
REVIEW ARTICLE

Neural circuits regulating prosocial behaviors
Jessica J. Walsh 1,2,3✉, Daniel J. Christoffel 3,4 and Robert C. Malenka 5✉

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2022

Positive, prosocial interactions are essential for survival, development, and well-being. These intricate and complex behaviors are
mediated by an amalgamation of neural circuit mechanisms working in concert. Impairments in prosocial behaviors, which occur in
a large number of neuropsychiatric disorders, result from disruption of the coordinated activity of these neural circuits. In this
review, we focus our discussion on recent findings that utilize modern approaches in rodents to map, monitor, and manipulate
neural circuits implicated in a variety of prosocial behaviors. We highlight how modulation by oxytocin, serotonin, and dopamine of
excitatory and inhibitory synaptic transmission in specific brain regions is critical for regulation of adaptive prosocial interactions.
We then describe how recent findings have helped elucidate pathophysiological mechanisms underlying the social deficits that
accompany neuropsychiatric disorders. We conclude by discussing approaches for the development of more efficacious and
targeted therapeutic interventions to ameliorate aberrant prosocial behaviors.
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INTRODUCTION
Social behaviors, broadly defined, comprise any interaction
between members of a species and thus consist of a complex
set of behaviors including those required for survival, reproduc-
tion, nurturing offspring, and overall well-being [1, 2]. It is likely
that many of the neural mechanisms mediating adaptive social
behaviors that are necessary for reproduction and survival have
been evolutionarily conserved. Furthermore, impairments in
adaptive, prosocial behaviors that promote well-being commonly
occur in a broad range of neuropsychiatric disorders including
schizophrenia (SZ), substance use disorder, mood disorders and,
most notably, in autism spectrum disorder (ASD) [3].
In this brief review, we limit our discussion to recent findings on

the neural circuit mechanisms regulating non-sexual, non-
aggressive, prosocial behaviors in rodents, which include beha-
viors that assess sociability, social reward, social memory, as well
as behavioral antecedents related to empathy (e.g., emotional
contagion). We will not cover sexual, parental, or aggressive
behaviors and refer the reader to several recent reviews on these
topics [4–9]. Here, we operationally define prosocial behaviors
based on assays that measure direct social interactions, social
preference, social novelty, and social “reward”. We also discuss
some of the neural circuit mechanisms thought to underlie deficits
in prosocial behaviors that occur in prominent neuropsychiatric
disorders and conclude by discussing potential novel therapeutic
interventions to treat these deficits.
A major advance in the current understanding of mammalian

prosocial behaviors came from seminal studies that investigated the
role of oxytocin (OXT) in voles, a neuropeptide that is well established
to play critical roles in social and affiliative behaviors [9, 10].
Monogamous prairie voles, who maintain a pair bond for life, were

found to have a significantly higher density of OXT receptors in the
nucleus accumbens (NAc), a critical node in the brain’s reward
circuitry [11, 12], when compared to non-monogamous montane
voles [13]. The critical importance of these receptors was subse-
quently established by demonstrating that direct infusion of an OXT
receptor antagonist into the NAc prevented pair bond formation in
prairie voles [10]. These findings provided an important initial clue to
some of the critical neural circuit mechanisms governing one specific
form of adaptive social behavior. In addition to OXT being a critical
regulator of affiliative social behavior, it became apparent that the
prominent neuromodulators, serotonin (5-HT) and dopamine (DA),
which are implicated in a variety of cognitive and emotional
processes [3, 12, 14–17], also play pivotal roles in regulating prosocial
behaviors such as social approach [3, 18]. Together, a body of work
supported the idea that these neuromodulators regulate social
behavior through alterations in neuronal activity at key nodes of the
mesolimbic reward system [19, 20]. However, until the advent of now
standard technologies that provide genetic access to discrete
neuronal populations to monitor and manipulate activity patterns
in defined cell types, progress tomore comprehensively delineate the
neural circuits regulating prosocial behaviors was limited [21, 22].
Here, we will focus on more recent studies that leverage the
methodological advances that have occurred over the last two
decades and which most commonly are applied to mice.

STANDARD BEHAVIORAL ASSAYS OF PROSOCIAL BEHAVIOR
Mice are social creatures and provide an excellent species in which
to investigate the neural circuit mechanisms underlying normal
prosocial interactions as well as what goes awry in disease states
because of their genetic accessibility, which has led to the
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generation of abundant knockout and transgenic lines. Their
popularity as an experimentally accessible species has led to
the establishment of numerous behavioral assays, which have
been validated to assess a variety of closely related prosocial
behaviors [23].

Juvenile interaction assay
The juvenile interaction assay assesses direct, non-aggressive
social interaction between an adult test mouse (>7 weeks of age)
and novel conspecific juvenile mouse (commonly 3–5 weeks of
age) of the same sex [24]. The use of a juvenile mouse as
the object of the adult mouse’s attention greatly reduces the
likelihood of aggression. It is routinely performed in the
home cage of the test animal, allowing for free interaction and
a more naturalistic measure of sociability. Social interactions are
times during which the test mouse actively explores the juvenile
mouse as defined by active pursuit, sniffing of any region
(including the snout, body, and anogenital area) as well as
grooming. While this assay can provide useful information, there
are potential confounds. The behavior of test mice can be highly
variable ranging from total lack of interest in the juvenile to the
rare instance of overt aggression. Thus, it is critical to perform
analyses blindly when making comparisons between any types of
experimental manipulation. Nevertheless, the ease with which this
assay can be performed makes it a worthwhile tool when
assessing this simple form of sociability.
Recently there has been a surge in the development of machine

learning based tools for both pose-estimation tracking of animals,
as well as behavioral classifiers [25–27]. Currently, three main
categories of programs exist: (1) pure pose-estimation tracking
programs, such as Social LEAP Estimates Animal Poses, DeepPo-
seKit, and Multi-Animal DeepLabCut [28–30], which employ user-
specified points to guide tracking; (2) behavioral classifiers
that build upon pose-estimation programs, for example Simple
Behavioral Analysis [31]; and (3) one-stop programs that allow for
both pose-estimation and quantification of behavior, such as
AlphaTracker, Motion Sequencing, and the Mouse Action Recogni-
tion System [32–34]. One advantage of such programs is that they
allow for the parameters of behavioral classification to be
quantitatively defined and more easily compared among research
groups. Each of these programs has unique advantages, such as
speed, ease of use or user-specified versus unsupervised analytic
approaches. However, they also have limitations, such as specific
equipment requirements or problems with identity swapping of
individuals. These limitations should be considered when choos-
ing to employ these technologies in lieu of the gold standard of
manual scoring by expert behaviorists [35, 36].

Three-chamber sociability assay
Unlike the direct contact that occurs in the juvenile interaction
assay, the three-chamber sociability task assesses the preference a
test mouse has for a “social chamber,” housing a novel conspecific
(either age-matched or juvenile) under a wired cup versus an
“empty chamber” with an empty wired cup [37]. Test mice freely
explore the three-chamber apparatus for a fixed amount of time
(e.g., 20 min), and a simple, quantitative readout of social
approach and preference can be generated by calculating the
amount of time the test mice spend in the social versus the empty
chambers. This assay is simple to implement and provides a
compliment to the juvenile interaction assay by addressing some
of the issues that can arise with direct interactions, such as
fighting or aggression, while still allowing for sensory interactions.
However, this assay may be difficult to interpret given that the
social stimulus is confined, making the motivation for social
approach challenging to assess. For example, the test mouse
might approach the social stimulus to engage in aggressive or
sexual behavior rather than some form of affiliative behavior. In
addition, there are many variables that may influence social

approach behavior, such as prior stress, illness, or previous
aggressive behavior within a home cage [38].

Social conditioned place preference (CPP)
CPP assays have traditionally been used to investigate the
rewarding properties of stimuli, such as drugs of abuse and
natural rewards [39]. More recently, modifications in the CPP assay
have been made to expand its use to investigate the rewarding
properties of prosocial interactions [40, 41]. In one version of social
CPP, chambers are distinguished by two novels sets of bedding.
After baseline preference is established on day 1 (pre-conditioning
trial), mice spend 24 h on one type of bedding with cage mates
(termed social conditioning), followed by 24 h on the other type of
bedding without cage mates (termed isolation conditioning).
Immediately following the isolation conditioning, a 30 min post-
conditioning trial is performed to determine preference for the
two conditioned bedding cues. Because this assay assesses the
ability to learn and remember the “rewarding” component of non-
aggressive social interactions, when changes in social CPP are
elicited, it is important to perform appropriate control assays, such
as drug or food induced CPP, to test whether any observed
deficits are due to impairments in memory mechanisms. It has also
been reported that there is a critical developmental window
during adolescence when mice can optimally learn social
rewarding cues and thereby exhibit social CPP [42].

Three-chamber social memory assay
While social CPP depends on a memory for the context in which
social interactions occurred, memory for individual interactions
between rodents, often termed social memory, is commonly
measured as the preference for a novel over a familiar conspecific
using a three-chamber behavioral assay [43]. This assay consists of
two sessions separated by varying intervals to determine the
duration of the social memory. The first session is a standard
sociability assay where one chamber has an empty wired cup and
the other a wired cup housing a novel conspecific. For the second
trial, a novel conspecific is placed in the previously empty
chamber with the now familiar conspecific from the first session
housed in the same chamber. The test subjects will routinely
spend more time in the chamber containing the novel conspecific
indicating that they remembered their interaction with the now
familiar conspecific.

NEURAL MECHANISMS OF PROSOCIAL BEHAVIOR AND SOCIAL
REWARD
The seminal studies investigating the role of OXT release in the NAc
on pair bonding in prairie voles provided motivation for further
work on OXT’s mechanism of action in the NAc. In mice, both
pharmacologic blockade and molecular ablation of presynaptic OXT
receptors in the NAc impaired social reward processing, as assayed
by social CPP [41]. Additional experimental manipulations sug-
gested that OXT induces 5-HT release from dorsal raphe (DR) inputs
in the NAc, which acts on presynaptic 5-HT1b receptors that are also
required for social reward [41]. For decades, 5-HT release in the
central nervous system has been implicated in regulating a broad
range of behaviors, including sociability [3, 18, 44–46]. However,
whether 5-HT release specifically in the NAc directly regulated
sociability remained unknown. Work utilizing a circuit-based
approach to examine the role of 5-HT release from DR inputs in
the NAc revealed that optogenetic activation of DR 5-HT inputs
increased sociability while optogenetic inhibition of these inputs
decreased sociability, as measured by the juvenile interaction and
three-chamber sociability assays [47]. Thus, modulations of DR 5-HT
input activity in the NAc bidirectionally influenced sociability.
Furthermore, pharmacological blockade of 5-HT1b receptors in the
NAc via local infusion of a selective antagonist prevented the
enhanced sociability due to activation of DR 5-HT neurons [47].
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Further support for the notion that 5-HT release in the NAc
promotes sociability came from the study of the mechanism of
action of (±) 3,4-methylenedioxymetham-phetamine (MDMA), the
Schedule 1 recreational drug, which has powerful prosocial effects
in humans and is a potent releaser of monoamines, which
preferentially increases 5-HT release [48–50]. In mice, systemic
administration of a prosocial dose of MDMA enhanced sociability
in the three-chamber assay, an effect that was mimicked by direct
infusion of MDMA into the NAc, prevented by pharmacological
inhibition of the 5-HT transporter (SERT) or its genetic deletion,
and blocked by direct infusion into the NAc of a 5-HT1b receptor
antagonist [51]. In contrast, the actions of MDMA on the DA
transporter (DAT) were not required for this prosocial effect, as
prior administration of a DAT inhibitor did not influence MDMA’s
effects in the three-chamber assay. Furthermore, administration of
methamphetamine, a potent DA releaser, did not enhance
sociability [51]. This is a surprising result, which deserves further
exploration, given that optogenetic activation of NAc-projecting
DA neurons can influence prosocial behaviors [52]. Importantly,
unlike the release of DA in the NAc caused by optogenetic
stimulation or administration of drugs of abuse [11, 21, 53, 54],
5-HT release in the NAc is not acutely reinforcing [11, 21, 47] but
see ref. [55]. Together, these findings suggest that 5-HT release,
but not DA release, in the NAc is required for the prosocial effects
of MDMA. Given the different behavioral effects of DA and 5-HT
release in the NAc, an important topic for future research will be to
elucidate how these two neuromodulators differ in their effects on
NAc ensemble neuronal activity.
Recently, to interrogate motivation for social interactions, social

operant tasks have been employed [56, 57]. Consistent with an
involvement of DA in the reinforcing properties of a social
interaction, VTA DA activity increased during lever pressing in a
social instrumental operant task and optogenetic inhibition of VTA
DA neurons impaired social reinforcement learning [57]. This
increase in VTA DA activity appears in part to be driven by the
activity of GABAergic neurons in the medial amygdala, via their

projections to the medial preoptic nucleus that in turn directly
connects to the VTA [58]. Furthermore, several lines of evidence
suggest that OXT contributes to promoting sociability and social
reward not only by enhancing 5-HT release in the NAc, but also by
increasing excitatory drive on VTA DA neurons that project to NAc
[59–61]. An additional provocative proposal is that administration of
MDMA extends a developmental critical period for social reward
learning via activation of NAc OXT receptors, which in turn enhance
5-HT release [42]. Given the critical importance of sociability and
social reward, it is perhaps not surprising that multiple different
neuromodulators influence these behaviors via multiple actions in
key regions of mesolimbic reward circuitry (Fig. 1).
While the electrophysiological actions of DA in the dorsal and

ventral striatum have been the subject of investigation for
decades [62, 63], relatively little is known about the actions of
5-HT in these structures. Over a decade ago, application of 5-HT to
slices of either the dorsal or ventral striatum was found to cause a
long-term depression (LTD) of excitatory synaptic transmission via
activation of presynaptic 5-HT1b receptors [64]. This simple form
of 5-HT1b receptor-triggered synaptic plasticity was subsequently
found to be generated by bath application of OXT or MDMA
[41, 51], results consistent with the 5-HT releasing properties of
these agents.
A limitation of all of these previous in vitro brain slice studies

was that unknown excitatory inputs in the NAc were stimulated
to generate excitatory postsynaptic responses. To determine
whether 5-HT may have input-specific modulatory effects,
activating opsins were expressed in vivo in the four major brain
regions that send excitatory projections to the NAc medial shell:
the ventral hippocampus (vHip), basolateral amygdala (BLA),
medial prefrontal cortex (mPFC) and paraventricular thalamus
(PVT), allowing for optogenetic activation of these inputs in acute
NAc slices [65]. Bath application of 5-HT or MDMA (to release
endogenous 5-HT) depressed excitatory postsynaptic responses in
D1 medium spiny neurons generated by vHip, BLA and PVT inputs
but surprisingly spared those generated by mPFC inputs. In
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Fig. 1 Neuromodulator mechanisms in a subset of mesolimbic circuits that regulate prosocial behaviors. This simplified schematic
highlights the key circuits, neuromodulators and receptors discussed in this review with a focus on inputs to the nucleus accumbens (NAc).
Oxytocin release from paraventricular nucleus (PVN) inputs to the NAc promotes serotonin (5-HT) release via binding to oxytocin receptors
(OXTR) on 5-HT inputs from the dorsal raphe (DR). Oxytocin also stimulates NAc-projecting dopamine (DA) neurons in the ventral tegmental
area (VTA). 5-HT release in the NAc paradoxically can regulate oxytocin release via 5-HT4 receptors (5-HT4R) on PVN inputs. 5-HT also filters
incoming information to the NAc by depressing glutamate release from excitatory inputs coming from the paraventricular nucleus of the
thalamus (PVT), ventral hippocampus (vHip), and basolateral amygdala (BLA) via 5-HT1b receptors but does not affect medial prefrontal
(mPFC) inputs. In contrast, DA depresses glutamate release only from PVT inputs, potentially via actions on presynaptic D2 receptors (D2R).
Furthermore, DA acting on D1 receptors (D1R) presumably on NAc D1 MSNs is necessary for normal social interactions. (Arrow heads
represent release and binding of neuromodulators at specific receptors. Minus signs (−) represent depressed glutamate release).
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marked contrast, bath application of DA or methamphetamine (to
release endogenous DA) depressed responses generated by PVT
inputs while having minimal effects on those generated by the
three other brain regions.
Does this input-specific filtering of excitatory inputs to the NAc

by 5-HT and DA have relevance to prosocial behaviors? A review
of relevant findings does not provide a clear answer. Optogenetic
inhibition of BLA-to-NAc inputs was found to enhance sociability
in wild-type mice and reverse social deficits in Shank3−/− mice
while activation of these inputs reduced sociability in wild-type
mice [66]. Consistent with these findings, we found that inhibition
of BLA-to-NAc inputs enhanced sociability but surprisingly
observed a decrease in sociability when vHip-to-NAc inputs were
optogenetically inhibited [65]. In contrast, inhibition of either PVT-
to-NAc or mPFC-to-NAc inputs did not alter sociability although
the latter manipulation prevented the enhanced sociability
elicited by systemic MDMA administration [65]. Additional
confusion is provided by the observation that activation of inputs
from the prelimbic cortex to the NAc core reduced sociability [67].
Clearly, much more work will be necessary to generate
heuristically useful hypotheses of the complex mechanisms by
which DA, 5-HT and OXT modulate activity in the NAc and other
critical brain regions to regulate sociability and social reward. An
additional important topic, which deserves appropriate attention,
is the potential sex-specific effects of these neuromodulators and
sex differences generally in social behaviors [1, 2, 6, 69–71]. For
example, sex-specific differences in the effects of activating OXT
receptor positive mPFC interneurons have been reported with
activation inducing anxiety in males, but promoting social
behavior in females [68, 69].

NEURAL MECHANISMS OF SOCIAL MEMORY
The ability to recognize and remember individuals is critical to the
formation and maintenance of social relationships. Utilizing the
three-chamber social memory assay in rodents, it was found that
OXT activity in the septum and amygdala is required for social
memory [43, 70]. This common molecular mediator of both social
memory and social reward supports the notion that the ability to
consistently recognize individuals is a fundamental component of
social motivation.
Perhaps not surprisingly, the hippocampus also plays a role in

this form of memory [71] but only recently have specific
hippocampal subregions been implicated [72–83]. Using the
novel Amigo2-Cre transgenic driver line that targets pyramidal
neurons specifically in the CA2 region, it was demonstrated that
inactivation of this subregion selectively impaired social memory
while leaving sociability and other forms of memory intact [72].
Excitotoxic lesions of CA2 also blocked the formation of a social
memory but not an olfactory memory [84]. Furthermore, CA2
pyramidal cell activity remapped during social interactions, but
unlike CA1 pyramidal cell activity, did not remap to changes in
spatial cues [74]. Although dorsal CA1 activity does not appear to
be critical for social memory, inhibition of ventral CA1 [81] and its
projections to both the NAc and mPFC impair social memory
[81, 83].
The cellular mechanisms governing CA2 regulation of social

memory appear complex. Consistent with the high levels of
receptors for OXT and vasopressin in CA2, genetic and pharma-
cological manipulations of OXT receptors and vasopressin 1b
receptors (Avpr1bRs) suggest that OXT and vasopressin-mediated
enhancement of CA2 pyramidal cell activity is required for social
memory [77–80]. Specifically, optogenetic activation of PVN Avp
inputs to CA2 enhances social memory in an Avpr1bR-dependent
manner [80]. Similarly, OXT receptor activation induces burst firing
of CA2 pyramidal neurons and conditional deletion of these
receptors abolishes social memory [77–79]. Modulation of CA2
parvalbumin-positive (PV) interneurons is also critical for social

memory in that they exhibit a heterosynaptic form of input-
timing-dependent inhibitory LTD, the blockade of which impairs
social memory [75, 76].
Recent work has expanded our understanding of the circuit

basis of social memory by demonstrating a critical role of inputs
to CA2 pyramidal neurons from the medial septum (MS) [85].
Chemogenetic inhibition of MS neurons projecting to CA2
impaired social memory while having no effects on basal
sociability or inanimate object memory. Ex vivo slice recordings
revealed that a novel social interaction, but not interaction with
a novel object, increased the strength of excitatory synapses
between MS glutamatergic neurons and dorsal CA2 pyramidal
neurons. Importantly, reversing this synaptic strength increase
following a social interaction by in vivo optogenetic application
of LTD inducing stimuli prevented the expression of social
memory. MS neurons express both OXT receptors and several
different subtypes of 5-HT receptors. However, local infusion of
specific receptor antagonists into the MS revealed that OXT
receptors were not required for social memory, which was
prevented by a selective 5-HT1b receptor antagonist. Several
additional findings strongly support a critical role for 5-HT
induced modulation of MS activity in social memory. First, fiber
photometry recordings of GCaMP6f fluorescence revealed a
5-HT1b receptor-dependent increase in the activity of MS cells
projecting to CA2 during a novel social interaction but not
during interactions with a familiar mouse or a novel object.
Second, optogenetic manipulation of 5-HT inputs in the MS from
the median raphe bidirectionally influenced social memory.
Third, local MS infusion of a 5-HT1b receptor agonist prolonged
the duration of social memory. MS slice electrophysiology
revealed that 5-HT increases the activity of MS neurons
projecting to CA2 at least in part via disinhibition.
This body of work begins to elucidate components of a complex

neural network regulating social memory involving 5-HT regula-
tion of a MS-to-CA2 circuit with further direct modulation of dorsal
CA2 by OXT and Avp. This processing of social information by
dorsal CA2, possibly in the form of sharp-wave ripples [86], is then
relayed to ventral CA1 that in turn influences downstream limbic
structures including the NAc and mPFC.

NEURAL MECHANISMS OF “EMPATHY” RELATED BEHAVIORS
Empathy is often defined as the ability to detect and respond to
the emotional or affective state of others and thus can play a
critical role in regulating appropriate social interactions [87]. While
once thought to be a purely human capability, rodents are able to
perceive the affective state of conspecifics as evidenced by, for
example, the phenomenon of emotional contagion, during which
perceiving a behavioral change in one individual reflexively elicits
a similar state in the observer [88]. Such observational learning or
social transfer has been observed for pain, fear, stress, food
preference, consolation and helping behavior [89–94]. For
example, exposure to a conspecific being shocked depresses
operant responding in the test subject [95] or the joint experience
of a painful noxious stimuli influences the degree of hyperalgesia
in both subjects [96]. These types of observations set the stage
for investigating the evolutionarily conserved neural basis of
empathy-related behaviors.

Social transfer of pain
Foundational studies established that pain-related behaviors
induced by a noxious stimulus (e.g., paw injection of formalin)
were increased if experienced with a conspecific also in pain [96].
Even the mere experience of being housed with a conspecific in
an aversive or painful state can induce allodynia and hyperalgesia
in mice [90, 97, 98]. This type of emotional contagion is often
referred to as the “social transfer of pain.” Multiple sensory
modalities are implicated in mediating the social transfer of pain,
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with both the assay and species under investigation critically
determining the dominant modality [88, 89].
Human brain imaging studies implicate the insula and anterior

cingulate cortex (ACC) as important regulators of empathic
behaviors [99, 100]. In mice, cFos mapping studies suggest that
enhanced activity in the mPFC, insula, ACC, NAc and amygdala
occurs in “bystander” mice following an interaction with a cage-
mate in pain [98, 101]. At the circuit level, optogenetic modulation
of ACC-to-NAc core projections during the social interaction
bidirectionally regulated the social transfer of pain [98]. Inhibition
of this circuit element also suppressed the social transfer of
analgesia, which occurred when bystander mice in pain were
exposed to a mouse in pain that was experiencing morphine-
induced analgesia [98]. Surprisingly this same manipulation did
not influence the social transfer of fear, which was reduced
by inhibition of ACC-to-BLA projections, as previously demon-
strated [102].

Social transfer of fear
Social transfer of fear, routinely assayed as increased freezing by
an observer, is a particularly robust form of emotional contagion
and can occur via direct observation of a demonstrator being
shocked or indirectly via interaction with a conditioned subject
responding to a cue [103–105]. Similar to the social transfer of
pain, the details of the experimental procedure as well as the
species being studied may influence the neural mechanisms
mediating the phenomenon. For example, prior experience of the
unconditioned stimuli by the observer differentially impacts the
effectiveness of the social transfer of fear in mice versus rats [106].
Projections from the ACC and insula to the BLA have been

implicated in this form of emotional contagion. Specifically, there
is an increase in ACC activity in voles exposed to a stressed partner
[93] and inhibition of ACC projections to the BLA prevents the
acquisition of fear, as assessed by freezing, in observer mice
[98, 102, 103]. On the other hand, inhibition of insula-to-BLA
circuits alter social approach to a distressed conspecific, although
the effects of this manipulation on social transfer of fear were not
investigated [107]. Recently hippocampal-to-BLA circuits were
found to be necessary for enhanced social fear learning in
mice that previously experienced a footshock [108]. In rats, an
additional intra-amygdala circuit from the lateral nucleus to
the medial nucleus is also necessary for the social transfer of
fear [109].
OXT modulation of ACC- and insula-to-BLA circuits also

regulates social transfer of fear. Antagonism of insula OXT
receptors recapitulates the effects of optogenetic inhibition of
this circuit [107] and inhibition of OXT receptors in the ACC
similarly alters interaction with a stressed partner [93]. Further-
more, inhibition of central amygdala projecting PVN OXT neurons,
but not projections to the NAc, mPFC, or CA2, impairs the
discrimination of fear in a novel conspecific [110]. However,
species-specific differences remain an important factor in asses-
sing the translational relevance of these findings as OXT receptor
expressing neurons are found in the ACC of prairie voles but not
mice [111]. Together, these findings highlight recent advances in
mapping the circuit mechanisms in this specific form of empathy,
which has recently been more extensively reviewed [112].

Social transfer of stress
Stress is another emotional contagion that occurs with either
direct observation or interaction with a previously stressed
individual. Many studies employ a witness or vicarious social
defeat paradigm where an observer that is forced to witness a
conspecific undergoing the physical component of social defeat
stress develops similar depressive- and anxiety-like behaviors
[91, 113]. To date there is no direct investigations of the circuit
mechanism underlying this phenotype; preliminary evidence
suggests some overlap with similarly adaptations occurring in

the VTA, dorsal hippocampus and striatum following either
stressor [113–115].
Overall, current evidence supports the hypothesis that cortico-

limbic circuits regulate empathy-related behaviors [116]. It
remains unclear how these circuits are impacted by neuromodu-
lators such as OXT and 5-HT, which regulate other aspects of social
behavior. Additional important questions are whether the
differences in circuit regulation for specific types of emotional
contagions are due primarily to differences in the sensory
modality involved and whether other variables known to impact
social transfer, such as sex, age and familiarity are governed by
separate or overlapping neural systems.

PROSOCIAL BEHAVIORAL DEFICITS IN NEUROPSYCHIATRIC
DISORDERS
Impairments in adaptive prosocial behaviors are present in many
brain disorders including ASD, SZ, substance use disorder and
depression [3, 117]. Here, we will briefly review recent findings on
some of the neural mechanisms underlying the social impairments
present in mouse models of these disorders.

Autism spectrum disorder
A cardinal feature of ASD is impairments in social interactions
[117] and thus there is a large literature on this topic, only some of
which we will review here. Because ASD etiology has a strong
genetic component, mouse models for ASDs based on genetic
variants, such as single nucleotide variations and copy number
variations (CNVs), provide an invaluable tool for investigating
pathophysiology satisfying both construct and face validity [118].
While there are innumerable mouse models for ASD that exhibit
wide variations in behaviors, a common phenotype is deficits in
various social behaviors [119].
One of the most common etiologies of ASD is a CNV on

chromosome 16p11.2. In a 16p11.2 deletion mouse model,
selective deletion of the syntenic chromosomal region specifically
in DR 5-HT neurons induced deficits in sociability, which was
associated with decreases in DR 5-HT neuron activity during social
encounters and reduction in their intrinsic excitability [47].
Optogenetic activation of DR 5-HT inputs in the NAc rescued
the social deficits present in these mice, and this rescue was
dependent upon activation of presynaptic 5-HT1b receptors [47].
Consistent with a critical role of deficits in 5-HT signaling in ASD,
mice expressing a gain-of-function SERT variant that decreases
5-HT levels exhibit impaired sociability as well as altered basal
firing of DR 5-HT neurons [120, 121]. Another CNV mouse model
that exhibits social behavior deficits, chromosomal 15q11.3
duplication, exhibits reduced excitatory transmission in DR 5-HT
neurons and low glucose metabolism in the DR, suggesting
reduced DR 5-HT activity [122]. Furthermore, several studies have
reported that increasing 5-HTergic tone rescues social deficits
present in various mouse models for ASD [47, 122–124]. Together,
these findings support the hypothesis that dysfunction in 5-HT-
induced modulation of specific target structures is a critical feature
underlying social deficits in ASD.
Another mechanism that has been implicated in various mouse

models for ASD is imbalance of excitatory and inhibitory synaptic
transmission, or E/I imbalance, in certain brain regions [125].
Specifically, social deficits present in mice lacking the Cntnap2
gene were rescued by correcting E/I imbalance via optogenetic
activation of inhibitory PV neurons or inhibition of excitatory
pyramidal neurons in the mPFC [126]. Additionally, these mice
exhibit a reduction in both excitatory and inhibitory synaptic
inputs onto L2/3 pyramidal neurons and perturbed oscillatory
activity in the mPFC [127]. Consistent with a critical role for mPFC
dysfunction in mouse models of ASD, restoration of Shank3
expression in the mPFC rescued sociability deficits in Shank3
deletion mice [128]. Surprisingly, however, a different group found
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that E/I imbalance in the ACC, but not the mPFC, contribute to
social deficits in Shank3 deletion mice [129].
An alternative simple strategy to influence E/I imbalance is to

directly modulate GABA receptors. Indeed, systemic administra-
tion of R-Baclofen, a GABAB receptor agonist, reversed the social
deficits present in two different 16p11.2 deletion mouse models
[130]. However, in four etiologically distinct ASD mouse models,
altered E/I balance was observed in the somatosensory cortex,
without any corresponding changes in overall circuit excitability,
suggesting altered E/I balance may be homeostatic compensation
and not a primary mechanism mediating social impairments [131].

Schizophrenia
SZ is a severe neurodevelopmental disorder characterized by both
positive symptoms, such as hallucinations and delusions, as well
as negative symptoms, such as social withdrawal, anhedonia and
impaired cognition. CNVs, both deletions and duplications, have
been implicated in SZ [132–134] but only a small number of
studies have explored the neural mechanisms underlying social
deficits in mouse models of these CNVs. In the Df(16)A+/− mouse
model of the human 22q11.2 microdeletion, impaired social
memory has been suggested to be a consequence of reduced
density of PV interneurons in area CA2 of the hippocampus and
the consequent impaired feedforward inhibition of CA2 pyramidal
neurons [73]. Additionally, these mice exhibited decrease firing of
CA2 pyramidal neurons during the three-chamber sociability
assay, perhaps due to increased current through a K+ channel
(TREK-1) [73]. Consistent with this suggestion, systemic adminis-
tration of a TREK-1 antagonist rescued deficits in social memory
and CA2 firing properties [135].
Carriers of the 16p11.2 duplication also have a high probability

of developing SZ but unlike individuals with a 22q11.2 deletion,
only a small percentage of these subjects also present with
intellectual disabilities [136, 137]. Mice with 16p11.2 duplication
exhibit impaired social behavior, as well as compromised
hippocampal-orbitofrontal cortex-amygdala functional connectiv-
ity, which was assessed using network analysis of 14C-2-
deoxyglucose imaging data [138]. This neural network has been
implicated in the cognitive processes related to social memory
[139], suggesting that social deficits present in SZ may involve
impaired recognition as well as reduced motivation.

Substance use disorder
Withdrawal from drugs of abuse often results in social isolation
and general impairments in sociability [140]. However, little
research to date has identified the neural mechanisms underlying
the reduced social motivation accompanying substance use
disorder. One study reported that 4 weeks of withdrawal from
chronic morphine administration in mice induced social deficits,
which were accompanied by impaired DR 5-HTnergic activity
paralleling the deficits observed in ASD models [141]. Morphine
withdrawal was also found to enhance cytokine signaling in the
lateral habenula, ultimately decreasing the activity of neurons
projecting to the DR [142]. Furthermore, chemogenetic inhibition
of this lateral habenula-to-DR circuit mimicked the withdrawal-
induced social deficits [142]. In prairie voles, repeated ampheta-
mine exposure inhibited pair bonding, decreased OXT levels in the
mPFC and increased NAc DA levels [143]. Direct infusion of OXT
into the mPFC restored pair bonding and normalized NAc DA
levels [143]. These limited results are consistent with a critical role
for OXT and 5-HT-triggered modulation in mediating adaptive
prosocial behaviors. However, given the devastation caused by
the high prevalence of substance abuse disorder, clearly much
more work needs to be done on this important topic.
The neural mechanisms that mediate the influence of social

interactions on substance abuse-related behaviors also deserve
attention. For example, the presence of a drug-naïve peer reduces
drug seeking while the presence of an individual associated with

previous drug use promotes relapse [144]. Furthermore, the
opportunity to socialize reduces drug seeking for both metham-
phetamine and heroin [145, 146]. These observations demonstrate
the high appetitive valence of prosocial interactions and the
powerful effects they can exert on decreasing pathological
behaviors associated with substance use disorder.

Social deficits in stress-related disorders
Stress-related disorders, in particular depression, are frequently
accompanied by deficits in adaptive prosocial behaviors. In mice,
impaired sociability is commonly caused by exposing subjects to a
form of severe chronic stress such as chronic social defeat stress
(CSDS) [147]. A number of studies have found that chronic
stressors cause maladaptive adaptations in the mesolimbic DA
system [148], the details of which seem to be influenced by the
nature and the degree of the stressor. With a severe stressor such
as CSDS, increased release of BDNF from VTA DA inputs to the NAc
contributes to social avoidance [149], whereas chronic mild stress-
induced social behavioral deficits are associated with decreased
DA release in limbic target regions [150].
Social behavior impairments as a consequence of early life

stress also seem to stem from aberrations of the DA system,
including long-lasting transcriptional changes in VTA DA neurons
[151] and impaired DA signaling in the lateral septum [152]. While
alterations in VTA DA neuron function contribute to stress-induced
social avoidance, they do not occur in isolation. CSDS also
increases inhibitory transmission from the ventral pallidum-to-
VTA, the importance of which was demonstrated by the finding
that inhibiting this circuit restored normal social interactions [153].
Surprisingly, acute social isolation stress was found to induce
synaptic adaptations on DA neurons in the DR, but not in the VTA
[154]. Furthermore, inhibition of DR DA neurons promoted social
avoidance only following an experience of social isolation [154].
However, 1 week of social isolation during adolescence resulted in
increased excitability of mPFC-projecting VTA DA neurons and
increased social interaction but decreased social novelty pre-
ference [155]. These neural and behavioral adaptations were
reversed via chemogenetic inhibition of OXT neurons in the
PVN [155].
Alterations in VTA DA activity will affect activity in multiple

downstream targets, including the NAc and mPFC, which appear
to be particularly important for mediating social avoidance
[149, 150, 156–159]. Specifically, CSDS induced enhancement of
synaptic transmission at thalamic inputs, but not cortical inputs to
the NAc, promoted social avoidance [160]. In contrast, weakening
of a mPFC-to- dorsal periaqueductal gray projection also appears
to play an important role in CSDS induced social avoidance [161].
Additionally, infusion of OXT into the mPFC following CSDS had
antidepressant actions, which were associated with increased DA
levels, as well as enhanced excitatory synaptic transmission, in the
mPFC [162]. Thus, acute stress may promote social interactions at
least in part via upregulation of DA input activity in the mPFC
[155], whereas chronic stressors appear to lead to a hypodopa-
minergic state [162]. Yet, in both cases upregulation of mPFC
excitatory transmission promoted sociability. CSDS-induced
changes in the activity of NAc cholinergic interneurons also
appears to contribute to the social behavior deficits [163], perhaps
via regulation of local DA release [164] or excitatory synaptic
transmission [165].
Of course, stress-induced modifications of brain network activity

likely occur in circuits other than the canonical mesolimbic reward
circuitry. For example, mPFC-to-PVT activity is impaired during
social interactions following 2 weeks of adolescent social isolation,
and activation of this circuit rescued isolation induced social
deficits [166]. On the other hand, inhibition of BLA-to-mPFC or
BLA-to-vHip inputs decreased anxiety while also enhancing social
interactions [167–169]. One approach that may help investigators
understand and integrate these individual findings involves brain-
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wide electrophysiological monitoring of network activity [157]. In
mice, this method revealed a stress vulnerability network that
included many of the brain regions mentioned thus far including
mPFC, amygdala, NAc, vHip and VTA [157]. Surprisingly, this
vulnerability network was distinct from the network activity
underlying the expression of aberrant behaviors elicited by
CSDS [157].

NOVEL THERAPEUTIC DIRECTIONS
Current pharmacological therapies for neuropsychiatric disorders
do not routinely treat discrete behavioral impairments. Thus, there
are no specific treatments for the social impairments that
accompany any of the disorders we have discussed. Given the
often highly damaging consequences of social isolation and
withdrawal, this is a glaring deficiency in the therapeutic
armamentarium that clinicians have at their disposal. It is likely
that when effective in treating depression, standard treatments
such as selective 5-HT reuptake inhibitors (SSRIs) or 5-HT and
norepinephrine reuptake inhibitors (SNRIs) ameliorate sociability
deficits but these are all too commonly ineffective in treating large
proportions of subjects with mood disorders [3, 170, 171]. For ASD,
there are no approved medications for any of the core symptoms
including sociability deficits. Similarly, the anti-psychotics used to
treat SZ have minimal effects on negative symptoms, a prominent
one of which is social isolation and withdrawal. Finally, there is
also clearly a need for intervention that effectively reduces the
social isolation that commonly accompanies substance abuse and
often leads to relapse following withdrawal and abstinence.
Despite the paucity of treatments for social deficits, there is

reason to be hopeful. Consistent with the important action of OXT
and vasopressin in social reward and social memory, intranasal
OXT holds some promise [172, 173], although it may only be
beneficial in subsets of patients with low OXT levels [174].
Peripheral levels of vasopressin appear to be an accurate predictor
of ASD and was effective at ameliorating social deficits when
administered intranasally in a small trial [175, 176]. Of particular
interest are drugs such as MDMA, which are termed entactogens
or even empathogens [177]. MDMA has well documented
prosocial effects in human subjects and a pilot study found that
MDMA-assisted psychotherapy reduced social anxiety in ASD
adults [178]. Indeed, MDMA ameliorated sociability deficits in four
different mouse models for ASD [124]. Because of its abuse
potential and potential toxicity [51, 177], it is unlikely that MDMA
itself can ever be used as a daily treatment for sociability deficits.
However, analogs that preferentially target the 5-HT transporter
and not the DAT may be worth testing [51, 179].
Another valuable strategy may be to target the critical

receptors that mediate the social effects of 5-HT. We have
presented evidence that activation of 5-HT1b receptors in the
NAc is critical for promoting sociability while these same
receptors in the MS play a critical role in social memory.
Consistent with the therapeutic potential of targeting 5-HT1b
receptors, administration of a specific 5-HT1b receptor agonist
rescued sociability deficits in six different mouse models for ASD
[124]. The potential role of relative increases in E/I balance in ASD
suggests that targeting GABA receptors may also be worthwhile.
Indeed, R-baclofen, a GABAB receptor agonist ameliorated
behavioral deficits in mouse models for Fragile X syndrome
[180] as well as in two lines of 16p11.2 deletion mice [130].
Although, clinical trials have not found it effective in improving
global social withdrawal symptoms [181], there remains hope
that in appropriate subpopulations of ASD individuals, it might
yet prove efficacious [182].
Neuromodulation approaches offer a non-pharmacological

strategy for the treatment of social deficits, with deep brain
stimulation (DBS), repetitive transcranial magnetic stimulation
(rTMS), and transcranial direct current stimulation (tDCS) being

the primary techniques currently employed. While non-invasive
strategies (i.e., rTMS and tDCS) are clearly more desirable than the
invasive option of DBS, these methods currently only allow
manipulation of relatively shallow cortical regions [183]. This
limitation is particularly problematic for targeting the deeper
subcortical structures, which have been implicated in mediating
prosocial behaviors and social memory. However, engineering
advances in TMS may enable stimulation of deeper structures and
ultrasound-mediated stimulation, which can more readily target
deep structures, is vigorously being pursued. It may also be
possible to use current non-invasive techniques to stimulate
cortical regions, such as the mPFC or orbital frontal cortex, in a
manner that therapeutically modifies pathological brain networks
mediating social deficits. In fact, a few small studies have found
rTMS effective in improving social interactions in ASD patients,
but these clearly need to be replicated in larger randomized,
double-blind clinical trials [184]. Although DBS is used routinely to
treat Parkinson’s disease and is actively being investigated for its
efficacy in depression and obsessive compulsive disorder,
understandably it has not been vigorously pursued as a treatment
for ASD. Nevertheless, we were able to find one case study
reporting DBS of the BLA in a young self-injurious male with ASD
to be effective in blocking self-injury and improving social
behavior [185].

FUTURE RESEARCH DIRECTIONS
Given the complexity of social interactions and their importance
for survival, it is not surprising that many neuromodulators and
distinct brain regions and circuits have been implicated in the
variety of adaptive prosocial behaviors that have been examined
in rodents. Continued application of the armamentarium of
modern techniques in genetically tractable species will be
important to further elucidate the complex neural circuit
mechanisms that mediate adaptive prosocial behaviors and how
these work in concert to coordinate appropriate social interac-
tions. Of particular interest will be comparing the actions of
individual neuromodulators on ensemble activity in critical target
regions such as the NAc and mPFC. However, neuromodulators do
not work in isolation and investigators will also need to elucidate
how neuromodulators work in concert to influence social as well
as other behaviors (Fig. 1).
Of course, a critical question that applies to all behavioral

animal research is whether mechanisms elucidated in non-human
species have in fact been evolutionarily conserved to the degree
that they provide insights into the brain activity mediating
comparable human behaviors. There remain many challenges to
breaking down the barriers between pre-clinical animal research-
ers and clinical investigators studying human subjects [8, 186].
Nevertheless, several experimental approaches may provide
valuable bridges such as applying various forms of neuromodula-
tion and testing the effects of novel pharmacological manipula-
tions. Monitoring and manipulating the same or similar circuits in
both animal and human subjects will be of particular value as can
be done, for example, with DBS [187, 188] or administering drugs
such as MDMA [124, 178, 179]. Furthermore, it will be important to
examine rodent behaviors in more ethologically relevant natural
conditions. For example, wireless stimulation of paraventricular
hypothalamic nucleus (PVN) OXT neurons in mice was found to
enhance both prosocial and agnostic behavior in a context-
dependent manner [189].
A more sophisticated and nuanced understanding of the neural

mechanisms underlying adaptive and pathological social beha-
viors should provide foundational knowledge that will be essential
for developing more effective treatments specifically targeting the
deficient prosocial behaviors that are a major source of morbidity
in prevalent brain disorders. Furthermore, given the current state
of the world, we cannot imagine a more important topic for

J.J. Walsh et al.

85

Neuropsychopharmacology (2023) 48:79 – 89



neuroscience researchers than to advance understanding of the
neural mechanisms that promote empathic and compassionate
prosocial interactions.
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