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Abstract

Oxytocin regulates parturition, lactation, parental nurturing, and many other social behaviors in 

both sexes. The circuit mechanisms by which oxytocin modulates social behavior are receiving 

increasing attention. Here, we review recent studies on oxytocin modulation of neural circuit 

function and social behavior, largely enabled by new methods of monitoring and manipulating 

oxytocin or oxytocin receptor neurons in vivo. These studies indicate that oxytocin can enhance 

the salience of social stimuli and increase signal-to-noise ratios by modulating spiking and 

synaptic plasticity in the context of circuits and networks. We highlight oxytocin effects on social 

behavior in nontraditional organisms such as prairie voles and discuss opportunities to enhance 

the utility of these organisms for studying circuit-level modulation of social behaviors. We then 

discuss recent insights into oxytocin neuron activity during social interactions. We conclude by 

discussing some of the major questions and opportunities in the field ahead.
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INTRODUCTION

Oxytocin is a hypothalamic neuropeptide known for peripheral actions regulating uterine 

contraction during parturition and milk letdown during nursing. However, oxytocin also 

acts within the brain to coordinate a suite of social behaviors, including maternal nurturing, 

mother-infant bonding, social recognition, and pair-bonding. Over the past decades, there 

has been a surge of research investigating the neural mechanisms of oxytocin regulation of 

social behaviors. New tools enabling circuit manipulation and monitoring of neural activity 

have greatly enhanced our understanding of these cellular and synaptic mechanisms.

Here, we review select recent studies of oxytocin neuromodulation largely in rodents, 

focusing on relating changes in cellular physiology to functional effects on synaptic 

transmission, plasticity, and social behavior. We highlight a common theme emerging 

from these studies: Oxytocin increases the salience of sensory information (analogous to 

turning up the volume) via a conserved set of cellular and circuit mechanisms shared 

with other neuromodulators. We also discuss other species that provide opportunities to 

explore the neural circuitry for oxytocin-mediated behaviors. We argue that there are specific 

advantages of the oxytocin system for investigating behaviorally relevant neuroplasticity, 

and we conclude by describing some major open questions in the field.

A SUMMARY OF THE OXYTOCIN SYSTEM

Oxytocin is a nine amino acid–long cyclical peptide that is synthesized in hypothalamic 

neurons, packaged into dense-core vesicles, and transported into dendrites and axons for 

release. Oxytocin is synthesized in the paraventricular nucleus (PVN), supraoptic nucleus 

(SON), and accessory magnocellular hypothalamic nuclei. Most oxytocin is secreted into 

the bloodstream via axonal release from the posterior pituitary. Oxytocin is also released 

somatodendritically to act within the SON and PVN to facilitate synchronous firing and 

pulsatile release during parturition and nursing (Burbach et al. 2006, Leng et al. 2008, 

Numan & Young 2016, Jurek & Neumann 2018, Valtcheva & Froemke 2019).

Magnocellular oxytocin neurons that project to the posterior pituitary have collaterals 

innervating numerous forebrain structures (Ross & Young 2009, Knobloch et al. 2012). 

Large-scale and whole-brain anatomical mapping (Figure 1a), enabled by oxytocin-Cre 
mice (Irani et al. 2010) and oxytocin neuron–specific viruses first used in rats and later in 

mice, revealed oxytocinergic axons throughout the brain, including in the thalamus, cortex, 

amygdala, striatum, and hippocampus (Knobloch et al. 2012, Mitre et al. 2016, Zhang et al. 

2021). Conversely, a number of regions provide input to PVN oxytocin neurons (Figure 1b), 

including the brain stem and thalamic, hypothalamic, and cortical areas (Dobolyi et al. 2018, 

Tang et al. 2020).

Oxytocin receptor distribution in the brain has traditionally been characterized using 

receptor autoradiography. Comparative studies have revealed remarkable species diversity 

in receptor distribution in the brain (Figure 2), likely contributing to species-specific social 

behaviors (Freeman & Young 2016, Johnson & Young 2017). Oxytocin receptors are 

also expressed pre- and postnatally, raising the possibility that developmental oxytocin 
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signaling could have a lasting impact on brain organization and behavior (Mitre et al. 2016, 

Vaidyanathan & Hammock 2017, Kingsbury & Bilbo 2019, Newmaster et al. 2020).

Recently, fluorescent reporter mouse lines and specific antibodies for the mouse oxytocin 

receptor have been used to characterize oxytocin receptor distributions (Yoshida et al. 2009, 

Marlin et al. 2015, Mitre et al. 2016, Newmaster et al. 2020). Receptors are expressed 

in low-to-moderate levels in virtually every brain area examined, with some interesting 

differences between adult males and females. Olfactory piriform cortex, hippocampal area 

CA2, and female left auditory cortex had relatively higher numbers of oxytocin receptor–

positive cells. Cortical oxytocin receptors are found primarily on parvalbumin-positive or 

somatostatin-positive inhibitory interneurons (Nakajima et al. 2014, Marlin et al. 2015), 

including at inhibitory synaptic terminals (Mitre et al. 2016).

Some actions of oxytocin are mediated via vasopressin receptors and vice versa (Chini et 

al. 2008, Schorscher-Petcu et al. 2010, Xiao et al. 2017, Song & Albers 2018). Oxytocin 

and vasopressin receptors can have spatially distinct distributions (Huber et al. 2005, Xiao 

et al. 2017). Despite this segregation, there are likely important physiological consequences 

of neurohypophysial peptide (oxytocin and vasopressin) receptor cross-reactivity. Xiao et 

al. (2017) showed that oxytocin modulated dopamine neuron excitability. A fraction of 

this effect was insensitive to oxytocin receptor antagonists (OTAs) and instead required 

vasopressin receptor antagonists for full blockade. Thus, expression of the cognate 

receptor in specific neurons may not strictly regulate neurohypophysial peptide modulation, 

depending on the presence and sensitivities of noncognate receptors.

Genomic evidence suggests that vertebrate oxytocin and vasopressin receptors likely arose 

from a single receptor shared with a common invertebrate ancestor via whole-genome 

and large segmental duplications. Oxytocin and vasopressin peptides likewise derive 

from a common ancestral gene via duplication (Gwee et al. 2009) and transposition 

(Theofanopoulou et al. 2021) around the same time. These evolutionary relationships, and 

the cross-talk between the systems, have led to the propositions that these paralogous 

peptides be referred to as oxytocin and vasopressin across species and that their receptors 

be referred to as oxytocin and vasopressin receptors, despite some sequence differences, or 

neurohypophysial receptors instead (Young & Flanagan-Cato 2012). Theofanopoulou et al. 

(2021) have proposed a universal nomenclature in which the names oxytocin and vasotocin 

would be used across vertebrates, with the common ending (-tocin) portraying the paralogy 

(common genetic origin) of the genes.

OXYTOCIN MODULATION OF SYNAPSES AND NEURONS

Oxytocin receptor activation has different functional effects depending on the target tissue or 

cell type. Oxytocin receptors are generally coupled to Gq/11α GTP-binding proteins, which 

stimulate phospholipase C (PLC) to produce inositol triphosphate and diacylglycerol (Figure 

3a). This increases intracellular Ca2+, leading to depolarization, neurotransmitter release, 

and/or gene transcription and protein synthesis (Bakos et al. 2018, Jurek & Neumann 2018, 

Tirko et al. 2018).
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Although peptidergic modulation is now appreciated to be commonplace throughout the 

central nervous system, including cortex (Smith et al. 2019), only a fraction of neurons 

seem to express oxytocin receptors (Mitre et al. 2016). This pattern of expression leads to 

various degrees of oxytocinergic modulation of principal neurons (i.e., excitatory projection 

neurons), which could be considered first-order modulation for cells directly expressing 

oxytocin (or vasopressin) receptors, second-order modulation for regulation of local circuit 

elements (e.g., inhibitory interneurons) that influence principal cell output, and third-order 

effects such as neuromodulation of other modulatory signals (Figure 3b).

First-Order Neuromodulation

A prime example of first-order neuromodulation and depolarization of principal neurons has 

been identified in rodent hippocampal area CA2, which is important for social recognition 

memory (Hitti & Siegelbaum 2014, Raam et al. 2017, Leroy et al. 2018, Lin et al. 2018, 

Cymerblit-Sabba et al. 2020, Donegan et al. 2020). Tirko et al. (2018) made whole-cell 

recordings from CA2 pyramidal neurons in hippocampal brain slices and found that 

oxytocin receptor activation depolarized these cells, which led to spike bursts (Figure 3a,b) 

due to M-type K+ channel (KCNQ) closure via Gαq and Gαi G protein coupling through 

PLC. Thus, brief episodes of oxytocin modulation can dramatically change the CA2 firing 

mode and alter information processing through the hippocampal circuit, possibly enhancing 

social recognition memory.

Other first-order types of oxytocinergic modulation include changes to spike shape and/or 

threshold of principal cells in the olfactory bulb (Oettl et al. 2016), CA2 (Tirko et al. 

2018), and rat insular cortex (Rogers-Carter et al. 2018). Oxytocin in insular cortex 

brain slices depolarized pyramidal neurons, increased input resistance, decreased spike 

amplitude, and increased spike number evoked by depolarizing current injection. These 

changes were prevented by blocking protein kinase C (PKC) (Rogers-Carter et al. 2018), 

implicating a conserved mechanism of G protein–coupled oxytocin receptor activation of 

PLC, downstream kinases, and changes to ion channels in principal neurons (Figure 3a). 

In this manner, first-order modulation is effective at enhancing all inputs to a neuron 

or network, thereby increasing sensitivity to any signal but potentially at the cost of 

discriminating between similar signals with different behavioral significance.

Second-Order Neuromodulation

In contrast to hippocampal CA2, oxytocin does not depolarize CA1 pyramidal cells but 

instead activates parvalbumin-positive fast-spiking interneurons (Owen et al. 2013, Tirko et 

al. 2018, Maniezzi et al. 2019). This increase in spontaneous firing of γ aminobutyric acid 

(GABA)ergic cells leads to dual second-order mechanisms for enhancing the signal-to-noise 

ratio of Schaffer collateral input into CA1 by modulating local interneuron function. First, 

increased tonic GABA release in the absence of external input suppresses spontaneous 

firing of CA1 pyramidal neurons, reducing background noise in the circuit. Second, 

this weakens evoked (phasic) disynaptic inhibitory postsynaptic currents (IPSCs) but not 

excitatory postsynaptic currents (EPSCs) when Schaffer collaterals are stimulated, likely 

through the depletion of GABAergic vesicle pools from enhanced spontaneous interneuron 

activity (Figure 3b). We refer to this reduction of evoked IPSCs as disinhibition, which 

Froemke and Young Page 4

Annu Rev Neurosci. Author manuscript; available in PMC 2022 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



leads to a heightened net excitatory response to incoming stimulation, thus increasing the 

signal strength. Together, these changes lead to a greater signal-to-noise ratio, increasing the 

salience of social information received during periods of oxytocin modulation.

Regulation of synaptic inhibition seems to be a major, if not the most common, mode 

of oxytocinergic modulation in the brain, although specific effects vary across regions. 

Oxytocin activates inhibitory cell types in other cortical, subcortical, and peripheral regions 

(Eliava et al. 2016, Harden & Frazier 2016, Crane et al. 2020, Francesconi et al. 2020), and 

oxytocinergic disinhibition has been observed in auditory cortex, piriform cortex, and PVN 

(Mitre et al. 2016). Correspondingly, oxytocin receptors in mouse auditory cortex are found 

on many cell types, including glia and pyramidal cells, although mainly on somatostatin­

positive and parvalbumin-positive interneurons (Mitre et al. 2016). Disinhibition in auditory 

cortical layer V pyramidal neurons occurs with increased spontaneous IPSC frequency, 

increased spiking, and higher temporal precision of evoked action potentials throughout 

cortical layers (Marlin et al. 2015, Schiavo et al. 2020). It is unclear whether cortical 

disinhibition is due to changes of inhibitory neuron firing patterns (as in CA1) and/or 

regulation of GABA release at presynaptic terminals, which could be mediated by oxytocin 

receptors detected on GABAergic synapses onto excitatory neurons (Mitre et al. 2016).

In mouse somatosensory, but not prefrontal, cortex, oxytocin instead increased miniature 

EPSC frequency and evoked excitatory transmission (Zheng et al. 2014). Instead, 

somatostatin-positive interneurons are the main cell type expressing oxytocin receptors in 

medial prefrontal cortex (Nakajima et al. 2014). These prefrontal inhibitory neurons are 

strongly connected to local pyramidal neurons in the superficial and deep layers of both 

sexes, with IPSCs evoked in over 90% of principal cells after optogenetic stimulation of 

oxytocin receptor–expressing interneurons (Li et al. 2016).

Thus, oxytocin acts in many brain areas to recruit local inhibitory circuits, and second-order 

forms of oxytocin neuromodulation seem more widespread than first-order modulation. 

Modulation of inhibitory circuits enables more selective signal enhancement for specific 

cell types, synapses, and sensory inputs than does the direct excitation of principal cells 

(Froemke & Schreiner 2015). These observations underscore the importance of examining 

spontaneous and evoked patterns of synaptic transmission to determine local circuit effects 

of neuromodulation. The various mechanisms by which oxytocin affects excitability or 

synaptic transmission afford different levels of control, from individual inputs or spines 

(which could provide highly stimulus-specific behavioral sensitivities) to entire neurons or 

circuits as a whole (increasing perceptual/behavioral salience of an entire class or modality 

of stimulus, although perhaps compromising discriminability).

Third-Order Neuromodulation

There are potentially many biological processes by which oxytocin receptor signaling 

can indirectly influence gene expression, excitability, synaptic transmission, and neural 

computations (Jurek & Neumann 2018) beyond the scope of this review. In the remainder 

of this section, we highlight newer studies implicating third-order modulation, or the 

modulation of modulation, as a set of mechanisms by which oxytocin regulates circuit 

function. Dölen et al. (2013) observed PVN oxytocin fibers innervating mouse nucleus 
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accumbens, where oxytocin release was important for social-conditioned place preference 

and serotonin-dependent long-term depression (LTD). The relevant oxytocin receptors 

are believed to reside on serotoninergic terminals of raphe inputs to nucleus accumbens 

(Figure 3b), such that presynaptic oxytocin receptor activation enhances serotoninergic 

modulation of nucleus accumbens medium spiny neurons. This interaction indicates that 

neuromodulatory systems need not act in isolation but instead can directly activate each 

other, perhaps accounting for the wide range of effects ascribed to any one neuromodulator.

Oxytocin fibers also innervate midbrain dopaminergic centers, with axons projecting to 

mouse ventral tegmental area (VTA) and substantia nigra. The selective oxytocin agonist 

[Thr4,Gly7]-oxytocin (TGOT) reduced evoked IPSC amplitudes (as in CA1 and auditory 

cortex) together with increased spontaneous spiking and enhanced evoked EPSCs (Tang et 

al. 2014, Hung et al. 2017, Xiao et al. 2017, Hörnberg et al. 2020). Removing oxytocin 

receptors from postsynaptic VTA neurons prevented the reduction of EPSCs, whereas IPSCs 

were still reduced by TGOT, indicating that disinhibition is due to presynaptic oxytocinergic 

modulation of GABAergic terminals. In contrast to the increase of spontaneous firing of 

VTA dopamine neurons, oxytocin suppressed the spontaneous firing of substantia nigra 

dopamine neurons (Xiao et al. 2017). Spontaneous IPSC rates increased onto VTA and 

substantia nigra neurons, leading to the development of a model in which GABAergic 

neurons in both areas are directly modulated by oxytocin and increase firing rates onto 

dopamine neurons. Increased inhibitory tone is counteracted by oxytocin receptor expression 

on VTA but not substantia nigra dopamine neurons. This leads to differential consequences 

on firing rate (and downstream dopamine release), with the net effect of oxytocin in the 

midbrain dopamine system biasing overall activity away from substantia nigra and toward 

VTA. An additional level of input selection and control of circuit function in mouse VTA 

is provided by oxytocinergic downregulation of excitation via presynaptic endocannabinoid 

receptors (Xiao et al. 2018). The effects of optogenetic stimulation of oxytocin-positive but 

vasopressin-negative fibers in VTA were not entirely reduced by selective OTAs but also 

required antagonists to vasopressin receptors to be fully prevented (Xiao et al. 2017).

Another form of third-order neuromodulation is oxytocin-induced oxytocin release. 

Magnocellular oxytocin neurons have a range of spontaneous firing patterns maintaining 

a low level of oxytocin tone. However, during parturition and lactation, oxytocin neurons 

fire more synchronously in bursts, in part due to changes to intrinsic excitability properties 

and incoming excitatory inputs (Teruyama & Armstrong 2002, Sabatier et al. 2004, Rossoni 

et al. 2008). Burst firing results in pulsatile oxytocin secretion for uterine contractions and 

milk ejection during nursing (Belin et al. 1984, Brown et al. 2013). There seems to be 

an interesting type of positive feedback that regulates this system (Neumann et al. 1996): 

Injection of exogenous oxytocin into the third ventricle increases spontaneous firing of rat 

oxytocin neurons and can produce milk ejection when pups are suckling (Freund-Mercier & 

Richard 1984). Conversely, injection of an OTA into SON decreased hypothalamic oxytocin 

concentrations and milk intake by suckling pups (Neumann et al. 1994). Pharmacologically 

evoked somatodendritic oxytocin release in PVN (e.g., via melanocortin receptor agonists) 

may prime PVN neurons to respond to social stimuli and enhance oxytocin release in the 

brain, with translational implications for treating disorders such as autism (Modi et al. 2015, 

Young & Barrett 2015).
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OXYTOCIN AND LONG-TERM NEURAL PLASTICITY

These three types of neuromodulation (first, second, and third order) acutely amplify input 

processing across different spatiotemporal scales. Each mechanism can also potentially 

influence and induce long-term synaptic modifications via changes in excitability and 

recruitment of intracellular signaling. For example, oxytocin lowers the threshold for 

depolarizing inputs to induce long-term potentiation (LTP) in hippocampal CA2 (Pagani 

et al. 2015, Carstens & Dudek 2019) and olfactory bulb (Fang et al. 2008). CA2 activity 

also enables CA1 plasticity after oxytocin-triggered burst firing of CA2 neurons increases 

collateral drive onto CA1 pyramidal neurons (Eyring et al. 2020). Rapid and lasting 

modifications to synaptic transmission would then consolidate changes in neural responses 

important for parental care or other social behaviors in an enduring manner that is less 

dependent on continued neuromodulation (Froemke 2015, Rajamani et al. 2018, Pekarek et 

al. 2020).

Disinhibition is an effective and physiological mechanism for permitting long-term synaptic 

plasticity (Froemke 2015), strengthening repetitively active synaptic inputs during periods of 

reduced inhibition during/after oxytocin release. The reduction of inhibition by oxytocin 

can facilitate LTP induction in auditory cortical brain slices, presumably by boosting 

NMDA receptor responses and/or promoting dendritic spikes. Pairing oxytocin with synaptic 

stimulation persistently increases EPSCs and spiking (Mitre et al. 2016, Schiavo et al. 2020). 

Paired inhibitory inputs also increase in amplitude to balance synapse-specific excitatory 

increases (Field et al. 2020), ensuring reliable and precise spiking to incoming input.

Long-term synaptic plasticity can serve as a mechanism for enhancing and stabilizing neural 

representations of important sensory stimuli related to social interactions or maternal care. 

As a consequence, responses to incoming signals like infant cries or other social stimuli 

would be detected and recognized more readily without the need for additional oxytocin. 

One form of maternal behavior shown to initially require oxytocin signaling leading to 

long-term neural plasticity is pup retrieval, in which caretakers respond to ultrasonic distress 

calls made by isolated pups and return them to safety (Noirot 1972, Ehret 2005). Pup-naïve 

virgin females do not initially retrieve pups, but experience with pups leads to concaveation: 

maternal behaviors expressed by virgin mice (Numan & Insel 2003). Cohousing virgin 

females with experienced dams and litters accelerates the onset of maternal behavior (Koch 

& Ehret 1989), and oxytocin further enables this process (Marlin et al. 2015).

The experience-dependent onset of maternal behavior is at least partially due to rapid 

plasticity sensitizing left auditory cortex to pup call sounds. Pup calls evoke more robust 

cortical responses in experienced maternal mice compared to inexperienced or naïve virgins 

(Liu & Schreiner 2007, Cohen et al. 2011), with an unusual hemispheric overrepresentation 

on the left side of auditory cortex paralleled by a left hemisphere advantage for behavioral 

responses to pup vocalizations as well as left-lateralized oxytocin receptor expression in 

female auditory cortex (Ehret 1987, Marlin et al. 2015, Schiavo et al. 2020). Untuned 

neurons in deep layers of left female auditory cortex and narrowly tuned neurons in 

superficial layers increased responses to a range of pup calls, eventually representing the full 

statistical distribution of exposed pup call sounds (Marlin et al. 2015, Schiavo et al. 2020). 
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More precise spiking responses arise from the temporal patterning and reliability of synaptic 

responses in experienced mice. These responses can emerge within minutes to hours during 

initial pup experience, forming a neural category of pup call sounds. This process elaborates 

on an initial sensitivity in virgin female cortex to the most common feature of pup calls 

(~5 Hz tempo or intersyllable interval). Suppressing oxytocin neuron firing during initial 

cohousing prevented plasticity, indicating that social and parental experience activates the 

oxytocin system even in nonlactating females (Schiavo et al. 2020). Once plasticity has 

occurred, blocking cortical oxytocin receptors did not substantially affect pup retrieval 

abilities (Marlin et al. 2015, Carcea et al. 2019).

Pairing oxytocin for a few minutes with pup call presentation in vivo also induced long­

lasting changes in excitatory/inhibitory inputs to enhance spike responses to pup calls 

(Figure 4a). Oxytocin transiently decreased call-evoked IPSCs in virgin auditory cortex, 

leading to excitatory LTP within minutes. In this way, oxytocin modulation acts as a social 

salience signal to almost immediately boost neural responses, which are then consolidated 

via mechanisms of long-term plasticity (Marlin et al. 2015) so that auditory cortex remains 

responsive to pup calls perhaps for the lifetime of the animal. Together, these studies of 

infant distress calls have been useful for connecting cellular and synaptic properties (e.g., 

localization of oxytocin receptors) to physiological effects of oxytocin (e.g., disinhibition 

and LTP induction) and behavioral changes (e.g., pup retrieval onset).

Third-order modulation, or modulation of modulation, is critical for long-term synaptic 

modifications related to social reward in mouse nucleus accumbens. Oxytocin induced 

LTD in nucleus accumbens medium spiny neurons (Figure 4b), as presynaptic oxytocin 

receptors on serotoninergic terminals lead to increased serotonin release onto medium spiny 

neurons and consequent LTD (Dölen et al. 2013). This LTD has a prolonged critical period 

and is induced by either serotonin or oxytocin at postnatal day (P)40 but not P90. LTD 

in adult nucleus accumbens was reinstated by stimulation of oxytocin fibers in nucleus 

accumbens, as well as by a single dose of MDMA, which might stimulate oxytocin neurons 

and bind to serotonin transporters. This time period and pharmacological sensitivity matched 

a critical behavioral time window during which mice expressed a form of social place 

preference (Nardou et al. 2019). These studies emphasize a few important points: the 

interrelatedness and dynamism of neuromodulatory systems; the potential for some acute 

therapeutic approaches to have enduring effects; and the need to understand mechanisms of 

modulation and plasticity in humans, especially for treatment of neuropsychiatric conditions.

CENTRAL EFFECTS OF OXYTOCIN ON NEURAL RESPONSES AND 

BEHAVIOR

Through widespread direct and indirect effects on neural excitability, oxytocin also 

affects perception and cognition. We restrict our review to maternal care and some other 

social interactions, including sexual behavior and pair-bond formation. It is worth noting 

that although oxytocin enhances prosocial behavior and maternal care, there is nothing 

intrinsically social about a nine amino acid–long peptide. Rather, the data indicate that 

oxytocin acts as a neuromodulator to amplify incoming signals, increasing the salience 
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of sensory input and leading to refinement of subsequent behaviors via mechanisms of 

long-term plasticity, as described above. As oxytocin is released during social interactions, 

the contexts of specific experiences provide oxytocin with a maternal or social phenotype.

Maternal Care

Survival of many species relies on close and reliable attachment relationships across ages, 

ensuring that the young are nurtured and protected. Parental behaviors generally involve 

oxytocin (Rilling & Young 2014), although some aspects such as nest building instead 

require vasopressin (Bendesky et al. 2017).

In sheep, parturition triggers maternal behavior in ewes by stimulating brain oxytocin 

release. Hours after delivery, ewes become exclusively maternal to their own lambs. 

Vaginocervical stimulation in sheep induces release of oxytocin and other neuromodulators 

into the cerebrospinal fluid and the olfactory bulb (Keverne & Kendrick 1994). This 

heightened modulatory tone increases mitral cell responses specifically to offspring lamb 

odor. Central oxytocin seems fundamental for this mother-infant bonding, as cerebral 

injections of oxytocin induce acceptance of an unfamiliar lamb by ewes even after initial 

bonding (Kendrick et al. 1991, 1992).

Prairie voles are highly nurturing, and virgin females can display spontaneous levels of 

maternal care depending on density of nucleus accumbens oxytocin receptors (Olazábal & 

Young 2006, Keebaugh & Young 2011). In most other rodent species, however, males and 

nulliparous/virgin females are not usually parental and instead avoid or attack pups until 

after parturition or concaveation (Numan & Insel 2003, Wu et al. 2014, Scott et al. 2015). 

Pedersen et al. (1982) showed that oxytocin injection into the lateral cerebral ventricles 

of nulliparous/virgin rats rapidly induced maternal behaviors. More recent studies have 

used optogenetic stimulation to release endogenous oxytocin. Scott et al. (2015) found that 

optogenetic stimulation of tyrosine hydroxylase–positive (TH+) neurons of virgin female 

mouse anteroventral periventricular nucleus promoted maternal behaviors, including pup 

retrieval. These TH+ cells provide monosynaptic excitatory input to PVN oxytocin neurons, 

and stimulation of these cells increased plasma oxytocin levels.

Maternal defensive aggression toward intruders also involves oxytocin (Bosch 2013). While 

rodents often freeze in response to threat-related cues (e.g., odors paired with foot shock), 

mothers must inhibit freezing to defend pups and the nest (Pinel et al. 1990). Blocking 

oxytocin receptors in central amygdala leads to differential effects depending on testing 

context and maternal state. Rickenbacher et al. (2017) observed increased freezing in 

maternal rats when presented with threat-related cues in the presence of their pups after 

administering OTA into the central amygdala. Similarly, Knobloch et al. (2012) showed 

that oxytocin in central amygdala decreased freezing induced by classical fear conditioning 

(instead of a maternal context), while OTA infusion into the amygdala increased freezing. 

In contrast, in a different context in which smaller male intruder rats were introduced to 

dams and litters, amygdala OTA infusion instead increased maternal aggression and attack 

(Lubin et al. 2003). Thus, rather than just decreasing (or increasing) the tendency to freeze 

or engage, oxytocin in the amygdala might flexibly switch circuit function depending on 

situational relevance (Dulac et al. 2014).
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Assessing Social Cues and Contexts

Oxytocin is important for responding appropriately to social contexts. Rogers-Carter et 

al. (2018) showed that adult male rats approach distressed, stressed juveniles but avoid 

distressed adults. Oxytocin signaling in insular cortex is necessary for this social affect 

preference behavior and renders insular cortex pyramidal neurons more responsive to 

excitatory inputs via activation of PKC cascades. Some components of social recognition 

require oxytocin receptor signaling in hippocampus (Raam et al. 2017) and also in other 

brain areas depending on context. Mice can discriminate positive and negative emotional 

states of other mice (Ferretti et al. 2019), and chemogenetic inhibition of PVN oxytocin 

projections to central amygdala abolishes this ability. Adult mice visually observing 

other mice receiving auditory-conditioned foot shocks can experience emotion contagion—

developing an aversion to conditioned stimuli. This interesting observational form of social 

transmission depends on anterior cingulate input to amygdala (Allsop et al. 2018). Oxytocin 

acting in anterior cingulate cortex also mediates empathy-based consoling behaviors in 

prairie voles (Burkett et al. 2016).

Recent advances in miniature wireless headstages and machine learning are revolutionizing 

studies of complex multiscale behaviors such as social interactions (Mathis et al. 2018, 

Ebbesen & Froemke 2020). Anpilov et al. (2020) used a wireless system to examine 

consequences of prolonged PVN oxytocin neuron stimulation in various social conditions. 

Activating PVN oxytocin neurons in an enriched social environment increased both 

prosocial and agonistic behaviors depending on context, consistent with the hypothesis that 

oxytocin is an attentional modulator acting to enhance social salience rather than being 

inherently prosocial.

Oxytocin is a candidate for neuropsychiatric disorders in terms of pathological disruption 

and use as a treatment, particularly for autism spectrum disorders (ASDs) (Wagner & 

Harony-Nicolas 2018, DeMayo et al. 2019). Harony-Nicolas et al. (2017) developed 

Shank3-deficient rats and found that these animals had impaired social recognition 

memory, visual spatial attention, and hippocampal/cortical long-term synaptic plasticity. 

These biobehavioral phenotypes were rescued by exogenous oxytocin, indicating that 

oxytocin receptor signaling itself was not impacted but rather that some aspect of 

endogenous oxytocin production and/or release may be disrupted in Shank3 mutants 

(Harony-Nicolas et al. 2017). Shank3b- and Cntnap2-knockout mice also had impaired 

social interactions rescued by oxytocin (Peñagarikano et al. 2015, Resendez et al. 2020). 

Somewhat differently, neuroligin3 (Nlgn3)-knockout mice also showed impaired social 

memory, but this seemed due to the insensitivity of VTA dopamine neurons to oxytocin even 

when applied exogenously (Hörnberg et al. 2020). Knocking out Nlgn3 in VTA dopamine 

neurons recapitulated these phenotypes, and replacing Nlgn3 in constitutive knockouts 

restored functionality. Loss of Nlgn3 disrupted translational programs of gene expression 

homeostasis, and translational, neural, and behavioral phenotypes were rescued by a brain­

penetrant pharmacological compound that interfered with MAP kinase–interacting kinases. 

Thus, the therapeutic potential of drugs targeting the oxytocin system for treating social 

deficits in heterogeneous conditions such as ASDs will differ depending on the underlying 

genetic etiology of the disorder. Consequently, oxytocin-based pharmacotherapies for 
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psychiatric disorders will require a precision medicine approach informed by context­

dependent and circuit-based neuromodulation mechanisms (Ford & Young 2021).

Mate Preferences and Pair-Bonding

Oxytocin signaling in medial prefrontal cortex and amygdala is important for mating 

behavior in mice, perhaps via sex-specific modulation of each area. When somatostatin­

positive interneurons expressing oxytocin receptors in prefrontal cortex are silenced (or 

when oxytocin receptors are selectively deleted from those cell types), female mice reduce 

time spent interacting with males (Nakajima et al. 2014). Much of sexual selection and 

partner preference in rodents comes from olfactory signals such as pheromones (Dulac 

et al. 2014), and mouse medial amygdala contains a distributed population code for 

olfactory responses to female, male, and predator odors. Sexual experience reorganizes this 

representation, increasing neural and behavioral discrimination between male and female 

odors. This discrimination is impaired in males either if oxytocin signaling is systemically 

blocked (Li et al. 2017) or by selectively deleting oxytocin receptors from aromatase­

positive neurons of the medial amygdala (Yao et al. 2017). Together, these results indicate 

that a substantial amount of social information processing occurs in medial amygdala, with 

distinct behaviors arising from these oxytocin-dependent computations.

In monogamous prairie voles, oxytocin facilitates mating-induced bonding and long-term 

partner preference (Walum & Young 2018). In contrast to nonmonogamous species, prairie 

voles have high densities of oxytocin receptors in nucleus accumbens, and oxytocin 

signaling in the accumbens during mating is essential for partner preference formation 

(Keebaugh et al. 2015). During mating, prelimbic cortical projections modulate gamma 

frequency oscillations in nucleus accumbens, and optogenetically recapitulating that activity 

facilitates partner preference formation in the absence of mating (Amadei et al. 2017). 

Oxytocin facilitates mating-induced coordinated activity of several brain areas in the 

social salience network, suggesting that oxytocin facilitates the flow of social information 

across this network (Johnson et al. 2016, Johnson et al. 2017). Oxytocin interacts with 

dopamine to facilitate pair-bonding, possibly by facilitating synaptic plasticity to link neural 

representations of partner cues to the reward system (Walum & Young 2018). Loss of 

oxytocin signaling following partner loss also mediates depressive-like behavior reminiscent 

of grieving (Bosch et al. 2016). Early-life experiences interact with the oxytocin system 

to influence later-life social preferences in voles. For example, there is robust individual 

genetically determined variation in oxytocin receptor density in prairie vole nucleus 

accumbens (King et al. 2016). Repeated neonatal social isolations (modeling neglect) disrupt 

adult pair-bonding in voles with low accumbens receptor density but not in those with 

high receptor density, suggesting that accumbens oxytocin signaling promotes resilience to 

early-life neglect (Barrett et al. 2015). In Mandarin voles, loss of the father at two weeks of 

age leads to decreased social preference and reduced oxytocin receptor levels in prefrontal 

cortex. Optogenetic stimulation of PVN oxytocin terminals in prelimbic cortex restores 

social preferences in paternally deprived animals (He et al. 2019).

Studies in voles have yielded insights into the regulation of complex social behaviors, but 

tools for circuit- and cell type–specific manipulations have been limited in these species. 
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Clustered regularly interspaced short palindromic repeats (CRISPR)-mediated genome 

editing provides exciting opportunities to extend circuit-level investigations to a wide range 

of species (Boender & Young 2020). CRISPR-generated oxytocin receptor knockout and 

oxytocin receptor–Cre prairie voles provide a means for elucidating the function of oxytocin 

signaling and social bonding (Horie et al. 2019, 2020).

Oxytocin also mediates mating preferences in polygamous species. In medaka fish, 

females preferentially mate with familiar males who successfully competed for proximity 

to the female the previous day (Yokoi et al. 2015, 2016). By contrast, males typically 

mate indiscriminately and with no preference for familiarity. However, mutating oxytocin 

receptors using CRISPR reduces mating preference in females and results in the emergence 

of preference for familiar females in males (Yokoi et al. 2020). Thus, in both monogamous 

and promiscuous species, oxytocin can promote adaptive mating preferences. Species such 

as voles and medaka fish provide opportunities to explore oxytocin modulation of complex 

social behaviors beyond those typical of mice (Boender & Young 2020).

RESPONSES OF OXYTOCIN NEURONS TO SOCIAL STIMULI

Other modulators can have effects similar to those of oxytocin in terms of changes 

in excitability, disinhibition, enabling long-term plasticity, and enhancing attention and 

behavioral responses toward external stimuli, social or otherwise (Froemke 2015). For 

example, oxytocin can shift auditory cortical frequency–tuning profiles for pure tones, 

similar to cholinergic modulation (Mitre et al. 2016). The oxytocin peptide is not 

intrinsically social, and so the maternal/social phenotype of oxytocin must instead come 

from the inputs that activate these cells, that is, the (social) receptive fields of oxytocin 

neurons.

Performing recordings from oxytocin neurons in vivo can be technically challenging, due 

to the deep and periventricular location of oxytocin neurons and the heterogeneity of 

PVN/SON cell types. Initial in vivo recordings relied on identifying oxytocin neurons based 

on spiking statistics together with measurements of milk ejection and detection of oxytocin 

from microdialysis (Lincoln & Wakerley 1974, Neumann & Landgraf 1989, Leng et al. 

2005). These and other studies were essential for relating PVN and SON spiking activity 

to oxytocin release in nursing mother rodents, but it remained unclear when oxytocin was 

released in nonlactating females and males.

Newer studies rely on monitoring activity from identified cells in transgenic mice. Hung et 

al. (2017) performed fiber photometry from PVN oxytocin neurons expressing GCaMP6m 

in adult animals and observed substantial signals during interactions with conspecific 

juveniles but not toy mice. Using two-photon imaging in head-fixed adult males, Resendez 

et al. (2020) observed heterogeneous Ca2+ signals in PVN oxytocin neurons when the 

mice were presented with anesthetized juveniles. In contrast, sucrose (a nonsocial appetitive 

stimulus) did not activate PVN oxytocin neurons.

Tang et al. (2020) made single-unit recordings from identified oxytocin neurons in virgin 

female rats using a custom viral vector to express channelrhodopsin-2 under control of 
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the oxytocin promoter. This is a major technical advance, enabling selective recordings 

from optically identified neurons not just in wild-type rodents but in other species as well. 

In virgin females, parvocellular PVN oxytocin neurons responded to gentle touch (Figure 

5a). These neurons made monosynaptic excitatory connections onto magnocellular PVN 

oxytocin neurons. This direct connection might help ensure that sensory signals received 

by the smaller fraction of parvocellular neurons are transmitted to the larger magnocellular 

population to ensure synchronous firing and oxytocin release.

It has long been appreciated that some forms of nonsomatosensory stimulation can activate 

oxytocin neurons; for example, infant crying can release oxytocin and trigger milk ejection 

in human mothers (McNeilly et al. 1983). To understand when oxytocin neurons in virgin 

female mice might be activated during cohousing with an experienced dam and pups, Carcea 

et al. (2019) continuously monitored homecage behavior, combined with optically tagged 

recordings from virgin PVN oxytocin neurons. PVN neurons did not fire substantially 

during spontaneous interactions with pups, and initially, virgin animals stayed away from 

the dam and the nest. Over hours, mother animals began shepherding virgins toward the 

nest, agonistically chasing them toward the pups, and this shepherding behavior and virgin 

nest entry activated a fraction of PVN and the identified oxytocin neurons (Figure 5b). 

Virgins then began staying in the nest with dam and pups, and mother animals would 

spontaneously retrieve pups back to the nest if pups fell off of her when she left the 

nest to forage. Observation of maternal retrievals activated virgin oxytocin neurons, and 

some of these same neurons were reactivated when the virgin retrieved pups. Recordings 

in PVN taken simultaneously with fiber photometry in auditory cortex showed that bursts 

of activity in the hypothalamus produced bigger cortical responses, which increased just 

prior to individual virgins beginning to retrieve pups. Thus, inexperienced females can 

learn aspects of maternal behavior from interactions with and observations of experienced 

mothers, leading to cortical plasticity that builds on an intrinsic initial sensitivity to some 

pup call features (Carcea et al. 2019, Schiavo et al. 2020).

CONCLUSIONS AND OPEN QUESTIONS

Growing evidence, mainly from studies in rodents, has shown that oxytocin has a large 

number of effects on neurons in the central nervous system. A consistent finding is 

that oxytocin increases excitability and enables synaptic plasticity, although the specific 

mechanisms vary by cell type and brain region. Rather than unilaterally increasing prosocial 

behavior and initiating maternal care, oxytocin seems to act as an attentional modulator, 

increasing the salience of social information such that different circuits (e.g., amygdala, 

frontal cortex, auditory cortex, dopaminergic neurons) can respond selectively to social 

stimuli in a behaviorally appropriate manner.

While the use of genetic tools has been helpful for determining previously unknown 

aspects of oxytocin signaling and the functional anatomy of the rodent oxytocin system, 

much remains unknown about oxytocin release and the functions of oxytocinergic 

modulation. New types of molecular sensors promise to provide qualitative and quantitative 

measurements of oxytocin release in specific brain regions in real time (Wu et al. 2019, 

Mignocchi et al. 2020). Single-cell RNA-Seq strategies will provide more insights into 
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the molecular phenotypes of oxytocin receptor neurons in diverse brain regions to reveal 

novel circuit-based modulatory mechanisms. Lewis et al. (2020) recently used RNA-Seq 

to characterize the transcriptome of magno- and parvocellular PVN oxytocin neurons to 

examine common pathways linking oxytocin and ASD-related genes. These data could 

potentially be used to identify drug targets for evoking endogenous oxytocin release from 

specific subpopulations of neurons, perhaps in a projection-specific manner. Continued 

research into the mechanisms of oxytocinergic modulation of neural circuits, plasticity, and 

behavior is needed to realize the maximum therapeutic potential of this peptide system (Ford 

& Young 2021). We outline three major questions or opportunities in relation to oxytocin, 

neuromodulation, and social behavior.

First, it is unlikely that neuromodulatory systems act in isolation. How then do multiple 

systems interact, either synergistically or in opposition, to regulate circuit function and 

behavior? While it is likely that at a more macroscopic level a neural circuit or brain region 

can be modulated by many different modulatory substances, at the level of single neurons, 

dendritic branches, or single spines, how is specificity in terms of modulatory control over 

excitatory and inhibitory synaptic transmission achieved?

Second, is oxytocin release coordinated throughout the brain to ensure neuromodulation 

and plasticity in relevant areas? To what degree can oxytocin release be regulated at the 

level of individual processes in specific brain areas? Anatomical mapping has revealed a 

large number of different input sources, and neural recordings demonstrated substantial 

heterogeneity of oxytocin responses to various stimuli. When and how would release be 

synchronized, and when might target-specific modulation occur? Furthermore, given that 

many areas receive projections from PVN oxytocin neurons, and given that essentially all 

brain regions express oxytocin receptors to some degree, what constitutes a neural circuit for 

complex oxytocin-dependent behaviors involved in parenting, and how many various neural 

systems are involved?

Third, how does context alter oxytocin function? Oxytocin induces nurturing behavior 

in a dam in response to pups but aggression in response to a male intruder. Animals 

respond differently to a distressed juvenile compared to a distressed adult. How does circuit­

level modulation influence network activity and computations for differential responses 

to distinct stimuli? When might long-term and possibly life-long changes in synaptic 

and circuit function be engaged (e.g., after pair-bonding), and when would the system 

instead be transiently modulated or temporarily switched into a different operating state? 

Next-generation molecular oxytocin sensors might permit direct determination of oxytocin 

release or local concentration, which would be useful for a large number of studies of the 

physiology and pathology of this remarkable hormone system.

Addressing these questions will advance the therapeutic potential of oxytocin for psychiatric 

disorders, particularly those characterized by deficits in the social domain.
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Figure 1. 
The mouse oxytocin system. (a) Axonal projections of PVN oxytocin neurons. Panel a 
adapted from Knobloch et al. (2012), Mitre et al. (2016), and Zhang et al. (2021). (b) 

Inputs to PVN oxytocin neurons. Panel b adapted from Tang et al. (2020). Abbreviations: 

A, amygdala; AON, anterior olfactory nucleus; Arc, arcuate nucleus; AuCx, auditory cortex; 

BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CeA, central nucleus 

of the amygdala; CPu, caudate putamen; DMH, dorsomedial hypothalamic nucleus; DRG, 

dorsal root ganglion; GP, globus pallidus; Hb, habenula; InfCx, infralimbic cortex; Ins, 
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insular cortex; LH, lateral hypothalamus; LS, lateral septum; MEA, medial amygdala; 

mPFC, medial prefrontal cortex; MPOA, medial preoptic area; NAc, nucleus accumbens; 

OrbCx, orbitofrontal cortex; PAG, periaqueductal gray; PBN, parabrachial nucleus; PH, 

posterior hypothalamic nucleus; PiCx, piriform cortex; PIL, posterior intralaminar nucleus 

of the thalamus; PlimCx, prelimbic cortex; PPi, posterior pituitary; PVN, paraventricular 

nucleus; PVT, paraventricular thalamus; RN, raphe nuclei; SNc, substantia nigra pars 

compacta; SON, supraoptic nucleus; VTA, ventral tegmental area; ZI, zona incerta.
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Figure 2. 
Receptor autoradiograms illustrating oxytocin receptor binding sites in the forebrain of 

rat, mouse, and prairie vole. Receptor distribution is conserved in some regions, including 

the lateral septum (LS), bed nucleus of the stria terminalis (BnST), central nucleus of the 

amygdala (CeA), and ventromedial nucleus of hypothalamus (VMH). There are species 

differences for other regions: In rat striatum, oxytocin receptors are restricted to dorsal 

caudate putamen (CP) and nucleus accumbens shell (NAccSh), whereas oxytocin receptors 

are abundant throughout prairie vole striatum and not detectable in mouse striatum. Figure 

adapted from Burbach et al. (2006).
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Figure 3. 
Different modes of oxytocinergic modulation. (a) Proposed mechanism of oxytocin receptor 

GPCR signaling. A G protein activates PLC to degrade PIP2 into IP3 and DAG. Depleting 

membrane PIP2 closes KCNQ channels, increasing resistance and depolarizing neurons. 

DAG activates PKC to phosphorylate spike channels (Tirko et al. 2018). (b, left) In first­

order modulation, oxytocin directly depolarizes some principal excitatory cells such as 

CA2 pyramidal neurons (Tirko et al. 2018). (Middle) In second-order modulation, oxytocin 

reduces inhibitory transmission by either increasing spontaneous firing or impairing 

GABA release (Owen et al. 2013). (Right) In third-order modulation, or modulation of 

modulation, oxytocin receptors on serotoninergic terminals impact serotonin signaling in 

nucleus accumbens (top) (Dölen et al. 2013), and oxytocin increases VTA dopamine 

neuron firing but decreases SNc dopamine neuron firing (bottom) (Xiao et al. 2017). 

Abbreviations: 5-HT, 5-hydroxytryptamine; DAG, diacylglycerol; DAn, dopamine neuron; 

GABA, γ aminobutyric acid; GPCR, G protein–coupled receptor; IP3, inositol triphosphate; 
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KCNQ, M-type K+ channel; MSN, medium spiny neuron; OXTR, oxytocin receptor; P, 

phosphorylation; PIP2, phosphatidylinositol 4,5-bisphosphate; PKC, protein kinase C; PLC, 

phospholipase C; PVN, paraventricular nucleus of the hypothalamus; SNc, substantia nigra 

pars compacta; TGOT, [Thr4, Gly7]-oxytocin; VTA, ventral tegmental area.
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Figure 4. 
Mechanisms of oxytocin modulation enable long-term plasticity. (a) Long-term plasticity of 

synaptic and spiking responses to mouse infant distress calls is induced in vivo in female 

virgin left auditory cortex. (Top) Voltage-clamp recordings from cortical neurons are shown 

before, during, and after pairing oxytocin (red) with pup call (black spectrogram above 

traces). Excitatory-inhibitory correlation improved over time, and responses to the pup 

call became more reliable. (Bottom) Two consecutive current-clamp recordings of spiking 

responses are shown before, during, and after oxytocin pairing via optogenetic stimulation 
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(blue). After pairing, pup calls evoked more spikes with higher temporal precision (Marlin 

et al. 2015). (b) Oxytocin induces LTD in vitro in mouse nucleus accumbens (blue) unless 

slices were preincubated with OTA (black) (Dölen et al. 2013). Abbreviations: CTL, control; 

EPSC, excitatory postsynaptic current; LTD, long-term depression; OTA, oxytocin receptor 

antagonist.
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Figure 5. 
Single-unit recordings from optically identified PVN oxytocin neurons. (a) Combined 

recordings of behavior, ultrasonic vocalizations, and neural activity in virgin female rats 

measure responses of oxytocin neurons in vivo. FSI led to the greatest change in firing rate 

and synchronous activity in simultaneously recorded oxytocin neurons (Tang et al. 2020). 

(b) Social interactions between dams and virgins activate virgin PVN oxytocin neurons. 

(Left) Continuous videography of virgins cohoused for days with dams and litters revealed 

previously undescribed behavior such as dams shepherding virgins to nests and pups. (Right) 
Simultaneous in vivo recordings of nine PVN units, including a photo-tagged oxytocin PVN 

cell (u3), show bursting patterns during a single shepherding episode (middle raster plot) 
and over dozens of shepherding events (right). Many oxytocin neurons and unidentified cells 

(e.g., u9) reliably burst during virgin head nest entry (Carcea et al. 2019). Asterisks denote 
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significance level: *p < .05, **p < .01. Abbreviations: CSI, chambered social interaction; 

FSI, free social interaction; OF, open field; PVN, paraventricular nucleus.
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