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Abstract: Ever since the discovery of the brain’s orexin/hypocretin system, most research was
directed toward unveiling its contribution to the normal functioning of individuals. The investigation
of reward-seeking behaviors then gained a lot of attention once the distribution of orexinergic neurons
was revealed. Here, we discuss findings on the involvement of orexins in social interaction, a natural
reward type. While some studies have succeeded in defining the relationship between orexin and
social interaction, the controversy regarding its nature (direct or inverse relation) raises questions
about what aspects have been overlooked until now. Upon examining the literature, we identified a
research gap concerning conditions influencing the impact of orexins on social behavior expression.
In this review, we introduce a number of factors (e.g., stress, orexin’s source) that must be considered
while studying the role of orexins in social interaction. Furthermore, we refer to published research to
investigate the stage at which orexins affect social interaction and we highlight the nucleus accumbens
(NAc) shell’s role in social interaction and other rewarding behaviors. Finally, the underlying orexin
molecular pathway influencing social motivation in particular illnesses is proposed. We conclude that
orexin’s impact on social interaction is multifactorial and depends on specific conditions available at
a time.
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1. Introduction

Social interaction (SI) is a critical event occurring among diverse species and involving
the mutual communication between conspecifics to ensure their survival and continuity [1].
In fact, SI has two opposing faces, depending on the context in which it occurs [2]. When
SI occurs in the context of drug use, it ultimately enhances the drug’s effects; however,
if it is made available in a context distinct from that of drugs, it offers protection against
substance abuse and drug addiction [2].

The rewarding properties of SI can be investigated using a behavioral paradigm
called conditioned place preference (CPP) [3]. CPP is a kind of Pavlovian conditioning
conducted in a CPP behavioral apparatus and involves establishing an association between
a context and a stimulus by continuously exposing the animal to such stimulus while
it is placed in a specific compartment. It consists of either two or three chambers that
are distinguished by a number of visual cues as well as tactile cues [4]. During SI CPP,
the natural preference of animals is determined by a pretest. Afterwards, animals are
paired with sex and weight-matched conspecifics for half of the conditioning sessions,
being alone in the opposite compartment for the remaining half of these sessions [5–9].
On the day of the test, animals are allowed to choose the preferred compartment of the
CPP apparatus. If SI exerts its rewarding effects, the animal will most likely spend more
time in the compartment associated with the SI stimulus and, consequently, exhibit a
social phenotype.
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Not every individual is able to experience SI rewards. For instance, Cremers et al.
showed that individuals suffering from social anxiety lack the motivational preference
for social rewards [10] and Chevallier et al. demonstrated the low social motivation
experienced by autism spectrum disorder (ASD) patients [11]. Furthermore, SI may become
severely impaired in cases of drug addiction and other substance use disorders (SUD) [12],
such that SUD patients may tend to self-isolate and become completely withdrawn from
the outside world.

The following unanswered questions were raised: (1) What factors contribute to indi-
vidual differences across the distinct SI profiles and (2) Is it possible to induce a shift in such
profiles via investigating the underlying neurological bases of different social phenotypes?
Numerous research studies have attempted to find neurobiological determinants that might
help to switch the non-social and passive coping behavior to a social and active coping
behavior [13]. The present review focuses on the orexin/hypocretin system of the brain
and how it contributes to SI.

Orexins, also known as hypocretins, are lateral hypothalamic neuropeptides that were
discovered in 1998 by two independent groups [14,15]. In fact, due to the implication
of this system in feeding behavior, the term orexin was derived from the Greek word
‘orexis’, which literally means ‘appetite’ [15]. In addition, the term ‘hypocretin’ was further
established to confirm the localized expression of these neuropeptides in the hypothalamus
and due to their structural homology with the ‘secretin’ molecule [14]. Furthermore, orexins
or hypocretins have been classified into two categories: orexin A, also called hypocretin
1 (OXA/HCRT1), and orexin B or hypocretin 2 (OXB/HCRT2), both of which are derived
from a common precursor called prepro-orexin, which is selectively expressed in the lateral
hypothalamus [16]. Concerning their binding affinities, OXA has been shown to bind
with higher affinity to orexin 1 receptors (OX1R), whereas OXB has a greater binding
affinity to orexin 2 receptors (OX2R) [15]. Interestingly, both orexin types, with their
corresponding receptors, have been linked with several physiological functions, including
the regulation of sleep and wakefulness [17]. Indeed, several studies have demonstrated
that the administration of orexins, in particular OXA, promotes wakefulness and suppresses
rapid eye movement (REM) sleep [18,19], leading to sleep disturbances [20,21]. Moreover,
impaired sleep has been associated with the poor social behavior observed among children
and adolescents [22]. Thus, when investigating orexin’s impact on SI, it is crucial to address
changes in sleeping patterns. Orexins also contribute to cardiovascular regulation [23].
Indeed, orexin knockout mice showed diminished cardiovascular responses in a resident–
intruder model of SI stress [24].

In adult rats, both orexin receptor mRNAs are found in higher concentrations in the
brain than in any other organ [15]. Nevertheless, the distribution of these receptors varies
across different brain regions. For instance, OX1Rs are highly expressed in the bed nucleus
of the stria terminalis (BNST), the amygdala, the locus coeruleus (LC), the laterodorsal
tegmental nucleus, and the pedunculopontine tegmental nucleus (LDT/PPT). OX2Rs are
selectively expressed in the nucleus accumbens (NAc) and within the tuberomammillary
nucleus (TMN). Furthermore, among others, both receptor types are co-localized in brain
regions like the medial prefrontal cortex (mPFC), the hippocampus, the hypothalamic
paraventricular nucleus (PVN), the paraventricular nucleus of the thalamus (PVT), and the
ventral tegmental area (VTA) of the midbrain [25].

Given the distribution of orexin neurons in reward-related areas of the brain, one can
infer their function and implication in reward as well as motivation [26,27]. Numerous
studies using animal models have confirmed the implication of the orexin system in the
modulation of hedonic behaviors such as those associated with the intake of food or drugs
of abuse [28]. In fact, orexin might enhance such hedonic behaviors via boosting the
sensation of pleasure or reward in response to diverse stimuli [29]. Thus, the orexin system
is an important candidate for the investigation and further analysis of many rewarding
behaviors, including SI. In addition to their role in reward and motivation, orexins have
been classified as novel therapeutic targets in inflammatory and neurodegenerative diseases
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due to their anti-inflammatory and neuroprotective properties [30]. This issue, indeed,
is highly compelling, especially since inflammation has been associated with psychosis,
stress, and social deficits [31].

A number of previous research studies aimed to assess the relationship between
orexin and social reward. For instance, Faesel et al. explored how orexin deficiency
affects the social behavior of mice [32]. Surprisingly, only female orexin-deficient mice
showed decreased sociability, as well as reduced preference for social novelty, compared
to the wild-type littermates [32]. Furthermore, OX1R-deficient mice showed reduced
sociability [33] and mice, whose orexin neurons degenerate at the age of three months,
displayed impairments in social memory, which could be ameliorated by nasal application
of OXA [34]. Moreover, optogenetic inhibition of OX1R disrupted social behavior in male
mice [35]. In contrast, others have demonstrated that OXA levels are highest during the
perception of positive emotions, SI, and anger [36]. Overall, these studies suggest a direct
correlation (high orexin = increased SI or contrariwise) between the two variables, which we
believe to be the case in the absence of stress. Recently, we have demonstrated the presence
of comparable orexin levels in both male and female mice with distinct SI profiles [37]. Our
finding was in accordance with Reppucci’s study showing that rats, whether exposed or
not to a 10 min social play test, had exactly the same total amount of OXA neurons, but
differed in terms of neuron activation [38].

In the following review, we suggest the implication of orexins in SI when related to
stress. We will also discuss how distinct sources of orexins (endogenous vs. exogenous)
affect SI. Additionally, we will refer to published research to further investigate the stage at
which orexin contributes to social behavior expression and we will highlight the role played
by the NAc shell in SI and other rewarding behaviors. Last but not least, we will shed light
on possible molecular pathways through which orexins may impact social motivation.

2. Implication of Orexin in Social Behaviors upon Stress Exposure

High arousal states, particularly stress, are modulated by the well-known lateral
hypothalamic neuropeptides, orexins. Indeed, Berridge and España have previously
demonstrated the importance of orexins in response to stressful stimuli [39], with signif-
icant differences depending on the stressor type [40]. Anatomically, orexins and their
corresponding receptors are found in both central structures involved in the regulation
of the hypothalamo–pituitary–adrenal (HPA) axis (hippocampus, amygdala, and the par-
aventricular nucleus of the hypothalamus) and peripheral HPA axis sites (pituitary and
adrenal glands) [41]. Functionally, an intracerebroventricular infusion of orexins leads
to an activation of the HPA axis, resulting in increased corticotropin-releasing hormone
(CRH) production in the hypothalamus, and, consequently, a release of adrenocorticotropin
(ACTH) and corticosterone from the pituitary and adrenal glands, respectively [41–44].

Data throughout the literature link high orexin levels with increased susceptibility
to drug addiction [45], higher levels of stress [46], and decreased SI in the presence of
stress [47]. Grafe and colleagues hypothesized that lower orexin levels may contribute
to resilience against repeated social stress [48]. To test this hypothesis, Sprague Dawley
rats were segregated into two distinct phenotypes, the active and the passive coping ones,
using a 5-day social defeat paradigm, which was based on a resident–intruder model.
Afterwards, designer receptor exclusively activated by designer drugs (DREADDs) were
utilized for further inhibition of orexin neurons prior to each social defeat for 3 additional
days. Remarkably, the prepro-orexin mRNA level was significantly lower in actively coping
rats compared to the passively coping (vulnerable) ones. Thus, once orexin neurons were
inhibited via DREADDS, an increase in SI and a decrease in depressive-like behaviors
(decrease in immobility time during forced swim test) were observed in the vulnerable
population of rats [48]. These findings suggest that resilience to social defeat can be
promoted via a reduction in orexin levels and the orexin system may therefore serve as a
significant target for the treatment of many stress-related disorders [48]. In addition, Eacret
and colleagues demonstrated the induction of a passive coping behavior (decrease in the
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average latency to become defeated across five days) upon the activation of orexin neurons
prior to each social defeat using DREADDS [47]. Interestingly, orexin stimulation during
social defeat stress induced a reduction in SI in adult male rats [47]. Lastly, optogenetic
stimulation of orexin neurons attenuated the time spent in SI, indicative of an animal’s
increased anxiety state, while increasing the locomotor activity and the frequency of entries
into the SI zone [49].

Based on the following data, it is possible to suggest the implication of orexins in SI
when stress becomes involved. Interestingly, an inverse relationship between orexins and
SI in the presence of stress may only exist in male, but not in female animals (refer to Table 1
for a summary of all studies investigating the orexin-SI relationship). Thus, we believe that
the nature of this relationship not only depends on the presence/absence of a stress factor,
but also on the sex of the investigated species. Indeed, according to a study done by Jöhren
and colleagues, the orexinergic system was shown to be differentially influenced by sex
steroids [50]. In female rats that underwent ovariectomy, estradiol treatment was found
to abolish the elevated levels of pituitary OX1R and adrenal OX2R mRNAs. Nonetheless,
in orchidectomized males, the effect of testosterone treatment differed by reducing the
increased OX1R mRNA while increasing the attenuated OX2R mRNA levels caused by the
orchidectomy [50].

Table 1. Summary of the findings investigating the relation between orexins and social interaction
(SI). OXA, orexin A; OX1R−/−, orexin 1 receptor deficit; ACC, anterior cingulate cortex; Stress:
+ presence, − absence.

Study Molecular Relation Stress Results in Reference

Orexin signaling during social defeat stress
influences subsequent SI behavior and

recognition memory

Orexin stimulation,
decreased SI Inverse + Males [47]

Reduced orexin system function contributes to
resilience to repeated social stress

Orexin inhibition, increased
SI

Low prepro-orexin mRNA
in resilient rats

Inverse + Males [48]

Optogenetic examination identifies a context-specific
role for orexins/hypocretins in

anxiety-related behavior

Orexin photostimulation,
reduced SI time Inverse + Males [49]

Involvement of orexin/hypocretin in the expression
of social play behavior in juvenile rats

OXA administration,
decreased social play Inverse − Males, females [38]

Orexin deficiency affects sociability and the
acquisition, expression, and extinction of

conditioned social fear

Orexin deficiency, reduced
sociability and preference

for social novelty in
female mice

Direct − Females [32]

Comprehensive behavioral analysis of male Ox1r
(−/−) mice showed implication of orexin receptor-1

in mood, anxiety, and social behavior

OX1R−/− mice, decreased
SI, increased anxiety-like

behavior
Direct − Males [33]

Hypocretin/orexin neurons encode social
discrimination and exhibit a sex-dependent necessity

for social interaction

OX1R blockade, reduced SI
in male, but not

female mice
Direct − Males [35]

Molecular and cellular mechanisms for differential
effects of chronic social isolation stress in males

and females

OXA treatment in female
stressed mice, social
withdrawal rescued

Direct + Females [51]

Anterior cingulate cortex orexin-signaling mediates
early-life stress-induced social impairment

in females

ACC orexin terminal
activation, diminished

sociability rescued
Direct + Females [52]

Hypocretin/orexin neurons contribute to
hippocampus-dependent social memory and

synaptic plasticity in mice

OXA nasal administration,
social memory restored Direct − Males, females [34]

Human hypocretin and melanin concentrating
hormone levels are linked to emotion and SI

OXA levels maximal during
SI, positive emotions

and anger
Direct − − [36]



Int. J. Mol. Sci. 2024, 25, 2609 5 of 14

3. Exogenous vs. Endogenous Orexins: Impact on SI

Distinct sources of orexins are thought to differentially affect SI. These sources could
be endogenous (within the animal) or exogenous (external source). Reppuci’s team, for
instance, investigated the role of the orexin/hypocretin system in the expression of juvenile
social play behavior in rats [38]. In this study, juvenile rats were segregated into two
groups, the social play group and the no social play control group. After 10 min of social
play testing, Fos-induction of OXA neurons (marker of neuronal activity) was measured
across the two groups. In addition, they investigated the impact of OXA on social play
expression. One of their main findings was that the central administration of OXA led to a
reduction in the time spent in social play as well as allogrooming behaviors in both males
and females [38]. In addition, other researchers used the social affective preference (SAP)
test to explore the possible neural mechanisms involved in shaping social behavior [53].
It was shown that the microinjection of OXA in the insular cortex had the capacity to
increase the interaction time in the one-on-one SI test with both juvenile and adult naïve
conspecifics [53].

Ji and colleagues assessed the effect of orexins on SI between novel partners using a
behavioral paradigm called the social proximity test [54]. Social proximity was evaluated
depending on the time the head of the animal stayed near a cage beholding a novel partner
and the number of times that the forepaws climbed the cage. Interestingly, the time spent in
exploring the area close to a caged novel rat, as well as the number of times in climbing this
cage, significantly increased upon a bilateral microinjection of OXA in the ventral pallidum
(VP) of rats. However, this was not the case reported for endogenous orexins, where OX1R
knockdown via shRNA lentivirus had no impact on novel SI. Given such contradictory
effects of distinct orexin sources on novel SI and their consistent impact on forced swimming
and sucrose preference, Ji et al. additionally investigated how endogenous orexins might
act in response to stress. It was shown that endogenous orexins within the VP are critical
for alleviating social avoidance only in the case of stressful conditions [54]. This, indeed,
confirms our point of view discussed earlier in Section 2. Nevertheless, decreased sociability
and reduced preference for social novelty were found only in female, but not male orexin-
deficient mice [32]. Therefore, it seems that endogenous orexin’s effect on SI depends on
the sex of the investigated species, being more prevalent in females.

In conclusion, the role of orexins in the establishment of social behaviors depends
particularly on its origin. It appears that external sources of orexins (obtained via microin-
jections, central administration, etc.) have the capacity to alter social behavior expression
while the impact of endogenous sources varies depending on the conditions (e.g., sex, pres-
ence/absence of stress, the methodologies used for social behavior assessment, etc.) (refer
to Table 2 for a summary). Thus, further research investigating different stress conditions
using male and female animals, as well as assessing different aspects of social behaviors, is
required to elucidate the role of endogenous orexin on SI.

Table 2. Table summarizing the distinct modes of action exerted by exogenous and endogenous
sources of orexins on social interaction (SI) expression. OXA: orexin A, OX1R: orexin 1 receptor.

Orexin’s Source Mode of Action References Conclusion

Exogenous

OXA administration, reduced social play time and
allogrooming behaviors [38]

OXA microinjection, increased interaction time in
one-on-one SI test [53] Exogenous sources are capable of the

alteration of social behavior expression
OXA bilateral microinjection, increase in the time
spent in exploring the area close to a caged novel

rat and the number of times climbing this cage
[54]
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Table 2. Cont.

Orexin’s Source Mode of Action References Conclusion

Endogenous

OX1R knockdown, no effect on novel SI
In case of stress, alleviation of social avoidation by

endogenous orexin
[54]

The impact of endogenous orexins on SI
varies depending on certain conditions,
namely: stress, sex of the investigated

species, methods used for social behavior
assessment, etc.

Decreased sociability and preference for social
novelty observed only in female, but not male

orexin-deficient mice
[32]

4. Involvement of Orexins in SI Depends on the Memory Phase

The orexin/hypocretin system has been shown to be indispensable for a particular
aspect of SI referred to as the ‘social memory’ [34]. Indeed, Yang and colleagues assessed the
effect of orexin on sociability, social novelty, as well as on social recognition memory using
adult orexin/ataxin-3-transgenic (AT) mice, in which Hcrt neurons degenerate by 3 months
of age. Surprisingly, AT mice exhibited normal sociability and preference for social novelty
compared to their wild-type littermates. Although AT mice developed deficits in long-term
social memory, nasal administration of exogenous HCRT 1 had the potential to restore
social memory in these mice [34]. Thus, the hypocretin system is not necessarily involved
in the initiation of social approach, but has an important role in social memory [34]. This
outcome might be attributed to the fact that orexin neurons constitute cell assemblies,
which are cells linked to each other by reciprocal connections based on Hebb’s postulate of
“neurons that fire together, wire together” [55], and which consequently participate, along
with other neurotransmitters, in the formation of memory engrams via the consolidation of
memory traces [56]. We hypothesize that when hypocretin neurons become destroyed in AT
mice, a distortion may happen in the corresponding engram and that deficits in long-term
social memory may be observed. It is plausible to suggest that hypocretin administration
aids in memory restoration via activating other neuronal cells that are part of the same
engram. More research is needed to confirm the suggested hypothesis.

A large number of studies point to the relevance of stress in the establishment of
long-lasting memories. According to Roozendaal et al., stress hormones (mainly gluco-
corticoids) exert their memory-enhancing properties during a particular memory phase
called memory consolidation [57]. As a matter of fact, the effects of glucocorticoids on
memory consolidation are dependent on the noradrenergic activation of the BLA, as well
as on interactions with other brain regions [57,58]. In addition, Wichmann and colleagues
revealed the involvement of the NAc shell’s noradrenergic system in the enhancement of
memory consolidation upon interacting with glucocorticoids [59]. Moreover, several stud-
ies have proven the existence of an interaction between the orexinergic and the adrenergic
systems [26,60].

Based on the presented data, it seems that there might exist an indirect relation
between stress hormones (e.g., glucocorticoids) and the orexin system. In that sense,
as stress hormones exert their action (memory-facilitating) during the phase of memory
consolidation, we believe that the effect of orexins on social memory occurs once it has
reached the stage of consolidation (Figure 1).
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Figure 1. The indirect relation between glucocorticoids (GR) and the orexinergic system implies both
of their effects exerted during memory consolidation. Both GRs and orexins mediate their mode of
action during the stage of memory consolidation. GRs released from the adrenal cortex interact with
their corresponding receptors expressed on noradrenergic postsynaptic membranes in order to exert
their memory-enhancing properties at the stage of memory consolidation. Due to the existence of
orexinergic–noradrenergic interactions, the impact of orexins on social memory is also thought to
occur during consolidation, similar to the effects of GRs.

5. The Nucleus Accumbens Shell: A Pivotal Role in SI and Reward-Seeking Behavior
via Orexins

The NAc is a part of the mesolimbic system receiving dopaminergic projections from
the VTA [61]. In fact, the NAc consists of two anatomically and chemically distinct areas:
the NAc core and the NAc shell [62,63]. Data throughout the literature have confirmed the
existence of shell–core differences in terms of the distribution of several neurobiological
molecules and their corresponding fibers, including the orexin immunoreactive fibers, with
a relative higher density in the shell compared to the core [64].

The importance of the NAc shell in the processing of natural rewards, like SI, has been
previously highlighted [65]. In one study, Amaral et al. demonstrated that SI reward in
rats induced an increase in the calcium/calmodulin-dependent protein kinase II (CaMKII)
in the NAc of the brain. Thus, when CaMKII in the NAc shell was blocked by KN-93
(CaMKII inhibitor), a shift in preference toward cocaine was observed in a concurrent
CPP where SI was available as an alternative to this drug [66]. In addition, Salti and
colleagues investigated the activity of p38-mitogen-activated protein kinase (MAPK), also
known as the stress-activated protein kinase (SAPK), in the NAc of rats expressing either
cocaine or SI CPP and in saline controls. Surprisingly, rats expressing SI CPP experienced
a reduction in pp38 (active/phosphorylated form of p38 MAPK) neuronal levels in the
NAc shell 24 h following SI to the level of naïve untreated rats [67]. This is in line with
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our previous finding [68], where we showed that SI reward possesses anti-stress effects.
Hence, it appears that SI reward in the NAc shell has a dual action: an increase in reward
via CaMKII and a decrease in stress via P38 MAPK [66]. Moreover, the differential effects of
lesions in the NAc core and shell on CPP for cocaine versus SI were explored by Fritz and
colleagues. The inactivation of the NAc shell shifted preference toward cocaine, unlike the
lesioning of the core that resulted in a shift in CPP toward SI [69]. In addition, activation
of the NAc shell in rats was associated with operant social seeking to a novel partner
following social isolation [70].

It should be noted that the NAc shell participates in neural mechanisms in which
orexin regulates reward-seeking behaviors [71]. For instance, the role of OX1Rs in driv-
ing addictive behaviors, especially excessive alcohol drinking, was explored in C57BL/6
mice [72]. Interestingly, the inhibition of OX1Rs in the medial NAc shell significantly
decreased alcohol intake, thereby confirming OX1R’s role in promoting excessive alco-
hol drinking [72]. In addition, local OXA has been shown to be a critical modulator of
dopamine within the NAc shell region and is therefore essential for reward-seeking behav-
ior [73]. In another study, a morphine CPP model was utilized to investigate the potential
involvement of orexin receptors within the NAc shell in stress- and drug-priming-induced
CPP reinstatement [74]. Inhibition of OX1Rs and OX2Rs in the NAc shell significantly
decreased stress—but not drug-priming-induced morphine CPP reinstatement. Therefore,
orexin receptors in the NAc shell have a central role in the stress-induced relapse of opioid
seeking [74].

Overall, these data confirm the relevance of the NAc shell in SI as well as other reward-
ing behaviors, including drug-seeking behaviors. More research is needed to investigate
the potential mechanisms by which the orexinergic contents of the NAc shell contribute to
SI reward, as most of the studies focused on the implication of the NAc shell’s orexinergic
system on drug rewards rather than on natural reward types.

6. How Orexin Impacts Social Motivation: Insight on a Potential Molecular Pathway

As previously mentioned, many patients suffering from SUD, neuropsychiatric ill-
nesses, or neurodevelopmental diseases tend to experience reduced social motivation.
From here, we might ask ourselves the following questions: (1) How does the orexin system
affect social motivation in these patients? (2) At which stage of the molecular pathway is
this effect exerted?

To answer these questions, we must first understand the underlying signal transduc-
tion cascade mediated by orexin and its receptors. Depending on the G protein-coupled
receptor (GPCR) being activated (OX1R or OX2R), distinct molecular pathways are trans-
duced. For instance, the coupling between OXB and OX2R induces the elevation of post-
synaptic intracellular calcium concentration ([Ca2+]i) via adenylyl cyclase-protein kinase
A mediated activation of the R- and T-type voltage-gated calcium channels [75]. As for
the OXA neuropeptide, its binding to OX1R influences intracellular Ca2+ signaling via
the phospholipase C (PLC) cascade (PLC-IP3/DAG) [76], activating a G protein subtype
called ‘Gq’, which, in turn, stimulates the subsequent activation of several phospholipases,
including phospholipases A (PLA), D (PLD)s and C (PLC). As a matter of fact, PLC acts by
cleaving phosphoinositol-diphosphate (PIP2) into inositol-triphosphate (IP3) and diamino-
glycerol (DAG) second messengers, which subsequently trigger the release of Ca2+ cations
from intracellular stores and stimulate protein kinase C (PKC) activity, respectively [77]
(Figure 2). In the present section, we are going to focus on PKC activity, a downstream
target of orexin pathway activation, and the reason behind highlighting it as a potential
molecular underpinning of social motivation.

ASD patients are known to experience diminished social motivation [11]. According
to Messina and colleagues, orexin A levels tend to be higher among patients with ASD
compared to healthy individuals [78]. In addition, a number of studies highlighted the
existence of dopamine circuitry dysfunctions in neurodevelopmental illnesses like ASD [79].
Not only did autistic children experience diminished dopaminergic activity within the
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mPFC, but they also had deficits in the NAc neural response to social rewards [80,81].
According to published data, orexins stimulate dopaminergic cell-firing and enhance the
release of dopamine under two main circumstances: either in case of normal baseline
conditions or in response to drugs of abuse [82,83]. Thereby, the direction of such a
relationship might vary outside those specific conditions. Here, for example, we suggest
that when OXA is high, dopamine becomes low, and this might contribute to the low social
motivation exhibited by these patients. Why is this happening? As mentioned earlier,
when OXA interacts with its corresponding receptors, the PLC signal transduction cascade
potentially becomes stimulated and, thereby, an activation of PKC is observed. From this
perspective, it seems that the elevation of OXA levels seen in ASD indirectly induces the
over-activation of PKC within postsynaptic cells, including those expressing dopaminergic
receptors. Indeed, our point of view is reinforced by one particular study reporting on the
emergence of behavioral abnormalities (e.g., impaired habituation learning) commonly
seen in ASD, caused by PKC hyper-activation in zebrafish, thus implying the involvement
of the PKC pathway in the pathogenesis of ASD [84].
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Figure 2. Signal transduction cascade initiated by orexin A (OXA)/orexin 1 receptor (OX1R) coupling.
The binding of OXA to OX1R triggers Gq protein activation which, in turn, induces the activation
of phospholipases A (PLA), D (PLD) and C (PLC). The PLC pathway involves the cleavage of
phosphoinositol-diphosphate (PIP2) into inositol-triphosphate (IP3) and diaminoglycerol (DAG). IP3
and DAG influence the intracellular calcium (Ca2+) concentration by triggering the release of Ca2+

from intracellular stores and stimulating protein kinase C (PKC) activity, respectively.

How might PKC’s activity affect social motivation in ASD? PKC is a kinase that has
been demonstrated to play a role in dopamine D2 receptor desensitization and internaliza-
tion via its phosphorylating activity [85]. Concerning the function of dopamine receptors,
dopamine D2 receptors in the NAc were found to drive social attachment in female prairie
voles [86]. In addition, enhanced motivation for rewards was reported upon an increase
in D2 receptor expression within the adult NAc region of C57Bl/6J mice [87]. In a study
conducted by Zhang’s team, D2 receptors within the NAc shell were found to be reduced
following chronic social isolation, and the behavioral abnormalities caused by this iso-
lation were reversed upon the injection of D2 receptor agonist into the NAc shell [88].
Furthermore, many studies revealed the importance of dopamine in the motivation to
seek rewards [89,90]. Therefore, dopaminergic receptor-signaling might be critical for
social motivation.

According to the presented data, the hyperactivity of PKC in ASD is thought to
contribute to the internalization of a substantial amount of dopamine D2 receptors and/or



Int. J. Mol. Sci. 2024, 25, 2609 10 of 14

massive receptor desensitization on postsynaptic membranes. This, in our opinion, might
explain the low social motivation observed in these patients (Figure 3). More research
is needed to further investigate the possible involvement of different orexin-signaling
pathways in social motivation/interaction across many other related illnesses.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 10 of 15 
 

 

increase in D2 receptor expression within the adult NAc region of C57Bl/6J mice [87]. In a 
study conducted by Zhang’s team, D2 receptors within the NAc shell were found to be 
reduced following chronic social isolation, and the behavioral abnormalities caused by 
this isolation were reversed upon the injection of D2 receptor agonist into the NAc shell 
[88]. Furthermore, many studies revealed the importance of dopamine in the motivation 
to seek rewards [89,90]. Therefore, dopaminergic receptor-signaling might be critical for 
social motivation. 

According to the presented data, the hyperactivity of PKC in ASD is thought to con-
tribute to the internalization of a substantial amount of dopamine D2 receptors and/or 
massive receptor desensitization on postsynaptic membranes. This, in our opinion, might 
explain the low social motivation observed in these patients (Figure 3). More research is 
needed to further investigate the possible involvement of different orexin-signaling path-
ways in social motivation/interaction across many other related illnesses. 

 
Figure 3. Orexin’s effect on social motivation in autism spectrum disorder (ASD). High orexin A 
(OXA) levels are reported in ASD. The increased coupling between OXA and its corresponding re-
ceptors (OX1R) contributes to Gq (globular protein q) hyperactivation and subsequently to an in-
crease in phospholipase C (PLC) activity. This increased PLC activity triggers an over-activation in 
a particular kinase called protein kinase C (PKC). Eventually, the hyperactivity of PKC stimulates 
massive dopamine (DA) receptor internalization and/or desensitization, which might explain the 
diminished social motivation observed in ASD patients. 

7. Conclusions 
Switching non-social and passive coping behavior into social and active coping be-

havior remains the biggest challenge that neuropsychiatrists face when dealing with pa-
tients suffering from psychiatric disorders, including drug-related diseases, where SI be-
comes impaired. Over decades, many studies have attempted to find neurobiological cor-
relates that might help to accomplish this switch. In the present review, we focused our 
attention on a particular candidate, the orexin/hypocretin system of the brain. We believe 
that, by better understanding (1) the differences between the distinct sources of orexins 
(endogenous vs. exogenous), (2) how orexin contributes to SI, (3) the stage at which orexin 

Figure 3. Orexin’s effect on social motivation in autism spectrum disorder (ASD). High orexin A
(OXA) levels are reported in ASD. The increased coupling between OXA and its corresponding
receptors (OX1R) contributes to Gq (globular protein q) hyperactivation and subsequently to an
increase in phospholipase C (PLC) activity. This increased PLC activity triggers an over-activation in
a particular kinase called protein kinase C (PKC). Eventually, the hyperactivity of PKC stimulates
massive dopamine (DA) receptor internalization and/or desensitization, which might explain the
diminished social motivation observed in ASD patients.

7. Conclusions

Switching non-social and passive coping behavior into social and active coping behav-
ior remains the biggest challenge that neuropsychiatrists face when dealing with patients
suffering from psychiatric disorders, including drug-related diseases, where SI becomes im-
paired. Over decades, many studies have attempted to find neurobiological correlates that
might help to accomplish this switch. In the present review, we focused our attention on a
particular candidate, the orexin/hypocretin system of the brain. We believe that, by better
understanding (1) the differences between the distinct sources of orexins (endogenous
vs. exogenous), (2) how orexin contributes to SI, (3) the stage at which orexin influences
social behavior expression, (4) the implication of brain regions (e.g., the NAc shell) in SI,
and (5) the underlying orexin molecular pathways, we will be able to unravel the cause
of SI deficits in many illnesses and consequently help to reverse and/or minimize this
impairment via targeting the underlying molecular candidates.

Author Contributions: Writing—original draft preparation, S.O.; writing—review and editing, I.M.A.,
D.G.M., H.H., A.H. and R.E.R.; supervision, H.H. and R.E.R.; project administration, R.E.R.; funding
acquisition, R.E.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Austrian Science Fund FWF, [Grant-DOI 10.55776/T758
and Grant-DOI 10.55776/P35053], and the Medizinischer Forschungsfonds Tirol MFF [Project No. 329].



Int. J. Mol. Sci. 2024, 25, 2609 11 of 14

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Open Access funding by the Austrian Science Fund (FWF). Figures created in
“Biorender.com”, accessed on 1 December 2023.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Chen, P.; Hong, W. Neural Circuit Mechanisms of Social Behavior. Neuron 2018, 98, 16–30. [CrossRef]
2. El Rawas, R.; Saria, A. The Two Faces of Social Interaction Reward in Animal Models of Drug Dependence. Neurochem. Res. 2016,

41, 492–499. [CrossRef]
3. Bardo, M.T.; Bevins, R.A. Conditioned Place Preference: What Does It Add to Our Preclinical Understanding of Drug Reward?

Psychopharmacology 2000, 153, 31–43. [CrossRef]
4. Tzschentke, T.M. Measuring Reward with the Conditioned Place Preference Paradigm: A Comprehensive Review of Drug Effects,

Recent Progress and New Issues. Prog. Neurobiol. 1998, 56, 613–672. [CrossRef] [PubMed]
5. Calcagnetti, D.J.; Schechter, M.D. Place Conditioning Reveals the Rewarding Aspect of Social Interaction in Juvenile Rats. Physiol.

Behav. 1992, 51, 667–672. [CrossRef] [PubMed]
6. Douglas, L.A.; Varlinskaya, E.I.; Spear, L.P. Rewarding Properties of Social Interactions in Adolescent and Adult Male and Female

Rats: Impact of Social versus Isolate Housing of Subjects and Partners. Dev. Psychobiol. 2004, 45, 153–162. [CrossRef] [PubMed]
7. Fritz, M.; El Rawas, R.; Salti, A.; Klement, S.; Bardo, M.T.; Kemmler, G.; Dechant, G.; Saria, A.; Zernig, G. Reversal of Cocaine-

Conditioned Place Preference and Mesocorticolimbic Zif268 Expression by Social Interaction in Rats. Addict. Biol. 2011, 16, 273–284.
[CrossRef] [PubMed]

8. Van den Berg, C.L.; Pijlman, F.T.; Koning, H.A.; Diergaarde, L.; Van Ree, J.M.; Spruijt, B.M. Isolation Changes the Incentive Value
of Sucrose and Social Behaviour in Juvenile and Adult Rats. Behav. Brain Res. 1999, 106, 133–142. [CrossRef] [PubMed]

9. Yates, J.R.; Beckmann, J.S.; Meyer, A.C.; Bardo, M.T. Concurrent Choice for Social Interaction and Amphetamine Using Condi-
tioned Place Preference in Rats: Effects of Age and Housing Condition. Drug Alcohol. Depend. 2013, 129, 240–246. [CrossRef]
[PubMed]

10. Cremers, H.R.; Veer, I.M.; Spinhoven, P.; Rombouts, S.A.R.B.; Roelofs, K. Neural Sensitivity to Social Reward and Punishment
Anticipation in Social Anxiety Disorder. Front. Behav. Neurosci. 2014, 8, 439. [CrossRef]

11. Chevallier, C.; Kohls, G.; Troiani, V.; Brodkin, E.S.; Schultz, R.T. The Social Motivation Theory of Autism. Trends Cogn. Sci. 2012,
16, 231–239. [CrossRef] [PubMed]

12. Poisson, C.L.; Engel, L.; Saunders, B.T. Dopamine Circuit Mechanisms of Addiction-Like Behaviors. Front. Neural Circuits 2021,
15, 752420. [CrossRef] [PubMed]

13. Rigney, N.; de Vries, G.J.; Petrulis, A.; Young, L.J. Oxytocin, Vasopressin, and Social Behavior: From Neural Circuits to Clinical
Opportunities. Endocrinology 2022, 163, bqac111. [CrossRef] [PubMed]

14. de Lecea, L.; Kilduff, T.S.; Peyron, C.; Gao, X.; Foye, P.E.; Danielson, P.E.; Fukuhara, C.; Battenberg, E.L.; Gautvik, V.T.; Bartlett,
F.S.; et al. The Hypocretins: Hypothalamus-Specific Peptides with Neuroexcitatory Activity. Proc. Natl. Acad. Sci. USA 1998,
95, 322–327. [CrossRef]

15. Sakurai, T.; Amemiya, A.; Ishii, M.; Matsuzaki, I.; Chemelli, R.M.; Tanaka, H.; Williams, S.C.; Richardson, J.A.; Kozlowski, G.P.;
Wilson, S.; et al. Orexins and Orexin Receptors: A Family of Hypothalamic Neuropeptides and G Protein-Coupled Receptors
That Regulate Feeding Behavior. Cell 1998, 92, 573–585. [CrossRef]

16. Jöhren, O.; Neidert, S.J.; Kummer, M.; Dendorfer, A.; Dominiak, P. Prepro-Orexin and Orexin Receptor mRNAs Are Differentially
Expressed in Peripheral Tissues of Male and Female Rats. Endocrinology 2001, 142, 3324–3331. [CrossRef]

17. Mieda, M.; Tsujino, N.; Sakurai, T. Differential Roles of Orexin Receptors in the Regulation of Sleep/Wakefulness. Front. Endocrinol.
2013, 4, 57. [CrossRef] [PubMed]

18. Bourgin, P.; Huitrón-Reséndiz, S.; Spier, A.D.; Fabre, V.; Morte, B.; Criado, J.R.; Sutcliffe, J.G.; Henriksen, S.J.; de Lecea, L.
Hypocretin-1 Modulates Rapid Eye Movement Sleep through Activation of Locus Coeruleus Neurons. J. Neurosci. 2000,
20, 7760–7765. [CrossRef]

19. Hagan, J.J.; Leslie, R.A.; Patel, S.; Evans, M.L.; Wattam, T.A.; Holmes, S.; Benham, C.D.; Taylor, S.G.; Routledge, C.; Hemmati,
P.; et al. Orexin A Activates Locus Coeruleus Cell Firing and Increases Arousal in the Rat. Proc. Natl. Acad. Sci. USA 1999,
96, 10911–10916. [CrossRef]

20. Prober, D.A.; Rihel, J.; Onah, A.A.; Sung, R.-J.; Schier, A.F. Hypocretin/Orexin Overexpression Induces An Insomnia-Like
Phenotype in Zebrafish. J. Neurosci. 2006, 26, 13400–13410. [CrossRef]

Biorender.com
https://doi.org/10.1016/j.neuron.2018.02.026
https://doi.org/10.1007/s11064-015-1637-7
https://doi.org/10.1007/s002130000569
https://doi.org/10.1016/S0301-0082(98)00060-4
https://www.ncbi.nlm.nih.gov/pubmed/9871940
https://doi.org/10.1016/0031-9384(92)90101-7
https://www.ncbi.nlm.nih.gov/pubmed/1594664
https://doi.org/10.1002/dev.20025
https://www.ncbi.nlm.nih.gov/pubmed/15505797
https://doi.org/10.1111/j.1369-1600.2010.00285.x
https://www.ncbi.nlm.nih.gov/pubmed/21309948
https://doi.org/10.1016/S0166-4328(99)00099-6
https://www.ncbi.nlm.nih.gov/pubmed/10595429
https://doi.org/10.1016/j.drugalcdep.2013.02.024
https://www.ncbi.nlm.nih.gov/pubmed/23540449
https://doi.org/10.3389/fnbeh.2014.00439
https://doi.org/10.1016/j.tics.2012.02.007
https://www.ncbi.nlm.nih.gov/pubmed/22425667
https://doi.org/10.3389/fncir.2021.752420
https://www.ncbi.nlm.nih.gov/pubmed/34858143
https://doi.org/10.1210/endocr/bqac111
https://www.ncbi.nlm.nih.gov/pubmed/35863332
https://doi.org/10.1073/pnas.95.1.322
https://doi.org/10.1016/S0092-8674(00)80949-6
https://doi.org/10.1210/endo.142.8.8299
https://doi.org/10.3389/fendo.2013.00057
https://www.ncbi.nlm.nih.gov/pubmed/23730297
https://doi.org/10.1523/JNEUROSCI.20-20-07760.2000
https://doi.org/10.1073/pnas.96.19.10911
https://doi.org/10.1523/JNEUROSCI.4332-06.2006


Int. J. Mol. Sci. 2024, 25, 2609 12 of 14

21. Tang, S.; Huang, W.; Lu, S.; Lu, L.; Li, G.; Chen, X.; Liu, X.; Lv, X.; Zhao, Z.; Duan, R.; et al. Increased Plasma Orexin-A Levels in
Patients with Insomnia Disorder Are Not Associated with Prepro-Orexin or Orexin Receptor Gene Polymorphisms. Peptides 2017,
88, 55–61. [CrossRef] [PubMed]

22. da Silva, A.C.; do Carmo, A.S.; dos Santos, L.C. Associations between Sleep Practices and Social Behavior of Children and
Adolescents: A Systematic Review. J. Public. Health 2022, 30, 1101–1112. [CrossRef]

23. Samson, W.K.; Gosnell, B.; Chang, J.K.; Resch, Z.T.; Murphy, T.C. Cardiovascular Regulatory Actions of the Hypocretins in Brain.
Brain Res. 1999, 831, 248–253. [CrossRef] [PubMed]

24. Kayaba, Y.; Nakamura, A.; Kasuya, Y.; Ohuchi, T.; Yanagisawa, M.; Komuro, I.; Fukuda, Y.; Kuwaki, T. Attenuated Defense
Response and Low Basal Blood Pressure in Orexin Knockout Mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2003, 285,
R581–R593. [CrossRef] [PubMed]

25. Kang, X.; Tang, H.; Liu, Y.; Yuan, Y.; Wang, M. Research Progress on the Mechanism of Orexin in Pain Regulation in Different
Brain Regions. Open Life Sci. 2021, 16, 46–52. [CrossRef]

26. Baldo, B.A.; Daniel, R.A.; Berridge, C.W.; Kelley, A.E. Overlapping Distributions of Orexin/Hypocretin- and Dopamine-β-
Hydroxylase Immunoreactive Fibers in Rat Brain Regions Mediating Arousal, Motivation, and Stress. J. Comp. Neurol. 2003,
464, 220–237. [CrossRef]

27. DiLeone, R.J.; Georgescu, D.; Nestler, E.J. Lateral Hypothalamic Neuropeptides in Reward and Drug Addiction. Life Sci. 2003,
73, 759–768. [CrossRef]

28. Katzman, M.A.; Katzman, M.P. Neurobiology of the Orexin System and Its Potential Role in the Regulation of Hedonic Tone.
Brain Sci. 2022, 12, 150. [CrossRef]

29. Baimel, C.; Bartlett, S.E.; Chiou, L.-C.; Lawrence, A.J.; Muschamp, J.W.; Patkar, O.; Tung, L.-W.; Borgland, S.L. Orexin/Hypocretin
Role in Reward: Implications for Opioid and Other Addictions. Br. J. Pharmacol. 2015, 172, 334–348. [CrossRef] [PubMed]

30. Couvineau, A.; Voisin, T.; Nicole, P.; Gratio, V.; Abad, C.; Tan, Y.-V. Orexins as Novel Therapeutic Targets in Inflammatory and
Neurodegenerative Diseases. Front. Endocrinol. 2019, 10, 709. [CrossRef] [PubMed]

31. Faustmann, T.J.; Kamp, D.; Räuber, S.; Dukart, J.; Melzer, N.; Schilbach, L. Social Interaction, Psychotic Disorders and Inflamma-
tion: A Triangle of Interest. Prog. Neuropsychopharmacol. Biol. Psychiatry 2023, 122, 110697. [CrossRef] [PubMed]

32. Faesel, N.; Kolodziejczyk, M.H.; Koch, M.; Fendt, M. Orexin Deficiency Affects Sociability and the Acquisition, Expression, and
Extinction of Conditioned Social Fear. Brain Res. 2021, 1751, 147199. [CrossRef]

33. Abbas, M.G.; Shoji, H.; Soya, S.; Hondo, M.; Miyakawa, T.; Sakurai, T. Comprehensive Behavioral Analysis of Male Ox1r (-/-)
Mice Showed Implication of Orexin Receptor-1 in Mood, Anxiety, and Social Behavior. Front. Behav. Neurosci. 2015, 9, 324.
[CrossRef]

34. Yang, L.; Zou, B.; Xiong, X.; Pascual, C.; Xie, J.; Malik, A.; Xie, J.; Sakurai, T.; Xie, X.S. Hypocretin/Orexin Neurons Contribute to
Hippocampus-Dependent Social Memory and Synaptic Plasticity in Mice. J. Neurosci. 2013, 33, 5275–5284. [CrossRef] [PubMed]

35. Dawson, M.; Terstege, D.J.; Jamani, N.; Tsutsui, M.; Pavlov, D.; Bugescu, R.; Epp, J.R.; Leinninger, G.M.; Sargin, D. Hypocre-
tin/Orexin Neurons Encode Social Discrimination and Exhibit a Sex-Dependent Necessity for Social Interaction. Cell Rep. 2023,
42, 112815. [CrossRef]

36. Blouin, A.M.; Fried, I.; Wilson, C.L.; Staba, R.J.; Behnke, E.J.; Lam, H.A.; Maidment, N.T.; Karlsson, K.Æ.; Lapierre, J.L.; Siegel, J.M.
Human Hypocretin and Melanin-Concentrating Hormone Levels Are Linked to Emotion and Social Interaction. Nat. Commun.
2013, 4, 1547. [CrossRef] [PubMed]

37. Granza, A.E.; Amaral, I.M.; Monteiro, D.G.; Salti, A.; Hofer, A.; El Rawas, R. Social Interaction Is Less Rewarding in Adult Female
than in Male Mice. Brain Sci. 2023, 13, 1445. [CrossRef] [PubMed]

38. Reppucci, C.J.; Gergely, C.K.; Bredewold, R.; Veenema, A.H. Involvement of Orexin/Hypocretin in the Expression of Social Play
Behaviour in Juvenile Rats. Int. J. Play. 2020, 9, 108–127. [CrossRef]

39. Berridge, C.W.; España, R.A. Hypocretins: Waking, Arousal, or Action? Neuron 2005, 46, 696–698. [CrossRef]
40. Furlong, T.M.; Vianna, D.M.L.; Liu, L.; Carrive, P. Hypocretin/Orexin Contributes to the Expression of Some but Not All Forms of

Stress and Arousal. Eur. J. Neurosci. 2009, 30, 1603–1614. [CrossRef]
41. Steiner, M.A.; Sciarretta, C.; Brisbare-Roch, C.; Strasser, D.S.; Studer, R.; Jenck, F. Examining the Role of Endogenous Orexins

in Hypothalamus-Pituitary-Adrenal Axis Endocrine Function Using Transient Dual Orexin Receptor Antagonism in the Rat.
Psychoneuroendocrinology 2013, 38, 560–571. [CrossRef]

42. Al-Barazanji, K.A.; Wilson, S.; Baker, J.; Jessop, D.S.; Harbuz, M.S. Central Orexin-A Activates Hypothalamic-Pituitary-Adrenal
Axis and Stimulates Hypothalamic Corticotropin Releasing Factor and Arginine Vasopressin Neurones in Conscious Rats. J.
Neuroendocrinol. 2001, 13, 421–424. [CrossRef] [PubMed]

43. Kuru, M.; Ueta, Y.; Serino, R.; Nakazato, M.; Yamamoto, Y.; Shibuya, I.; Yamashita, H. Centrally Administered Orexin/Hypocretin
Activates HPA Axis in Rats. Neuroreport 2000, 11, 1977–1980. [CrossRef] [PubMed]

44. Russell, S.H.; Small, C.J.; Dakin, C.L.; Abbott, C.R.; Morgan, D.G.; Ghatei, M.A.; Bloom, S.R. The Central Effects of Orexin-A in
the Hypothalamic-Pituitary-Adrenal Axis in Vivo and in Vitro in Male Rats. J. Neuroendocrinol. 2001, 13, 561–566. [CrossRef]
[PubMed]

45. Aston-Jones, G.; Smith, R.J.; Moorman, D.E.; Richardson, K.A. Role of Lateral Hypothalamic Orexin Neurons in Reward
Processing and Addiction. Neuropharmacology 2009, 56 (Suppl. 1), 112–121. [CrossRef] [PubMed]

46. Grafe, L.A.; Bhatnagar, S. Orexins and Stress. Front. Neuroendocrinol. 2018, 51, 132–145. [CrossRef] [PubMed]

https://doi.org/10.1016/j.peptides.2016.12.008
https://www.ncbi.nlm.nih.gov/pubmed/27988352
https://doi.org/10.1007/s10389-020-01388-8
https://doi.org/10.1016/S0006-8993(99)01457-2
https://www.ncbi.nlm.nih.gov/pubmed/10412003
https://doi.org/10.1152/ajpregu.00671.2002
https://www.ncbi.nlm.nih.gov/pubmed/12750151
https://doi.org/10.1515/biol-2021-0001
https://doi.org/10.1002/cne.10783
https://doi.org/10.1016/S0024-3205(03)00408-9
https://doi.org/10.3390/brainsci12020150
https://doi.org/10.1111/bph.12639
https://www.ncbi.nlm.nih.gov/pubmed/24641197
https://doi.org/10.3389/fendo.2019.00709
https://www.ncbi.nlm.nih.gov/pubmed/31695678
https://doi.org/10.1016/j.pnpbp.2022.110697
https://www.ncbi.nlm.nih.gov/pubmed/36521587
https://doi.org/10.1016/j.brainres.2020.147199
https://doi.org/10.3389/fnbeh.2015.00324
https://doi.org/10.1523/JNEUROSCI.3200-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23516292
https://doi.org/10.1016/j.celrep.2023.112815
https://doi.org/10.1038/ncomms2461
https://www.ncbi.nlm.nih.gov/pubmed/23462990
https://doi.org/10.3390/brainsci13101445
https://www.ncbi.nlm.nih.gov/pubmed/37891813
https://doi.org/10.1080/21594937.2020.1720132
https://doi.org/10.1016/j.neuron.2005.05.016
https://doi.org/10.1111/j.1460-9568.2009.06952.x
https://doi.org/10.1016/j.psyneuen.2012.07.016
https://doi.org/10.1046/j.1365-2826.2001.00655.x
https://www.ncbi.nlm.nih.gov/pubmed/11328451
https://doi.org/10.1097/00001756-200006260-00034
https://www.ncbi.nlm.nih.gov/pubmed/10884055
https://doi.org/10.1046/j.1365-2826.2001.00672.x
https://www.ncbi.nlm.nih.gov/pubmed/11412343
https://doi.org/10.1016/j.neuropharm.2008.06.060
https://www.ncbi.nlm.nih.gov/pubmed/18655797
https://doi.org/10.1016/j.yfrne.2018.06.003
https://www.ncbi.nlm.nih.gov/pubmed/29932958


Int. J. Mol. Sci. 2024, 25, 2609 13 of 14

47. Eacret, D.; Grafe, L.A.; Dobkin, J.; Gotter, A.L.; Renger, J.J.; Winrow, C.J.; Bhatnagar, S. Orexin Signaling during Social Defeat Stress
Influences Subsequent Social Interaction Behaviour and Recognition Memory. Behav. Brain Res. 2019, 356, 444–452. [CrossRef]

48. Grafe, L.A.; Eacret, D.; Dobkin, J.; Bhatnagar, S. Reduced Orexin System Function Contributes to Resilience to Repeated Social
Stress. eNeuro 2018, 5, ENEURO.0273-17.2018. [CrossRef]

49. Heydendael, W.; Sengupta, A.; Beck, S.; Bhatnagar, S. Optogenetic Examination Identifies a Context-Specific Role for Orex-
ins/Hypocretins in Anxiety-Related Behavior. Physiol. Behav. 2014, 130, 182–190. [CrossRef]

50. Jöhren, O.; Brüggemann, N.; Dendorfer, A.; Dominiak, P. Gonadal Steroids Differentially Regulate the Messenger Ribonucleic
Acid Expression of Pituitary Orexin Type 1 Receptors and Adrenal Orexin Type 2 Receptors. Endocrinology 2003, 144, 1219–1225.
[CrossRef]

51. Wang, Z.-J.; Shwani, T.; Liu, J.; Zhong, P.; Yang, F.; Schatz, K.; Zhang, F.; Pralle, A.; Yan, Z. Molecular and Cellular Mechanisms for
Differential Effects of Chronic Social Isolation Stress in Males and Females. Mol. Psychiatry 2022, 27, 3056–3068. [CrossRef]

52. Luo, F.; Deng, J.-Y.; Sun, X.; Zhen, J.; Luo, X.-D. Anterior Cingulate Cortex Orexin Signaling Mediates Early-Life Stress-Induced
Social Impairment in Females. Proc. Natl. Acad. Sci. USA 2023, 120, e2220353120. [CrossRef]

53. Barretto-de-Souza, L.; Joseph, S.A.; Lynch, F.M.; Ng, A.J.; Crestani, C.C.; Christianson, J.P. Melanin-Concentrating Hormone and
Orexin Shape Social Affective Behavior via Action in the Insular Cortex of Rat. Psychopharmacology 2023. [CrossRef]

54. Ji, M.-J.; Zhang, X.-Y.; Chen, Z.; Wang, J.-J.; Zhu, J.-N. Orexin Prevents Depressive-like Behavior by Promoting Stress Resilience.
Mol. Psychiatry 2019, 24, 282–293. [CrossRef]

55. Hebb, D.O. The Organization of Behavior: A Neuropsychological Theory; Wiley: Oxford, UK, 1949; pp. xix, 335.
56. Mazur, F.; Całka, J. Hypothalamic Orexins as Possible Therapeutic Agents in Threat and Spatial Memory Disorders. Front. Behav.

Neurosci. 2023, 17, 1228056. [CrossRef]
57. Roozendaal, B. Stress and Memory: Opposing Effects of Glucocorticoids on Memory Consolidation and Memory Retrieval.

Neurobiol. Learn. Mem. 2002, 78, 578–595. [CrossRef]
58. Roozendaal, B.; Okuda, S.; Van der Zee, E.A.; McGaugh, J.L. Glucocorticoid Enhancement of Memory Requires Arousal-Induced

Noradrenergic Activation in the Basolateral Amygdala. Proc. Natl. Acad. Sci. USA 2006, 103, 6741–6746. [CrossRef] [PubMed]
59. Wichmann, R.; Fornari, R.V.; Roozendaal, B. Glucocorticoids Interact with the Noradrenergic Arousal System in the Nucleus

Accumbens Shell to Enhance Memory Consolidation of Both Appetitive and Aversive Taste Learning. Neurobiol. Learn. Mem.
2012, 98, 197–205. [CrossRef]

60. Eriksson, K.S.; Sergeeva, O.A.; Haas, H.L.; Selbach, O. Orexins/Hypocretins and Aminergic Systems. Acta Physiol. 2010,
198, 263–275. [CrossRef] [PubMed]

61. Nestler, E.J.; Carlezon, W.A. The Mesolimbic Dopamine Reward Circuit in Depression. Biol. Psychiatry 2006, 59, 1151–1159.
[CrossRef]

62. Meredith, G.E.; Agolia, R.; Arts, M.P.; Groenewegen, H.J.; Zahm, D.S. Morphological Differences between Projection Neurons of
the Core and Shell in the Nucleus Accumbens of the Rat. Neuroscience 1992, 50, 149–162. [CrossRef]

63. Meredith, G.E.; Pennartz, C.M.; Groenewegen, H.J. The Cellular Framework for Chemical Signalling in the Nucleus Accumbens.
Prog. Brain Res. 1993, 99, 3–24. [CrossRef]

64. Peyron, C.; Tighe, D.K.; van den Pol, A.N.; de Lecea, L.; Heller, H.C.; Sutcliffe, J.G.; Kilduff, T.S. Neurons Containing Hypocretin
(Orexin) Project to Multiple Neuronal Systems. J. Neurosci. 1998, 18, 9996–10015. [CrossRef] [PubMed]

65. Amaral, I.M.; Scheffauer, L.; Hofer, A.; El Rawas, R. Protein Kinases in Natural versus Drug Reward. Pharmacol. Biochem. Behav.
2022, 221, 173472. [CrossRef]

66. Amaral, I.M.; Scheffauer, L.; Langeder, A.B.; Hofer, A.; El Rawas, R. Rewarding Social Interaction in Rats Increases CaMKII in the
Nucleus Accumbens. Biomedicines 2021, 9, 1886. [CrossRef] [PubMed]

67. Salti, A.; Kummer, K.K.; Sadangi, C.; Dechant, G.; Saria, A.; El Rawas, R. Social Interaction Reward Decreases P38 Activation in
the Nucleus Accumbens Shell of Rats. Neuropharmacology 2015, 99, 510–516. [CrossRef]

68. Lemos, C.; Salti, A.; Amaral, I.M.; Fontebasso, V.; Singewald, N.; Dechant, G.; Hofer, A.; El Rawas, R. Social Interaction Reward in
Rats Has Anti-stress Effects. Addict. Biol. 2021, 26, e12878. [CrossRef] [PubMed]

69. Fritz, M.; El Rawas, R.; Klement, S.; Kummer, K.; Mayr, M.J.; Eggart, V.; Salti, A.; Bardo, M.T.; Saria, A.; Zernig, G. Differential
Effects of Accumbens Core vs. Shell Lesions in a Rat Concurrent Conditioned Place Preference Paradigm for Cocaine vs. Social
Interaction. PLoS ONE 2011, 6, e26761. [CrossRef]

70. Olaniran, A.; Garcia, K.T.; Burke, M.A.M.; Lin, H.; Venniro, M.; Li, X. Operant Social Seeking to a Novel Peer after Social Isolation
Is Associated with Activation of Nucleus Accumbens Shell in Rats. Psychopharmacology 2022, ahead of print. [CrossRef]

71. Mori, K.; Kim, J.; Sasaki, K. Electrophysiological Effects of Orexin-B and Dopamine on Rat Nucleus Accumbens Shell Neurons In
Vitro. Peptides 2011, 32, 246–252. [CrossRef]

72. Lei, K.; Wegner, S.A.; Yu, J.H.; Mototake, A.; Hu, B.; Hopf, F.W. Nucleus Accumbens Shell and mPFC but Not Insula Orexin-1
Receptors Promote Excessive Alcohol Drinking. Front. Neurosci. 2016, 10, 400. [CrossRef]

73. Patyal, R.; Woo, E.Y.; Borgland, S.L. Local Hypocretin-1 Modulates Terminal Dopamine Concentration in the Nucleus Accumbens
Shell. Front. Behav. Neurosci. 2012, 6, 82. [CrossRef] [PubMed]

74. Qi, K.; Wei, C.; Li, Y.; Sui, N. Orexin Receptors within the Nucleus Accumbens Shell Mediate the Stress but Not Drug Priming-
Induced Reinstatement of Morphine Conditioned Place Preference. Front. Behav. Neurosci. 2013, 7, 144. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bbr.2018.05.032
https://doi.org/10.1523/ENEURO.0273-17.2018
https://doi.org/10.1016/j.physbeh.2013.10.005
https://doi.org/10.1210/en.2002-0030
https://doi.org/10.1038/s41380-022-01574-y
https://doi.org/10.1073/pnas.2220353120
https://doi.org/10.1007/s00213-023-06408-5
https://doi.org/10.1038/s41380-018-0127-0
https://doi.org/10.3389/fnbeh.2023.1228056
https://doi.org/10.1006/nlme.2002.4080
https://doi.org/10.1073/pnas.0601874103
https://www.ncbi.nlm.nih.gov/pubmed/16611726
https://doi.org/10.1016/j.nlm.2012.06.004
https://doi.org/10.1111/j.1748-1716.2009.02015.x
https://www.ncbi.nlm.nih.gov/pubmed/19566795
https://doi.org/10.1016/j.biopsych.2005.09.018
https://doi.org/10.1016/0306-4522(92)90389-J
https://doi.org/10.1016/s0079-6123(08)61335-7
https://doi.org/10.1523/JNEUROSCI.18-23-09996.1998
https://www.ncbi.nlm.nih.gov/pubmed/9822755
https://doi.org/10.1016/j.pbb.2022.173472
https://doi.org/10.3390/biomedicines9121886
https://www.ncbi.nlm.nih.gov/pubmed/34944702
https://doi.org/10.1016/j.neuropharm.2015.08.029
https://doi.org/10.1111/adb.12878
https://www.ncbi.nlm.nih.gov/pubmed/31984611
https://doi.org/10.1371/journal.pone.0026761
https://doi.org/10.1007/s00213-022-06280-9
https://doi.org/10.1016/j.peptides.2010.10.023
https://doi.org/10.3389/fnins.2016.00400
https://doi.org/10.3389/fnbeh.2012.00082
https://www.ncbi.nlm.nih.gov/pubmed/23226119
https://doi.org/10.3389/fnbeh.2013.00144
https://www.ncbi.nlm.nih.gov/pubmed/24133421


Int. J. Mol. Sci. 2024, 25, 2609 14 of 14

75. Nakamura, Y.; Miura, S.; Yoshida, T.; Kim, J.; Sasaki, K. Cytosolic Calcium Elevation Induced by Orexin/Hypocretin in Granule
Cell Domain Cells of the Rat Cochlear Nucleus in Vitro. Peptides 2010, 31, 1579–1588. [CrossRef] [PubMed]

76. Johansson, L.; Ekholm, M.E.; Kukkonen, J.P. Multiple Phospholipase Activation by OX1 Orexin/Hypocretin Receptors. Cell. Mol.
Life Sci. 2008, 65, 1948–1956. [CrossRef] [PubMed]

77. Wang, C.; Wang, Q.; Ji, B.; Pan, Y.; Xu, C.; Cheng, B.; Bai, B.; Chen, J. The Orexin/Receptor System: Molecular Mechanism and
Therapeutic Potential for Neurological Diseases. Front. Mol. Neurosci. 2018, 11, 220. [CrossRef] [PubMed]

78. Messina, A.; Monda, V.; Sessa, F.; Valenzano, A.; Salerno, M.; Bitetti, I.; Precenzano, F.; Marotta, R.; Lavano, F.; Lavano, S.M.; et al.
Sympathetic, Metabolic Adaptations, and Oxidative Stress in Autism Spectrum Disorders: How Far From Physiology? Front.
Physiol. 2018, 9, 261. [CrossRef] [PubMed]

79. Dichter, G.S.; Damiano, C.A.; Allen, J.A. Reward Circuitry Dysfunction in Psychiatric and Neurodevelopmental Disorders and
Genetic Syndromes: Animal Models and Clinical Findings. J. Neurodev. Disord. 2012, 4, 19. [CrossRef] [PubMed]

80. Ernst, M.; Zametkin, A.J.; Matochik, J.A.; Pascualvaca, D.; Cohen, R.M. Low Medial Prefrontal Dopaminergic Activity in Autistic
Children. Lancet 1997, 350, 638. [CrossRef]

81. Scott-Van Zeeland, A.A.; Dapretto, M.; Ghahremani, D.G.; Poldrack, R.A.; Bookheimer, S.Y. Reward Processing in Autism. Autism
Res. 2010, 3, 53–67. [CrossRef]

82. Calipari, E.S.; España, R.A. Hypocretin/Orexin Regulation of Dopamine Signaling: Implications for Reward and Reinforcement
Mechanisms. Front. Behav. Neurosci. 2012, 6, 54. [CrossRef] [PubMed]

83. Vittoz, N.M.; Berridge, C.W. Hypocretin/Orexin Selectively Increases Dopamine Efflux within the Prefrontal Cortex: Involvement
of the Ventral Tegmental Area. Neuropsychopharmacology 2006, 31, 384–395. [CrossRef] [PubMed]

84. Liu, T.; Shi, Y.; Chan, M.T.V.; Peng, G.; Zhang, Q.; Sun, X.; Zhu, Z.; Xie, Y.; Sham, K.W.Y.; Li, J.; et al. Developmental Protein
Kinase C Hyper-Activation Results in Microcephaly and Behavioral Abnormalities in Zebrafish. Transl. Psychiatry 2018, 8, 232.
[CrossRef] [PubMed]

85. Namkung, Y.; Sibley, D.R. Protein Kinase C Mediates Phosphorylation, Desensitization, and Trafficking of the D2 Dopamine
Receptor. J. Biol. Chem. 2004, 279, 49533–49541. [CrossRef]

86. Gingrich, B.; Liu, Y.; Cascio, C.; Wang, Z.; Insel, T.R. Dopamine D2 Receptors in the Nucleus Accumbens Are Important for Social
Attachment in Female Prairie Voles (Microtus ochrogaster). Behav. Neurosci. 2000, 114, 173–183. [CrossRef]

87. Trifilieff, P.; Feng, B.; Urizar, E.; Winiger, V.; Ward, R.D.; Taylor, K.M.; Martinez, D.M.; Moore, H.; Balsam, P.D.; Simpson, E.H.;
et al. Increasing Dopamine D2 Receptor Expression in the Adult Nucleus Accumbens Enhances Motivation. Mol. Psychiatry 2013,
18, 1025–1033. [CrossRef]

88. Zhang, X.; Xun, Y.; Wang, L.; Zhang, J.; Hou, W.; Ma, H.; Cai, W.; Li, L.; Guo, Q.; Li, Y.; et al. Involvement of the Dopamine System
in the Effect of Chronic Social Isolation during Adolescence on Social Behaviors in Male C57 Mice. Brain Res. 2021, 1765, 147497.
[CrossRef]

89. Berridge, K.C.; Robinson, T.E. What Is the Role of Dopamine in Reward: Hedonic Impact, Reward Learning, or Incentive Salience?
Brain Res. Brain Res. Rev. 1998, 28, 309–369. [CrossRef]

90. Salamone, J.D.; Correa, M.; Farrar, A.; Mingote, S.M. Effort-Related Functions of Nucleus Accumbens Dopamine and Associated
Forebrain Circuits. Psychopharmacology 2007, 191, 461–482. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.peptides.2010.04.029
https://www.ncbi.nlm.nih.gov/pubmed/20457199
https://doi.org/10.1007/s00018-008-8206-z
https://www.ncbi.nlm.nih.gov/pubmed/18488139
https://doi.org/10.3389/fnmol.2018.00220
https://www.ncbi.nlm.nih.gov/pubmed/30002617
https://doi.org/10.3389/fphys.2018.00261
https://www.ncbi.nlm.nih.gov/pubmed/29623047
https://doi.org/10.1186/1866-1955-4-19
https://www.ncbi.nlm.nih.gov/pubmed/22958744
https://doi.org/10.1016/S0140-6736(05)63326-0
https://doi.org/10.1002/aur.122
https://doi.org/10.3389/fnbeh.2012.00054
https://www.ncbi.nlm.nih.gov/pubmed/22933994
https://doi.org/10.1038/sj.npp.1300807
https://www.ncbi.nlm.nih.gov/pubmed/15988471
https://doi.org/10.1038/s41398-018-0285-5
https://www.ncbi.nlm.nih.gov/pubmed/30352990
https://doi.org/10.1074/jbc.M408319200
https://doi.org/10.1037/0735-7044.114.1.173
https://doi.org/10.1038/mp.2013.57
https://doi.org/10.1016/j.brainres.2021.147497
https://doi.org/10.1016/S0165-0173(98)00019-8
https://doi.org/10.1007/s00213-006-0668-9

	Introduction 
	Implication of Orexin in Social Behaviors upon Stress Exposure 
	Exogenous vs. Endogenous Orexins: Impact on SI 
	Involvement of Orexins in SI Depends on the Memory Phase 
	The Nucleus Accumbens Shell: A Pivotal Role in SI and Reward-Seeking Behavior via Orexins 
	How Orexin Impacts Social Motivation: Insight on a Potential Molecular Pathway 
	Conclusions 
	References

