes in males (Wright et al., 2023). Prepubertal males and females 
show stress induced social avoidance and vigilance, and this effect is 
oxytocin receptor dependent. Social defeat had no effect on oxytocin/c- 
fos colocalizations in the anterior PVN of males that received a sham 
surgery before puberty. In contrast, social defeat increased oxytocin/c- 
fos colocalizations in males that were castrated before puberty. Go-
nadectomy post-puberty has no effect on stress-induced avoidance in 
females or males (Trainor et al., 2013), which suggests that gonadal 
hormones act during puberty to reduce the reactivity of oxytocin neu-
rons following stress exposure. Increased action potentials lead to 
oxytocin release (Rossoni et al., 2008), which has historically been 
interpreted as a stress-coping response to reduce the impact of stress 
(Neumann, 2008; Smith and Wang, 2014). The morpholino studies 
suggest an alternative hypothesis, that oxytocin release during stress 
facilitates social avoidance and anxiety-related responses. This raises the 
question, how can the same neuropeptide drive such diverse behavioral 
effects? Pharmacological studies in California mice suggest that effects 
of oxytocin on social approach and avoidance are mediated by distinct 
neural circuits. 

3. Vasopressin V1a receptor (V1aR) modulation of social 
behavior 

Oxytocin is usually assumed to modulate behavior through the 
activation of oxytocin receptors, but this neuropeptide is also capable of 
activating vasopressin V1aR (Busnelli et al., 2013). As a first step to 
assess which receptors mediated the effects of oxytocin on social 
approach and vigilance, the effects of social defeat on receptor binding 
were assessed using autoradiography. Surprising, there were few effects 
of social defeat on oxytocin receptor binding (Duque-Wilckens et al., 
2018), with only the nucleus accumbens showing a decrease in both 
males and females after stress exposure. Similarly, few effects of stress 
were observed on V1aR binding although in the nucleus accumbens 
(NAc) shell, stress increased in V1aR binding in females but not males 
(Duque-Wilckens et al., 2016). Since defeat had stronger effects on social 
approach in females versus males, it was hypothesized that oxytocin 
could drive social avoidance through activation of V1aR. 

This hypothesis was tested using infusions of a V1aR antagonist into 
the NAc of stressed females (Duque-Wilckens et al., 2016). No differ-
ences in social approach were seen between V1aR antagonist and con-
trol infusions, while V1aR antagonist decreased time spent in the center 
of an open field. These data did not support the hypothesis that V1aR 
action in the NAc drives stress-induced social avoidance. When V1aR 
were pharmacologically inhibited in the BNSTmv, social approach was 
reduced in both unstressed males and females. Thus, these data did not 
support the hypothesis that oxytocin acting through V1aR promotes 
stress-induced social avoidance. Indeed, activation of V1aR in the BNST 
instead played a key role in driving social approach. While it appeared 
likely that oxytocin receptors drive the effects of oxytocin release, it was 
unclear which parts of the brain would drive these effects. 

4. Oxytocin receptor modulation of social behavior 

As an initial test of the role of oxytocin receptors, a systemic injection 
of a brain accessible oxytocin receptor antagonist or saline was 

Table 2 
Effects of Stress on Bed Nucleus of the Stria Terminalis Oxytocin neurons.  

Male Female  

• No effect of one episode of social 
defeat on oxytocin/c-fos colocaliza-
tions within the BNSTmv.  

• Three episodes of social defeat 
increase oxytocin/c-fos colocaliza-
tions in BNSTmv after social interac-
tion test.  

• No effect of stress on oxytocin/c-fos 
colocalizations in BNSTmv during a 
social interaction test with novel male  

• No effect of one or three episodes of 
social defeat on oxytocin/c-fos coloc-
alizations in BNSTmv  

• Three episodes of defeat Stress 
increased the number of oxytocin 
positive cells and Oxtr mRNA in 
females  

• Stressed females have increased 
oxytocin/c-fos colocalizations in 
BNSTmv during a social interaction 
test with novel female.  

• In the female C57BL6/J witness defeat 
model, stress increased oxytocin cell 
numbers  

A.A. Lake and B.C. Trainor                                                                                                                                                                                                                  



Hormones and Behavior 160 (2024) 105487

4

administered 15 min before a social interaction test (Duque-Wilckens 
et al., 2018). A single injection of oxytocin receptor antagonist to 
stressed female California mice increased social approach while 
reducing social vigilance (Table 3). This result is remarkable because to 
achieve similar results with a selective serotonin reuptake inhibitor 
(sertraline), four weeks of daily treatment was required (Greenberg 
et al., 2014). The effects of oxytocin receptor antagonist differed in 
males, as the antagonist decreased time in the interaction zone in un-
stressed males. Although the exact mechanism for sex differences in 
systemic oxytocin receptor antagonist are unclear, one possibility is 
oxytocin's proposed role as a neuromodulator (Stoop, 2012). A neuro-
modulator will not simply excite or inhibit a neuron but will alter the 
effects of other events within the cell (Kupfermann, 1979). If different 
neural circuits are activated in stressed females versus unstressed males, 
oxytocin could be amplifying the behavioral effects of these circuits. 
This is consistent with hypothesis that oxytocin amplifies the salience of 
rewarding and aversive social contexts (Duque-Wilckens and Trainor, 
2022). A next step was to identify neural substrates modulated by 
oxytocin receptors so control social approach and vigilance. 

To identify candidate nuclei, immunohistochemistry for the imme-
diate early gene early growth response factor 1 (EGR1) in unstressed 
males and females that had been treated with intranasal oxytocin. In 
males, intranasal oxytocin had no effect on social approach but in fe-
males the same dose had a stress-like effect by reducing social approach 
(Steinman et al., 2016). Intriguingly, oxytocin treatment in females 
increased the number of EGR1 positive cells in the BNSTam and NAc 
core (Duque-Wilckens et al., 2018), regions with strong oxytocin re-
ceptor binding. Based on these results, stressed females received 
microinjection of oxytocin receptor antagonist or vehicle in either the 
BNSTam or NAc core. Oxytocin receptor inhibition in the BNSTam but 
not the NAc core increased social approach and reduced social vigilance. 
These data demonstrated that activation of oxytocin receptors in the 
BNSTam are necessary for stress-induced changes in approach and vig-
ilance in females. Oxytocin acting in the BNST has also been reported to 
facilitate the acquisition of cued fear in a fear-potentiated startle para-
digm (Martinon et al., 2019; Moaddab and Dabrowska, 2017). Subse-
quent studies demonstrated that microinjections of oxytocin (Duque- 
Wilckens et al., 2020) or the selective oxytocin receptor agonist carbe-
tocin (Luo et al., 2022) into the BNSTam reduced social approach and 
increased vigilance in unstressed males and females. These findings are 
important because they demonstrate that the neural circuitry for social 
avoidance and vigilance are present in both sexes. They suggest that a 
primary mechanism for sex differences in the effects of defeat stress on 
social behavior is based on differences in the release of oxytocin within 
the BNSTam (supported by the tracing studies described above) and not 
alterations of receptor expression or downstream mechanisms. An 

important question is whether oxytocin receptors can facilitate social 
approach responses in California mice as has been found in other 
species. 

A series of pharmacological studies demonstrated that oxytocin re-
ceptors in the nucleus accumbens core facilitate social approach in 
California mice (Williams et al., 2020). In unstressed male and female 
California mice, oxytocin receptor antagonist infusion reduced social 
approach without affecting other measures of behavior. A key obser-
vation was that the reduction in social approach was not accompanied 
by increases in social vigilance. This highlights that the neural circuitry 
modulating social approach and vigilance are distinct. Intriguingly, 
when an oxytocin receptor agonist was infused into the nucleus 
accumbens of stressed females, social approach was increased while 
social vigilance decreased. This finding suggests that circuitry modu-
lating approach and vigilance are also overlapping. Previous studies 
have also found that activation of oxytocin receptors in the nucleus 
accumbens can promote social approach in animals exposed to social 
defeat (Lukas et al., 2013; Wang et al., 2018). Observations that 
oxytocin receptors in the nucleus accumbens promote social approach 
also aligns with work showing that this pathway can facilitate social 
learning (Dölen et al., 2013) and motivation (Smith et al., 2017). 

Overall, work in female California mice suggests that social defeat 
stress causes a shift in oxytocin release from the nucleus accumbens to 
BNSTam (Fig. 1). Although oxytocin release can be measured via 
microdialysis, highly sensitive radioimmunoassays are required to 
measure the very small amount of oxytocin released in the brain (Neu-
mann et al., 2013). New technological developments could help facili-
tate the measure of oxytocin release. An optogenetic gene expression 
system was designed by genetically modifying the oxytocin receptor to 
include a light-gated gene expression system (iTango2) (Mignocchi 
et al., 2020). Applying blue light while the oxytocin receptor is activated 
causes the release of a transcription factor that can serve as an indicator 
of oxytocin release during a defined behavioral task. Although this 
approach should be sensitive to small amounts of oxytocin release, it 
lacks the temporal resolution of other methods. An oxytocin sensor was 
designed by replacing the signal transduction component of the oxytocin 
receptor with a fluorescent reporter (Ino et al., 2022). Fluorescent sen-
sors have the capacity to yield millisecond temporal resolution (Dong 
et al., 2022). This sensor could detect socially induced oxytocin release 
within the olfactory bulb, where large amounts concentrations of 
oxytocin are released. A major strength of both the iTango system and 
oxytocin sensor is that they have the potential to be used in multiple 
different rodent species and do not require the use of specific transgenic 
mouse or rat lines. 

5. Future directions 

Unique behavioral attributes of California mice provided opportu-
nities to study sex differences in how stress impacts the reactivity of 
oxytocin neurons in ways that would be difficult to achieve by studying 
more conventional rodent models. However, working with non- 
traditional model species can present special challenges because much 
of the innovation in neuroscience methods has been tailored for use in 
domesticated mice. Much of the work reviewed in California mice relied 
on immunohistochemistry (which targets evolutionarily conserved 
proteins and neuropeptides) and pharmacology (which manipulate 
evolutionarily conserved receptors). These methods are powerful but 
have limitations. Assessing the activity of oxytocin neurons using c-fos 
immunohistochemistry provides a snapshot of neural activity that varies 
on a millisecond scale. Combining receptor agonists and antagonists can 
provide strong assessment of receptor function in specific brain regions. 
However, receptors can be expressed on pre-synaptic axon terminals or 
post-synaptic cell bodies (Dölen et al., 2013), which can't be distin-
guished via pharmacological approaches. Fortunately, new resources 
and technologies are opening the door to apply modern neuroscience 
techniques to diverse species. 

Table 3 
Effects of oxytocin receptors on social approach and vigilance.  

Male Female  

• Oxytocin or oxytocin receptor agonist 
injected into anteromedial BNST of 
unstressed males decreased social 
approach and increased social 
vigilance.  

• Oxytocin receptor inhibition in the 
NAc core decreased social approach 
and both had no effect on social 
vigilance in unstressed males.  

• Oxytocin receptor antagonist injected 
into the anteromedial BNST of 
stressed females increased social 
approach and reduced social 
vigilance.  

• Oxytocin receptor agonist injected 
into anteromedial BNST of unstressed 
female males decreased social 
approach and increased social 
vigilance.  

• Oxytocin receptor inhibition in the 
NAc core decreased social approach 
and both had no effect on social 
vigilance in unstressed females.  

• Oxytocin receptor agonist infusion 
into the nucleus accumbens of stressed 
females increased social approach and 
decreased social vigilance.  
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Rapid decreases in the costs of next generation sequencing methods 
have greatly reduced barriers to obtaining whole genome sequences. For 
example, investigators from the University of Maryland and UC Davis 
used short read Illumina sequencing with long read PacBio sequencing 
to complete the California mouse genome. One exciting application of 
the genome is the application of clustered regularly interspaced short 
palindromic repeats (CRISPR) gene editing. Gene editing is best known 
for its utility for producing transgenic animals, and CRISPR methodol-
ogy can be applied to diverse species such as prairie voles (Berendzen 
et al., 2023; Horie et al., 2019) and Syrian hamsters (Miao et al., 2018; 
Taylor et al., 2019). The production of knockout lines using CRISPR has 
been extremely informative, but it can be hard to separate out devel-
opmental effects of gene knockout from how a gene functions in an adult 
animal. A complementary strategy is somatic gene editing, where a virus 
is used to deliver the Cas9 enzyme (which edits DNA), and guide RNAs 
(which direct the Cas9 to a specific DNA sequence) to the brain to edit a 
gene of interest at a specific time. Guide RNAs were designed to target a 
region of the oxytocin receptor gene (Oxtr) that is conserved across six 
different rodent species (Boender et al., 2023). In vivo testing showed 
that combining the guide RNA with Cas9 successfully reduced oxytocin 
receptor binding in spiny mice, Syrian hamsters, prairie voles, house 
mice, Norway rats, and California mice. Not only is this tool an exciting 
method for studying oxytocin receptor function, it demonstrates that 
tools can be developed for gene editing that can be applied across a 
range of species with unique behavioral attributes. 

Innovations in calcium imaging methods are also proving to be 
highly portable across diverse species. Unlike immediate early gene 
estimates of neural activity, calcium imaging methods provide milli-
second temporal resolution. Fiber photometry was used to perform 
calcium imaging in the BNSTmv of California mice (Wright et al., 2023), 
which yielded important insights in how behavioral interactions impact 
neural activity. Pharmacological and immediate early gene analyses 
suggested that oxytocin increases neural activity in the BNST to drive 
avoidance and social vigilance. However, it was unclear whether social 
threats drove increases in neural activity or whether increased neural 
activity occurred as animals were showing social avoidance. Calcium 
imaging showed that close proximity to aggressive animals increased 
activity in the BNST while no changes in activity were observed during 
avoidance or other defensive behavior. These results suggest that the 

BNSTmv plays a key role in encoding threats, which can be tested more 
directly in future studies. Fiber photometry-based calcium imaging 
provides a population average of activity within a discrete brain region. 
Microendoscopes allow for the imaging of individual neurons while the 
animal is engaging in different behaviors. Like fiber photometry, this 
approach is applicable across diverse species. For example, a distinct 
population of neurons in the nucleus accumbens became activated when 
male and female prairie voles approached a pair-bonded partner 
(Scribner et al., 2020). 

A significant barrier that remains for comparative research is the 
need to identify and selectively manipulate specific neuronal cell types. 
For example, in C57Bl6/J BNST there are >40 different types of neurons 
(Welch et al., 2019). More 6 of types of neurons express oxytocin re-
ceptor (Luo et al., 2022). In house mice, the primary mechanism for 
targeting specific cell types is the use of transgenic lines in which a 
marker gene is used to express a recombinase such as Cre. However, 
most investigators do not have the expertise to create multiple trans-
genic lines, especially since CRISPR-based knockin approaches are 
significantly more challenging than knockout approaches. In most cases 
known gene promoters are too long to fit into the genome of the most 
commonly used adeno-associated AAV viruses (Wu et al., 2010). An 
alternative approach is to focus on shorter gene regulatory units referred 
to as enhancers. For example, inhibitory interneurons can be targeted by 
using enhancer sequences for Dlx5 and Dlx6 genes (Dimidschstein et al., 
2016). An exciting aspect of this discovery was that selective targeting 
was possible across a range of rodent and primate species. The identi-
fication of evolutionarily conserved enhancer sequences is an active area 
of research (Mich et al., 2021), and should benefit investigators working 
with diverse species. 

The unique behavioral attributes of California mice can allow these 
new methods to be applied to address questions that are difficult or 
impossible to test in conventional laboratory rodents. Unlike most 
mammalian species, California mouse fathers care for their young, 
which provides unique opportunities to study bidirectional interactions 
between fathers and their offspring. Fathers are critical for the survival 
of pups under both field (Gubernick and Teferi, 2000) and laboratory 
(Glasper et al., 2018) conditions. Beyond survival, California mouse 
fathers have an important impacts on hippocampal development 
(Madison et al., 2022) and stress sensitivity to stress in their offspring 

Fig. 1. Social experience affects the activation of oxytocin circuits within the forebrain. Affiliative social interactions are associated with release of oxytocin within 
the nucleus accumbens (Nac) from the paraventricular nucleus (PVN). The activation of oxytocin receptors in the Nac facilitates social approach in novel social 
contexts. Stressful social interactions activates oxytocin neurons within the medioventral bed nucleus of the stria terminalis (BNSTmv) that project to the ante-
romedial BNST (BNSTam). Activation of oxytocin receptors in the BNSTam induces social avoidance and social vigilance. 
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(Agarwal et al., 2020). The experience of providing parental care also 
impacts the brain of the father (Andrew et al., 2020; Hyer et al., 2017; 
Perea-Rodriguez et al., 2015; Wilson et al., 2022), which could facilitate 
parental care and reduce anxiety-related behavior (Hyer et al., 2016). 
Finally, California mice vocalizations have been characterized under 
both field (Kalcounis-Rueppell et al., 2018) and laboratory (Pultorak 
et al., 2015; Rieger et al., 2021) settings such that the function of 
different calls such as barks (used in agonistic interactions) and sus-
tained vocalizations (which are more affiliative) have been detailed. 
While vocalizations have been characterized in other rodent species, the 
function of specific vocalizations is often unclear. Thus, analyses of 
vocalizations in behavioral neuroscience studies can add a new dimen-
sion for understanding the mechanisms that modulate social in-
teractions. The growth in technologies that are portable across species 
and the unique behavioral approaches available in California mice and 
other non-traditional model species makes it an exciting time to be 
engaged in comparative neuroendocrinology research. 
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