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Oxytocin (OT) is a neurohormone involved early in neurodevelopment and is implicated in multiple functions, including sensory modulation. Evidence of such modulation has been observed for different sensory modalities in both healthy and pathological conditions. This review summarizes the pleiotropic modulation that OT can exercise on an often overlooked sensory system: thermosensation. This system allows us to sense temperature variations and compensate for the variation to maintain a stable core body temperature. Oxytocin modulates autonomic and behavioral mechanisms underlying thermoregulation at both central and peripheral levels. Hyposensitivity or hypersensitivity for different sensory modalities, including thermosensitivity, is a common feature in autism spectrum disorder (ASD), recapitulated in several ASD mouse models. These sensory dysregulations occur early in post-natal development and are correlated with dysregulation of the oxytocinergic system. In this study, we discussed the potential link between thermosensory atypia and the dysregulation of the oxytocinergic system in ASD.
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1. Introduction

Oxytocin (OT) is a nonapeptide mainly secreted by neurons located in both the parvocellular division and the magnocellular division of the paraventricular nucleus (PVN), as well as in the magnocellular division of the supraoptic nucleus (SON) and the accessory nuclei of the hypothalamus in mammals (Lawson et al., 2020). It is involved in many functions such as induction of parturition or lactation, social or reproductive behavior tuning, and modulation of energy balance (Yuan et al., 2020). It acts not only as a neurohypophysial hormone through secretion into circulation to conduct its peripheral effects but also as a neuromodulator in the central nervous system (CNS) through either synaptic or dendritic release as well as volume transmission release for which OT diffuses in the extracellular space to act on structures expressing its receptor (OTR) (Grinevich and Ludwig, 2021).

OT/OTR signaling emerges very early in the course of mammalian development and it is associated with a dynamic spatiotemporal OTR expression (Mitre et al., 2018). In rodents, OTR is detected in the brain during embryonic neurogenesis and peaks in the second week of life. Analyses of the human brain revealed that OTR expression begins to accelerate right before birth, with a peak level of expression occurring during early childhood (Rokicki et al., 2022). Moreover, in mice, OT-expressing neurons are settled at embryonic day E14.5 (Madrigal and Jurado, 2021). The immature form of OT is detected as early as E16.5 and the mature form is after birth (Sannino et al., 2017).

OT/OTR signaling dysregulation can have a drastic effect on neurodevelopment, suggesting that the oxytocinergic system during this critical window could be implicated in some neurodevelopmental disorders such as autism spectrum disorder (ASD) (Sannino et al., 2017). Such dysregulation of the oxytocinergic system has been demonstrated in different genetic models of ASD, and a recent meta-analysis of 31 studies suggests that children (but not adults) with ASD have lower blood oxytocin levels compared to neurotypical individuals (John and Jaeggi, 2021).

During early life, sensory systems are very important for the construction of future socio-cognitive and emotional behaviors (Grinevich and Stoop, 2018). The effects of OT on the development, maturation, and regulation of the sensory systems (Grinevich and Stoop, 2018; Wang et al., 2022) are mediated by experience-dependent plastic changes which are known to occur during the early childhood-adolescence window (Onaka and Takayanagi, 2021).

The implication of the oxytocinergic system to set up sensory functionalities during the early period and its downregulation in children with ASD could account for sensory processing atypicalities (i.e., hyposensitivity or hypersensitivity) (Robertson and Baron-Cohen, 2017). Atypia is experienced by 90% of patients with ASD and is experienced as early as a few months from the diagnosis, which makes it one of the earliest diagnostic criterion for this disorder (Grzadzinski et al., 2020). Moreover, knowing the impact of the sensory systems on socio-cognitive and emotional behaviors and the fact that patients with autism have an atypical sensory understanding of the surrounding environment could lead to altered socio-cognitive behaviors (Park et al., 2021). OT treatment might be beneficial for sensory processing (Hubble et al., 2017) and therefore could have a beneficial impact on some cognitive deficits (Kanat et al., 2017).

This modulation of sensory processing by the oxytocinergic system has been largely reviewed. In this study, we emphasize the pleiotropic effects of the oxytocinergic system on one overlooked specific sensory modality: thermosensory processing.

The thermosensory system allows us to sense external temperature variations and induce physiological and behavioral thermoregulation to maintain a stable core temperature. Sensing any drop in external temperature might become vital for mammalian newborns since, unlike their homeothermic adult counterparts, neonates are poikilothermic: their adaptation to external temperature is not yet fully established. This system also implies the ability to have the consciousness of the environmental temperature, namely temperature perception, which participates in our comprehension of the surrounding environment.

In addition, we summarize the different studies demonstrating the role of OT to modulate both physiological and behavioral thermoregulation. Atypical temperature perception as well as thermoregulation issues have been observed in ASD. Considering that both the oxytocinergic and the thermosensory systems have been found dysregulated in ASD, we hypothesize that OT dysregulation in ASD is a potential physiopathological mechanism of thermosensory dysfunction.



2. Part 1: OT effects on temperature sensing and regulation

The thermosensory system is essential for the survival of individuals. It enables us to not only have a conscious perception of external temperature but also induce a physiological response of thermoregulation, leading to heat production and retention under cold exposure, namely thermogenesis, as well as appropriate behavioral strategies to maintain a stable body temperature. The neural pathways that support this ability have been intensively investigated in the last decade in adult rodents, but it has received much less attention in newborns. The thermosensitivity to external temperature starts at the skin level where different types of thermoreceptors are expressed (Patapoutian et al., 2003) and activated by different ranges of temperature (Dhaka et al., 2006; Palkar et al., 2015; Lamas et al., 2019; Buijs and McNaughton, 2020), allowing humans to differentiate between cool, warm, cold, and hot. The skin on the body and the face is innervated by first-order thermosensory neurons, located, respectively, in the dorsal root ganglia (DRG) or the trigeminal ganglia (TG) (Xiao and Xu, 2021) and projecting to the medulla. The sensory information is then transmitted through two different neural pathways leading to thermosensation and thermoregulation responses (Morrison and Nakamura, 2011). The thermosensation pathways which correspond to the conscious perception of external temperature variations are provided by the spinothalamic tract projecting to the somatosensory cortex (Milenkovic et al., 2014; Bokiniec et al., 2018) and also to the insular cortex (mainly for humans) (Craig, 2002; Filingeri, 2016). In parallel, another part of the projections from the medullary neurons reaches the lateral parabrachial nucleus (LPB) (Morrison et al., 2014) to coordinate the thermoregulation in response to environmental temperature variations (Nakamura and Morrison, 2011). Two types of thermoregulation responses are commonly defined. First, an autonomic involuntary thermoregulation response is mediated by descending projections from the preoptic area (POA), leading to activation through sympathetic pathways (Romanovsky et al., 2009) of different thermo-effectors. These effectors include the brown adipose tissue (BAT), the skeletal muscles, the heart, and the blood vessels that fight against temperature variations (Tan and Knight, 2018; Nakamura et al., 2022). Mammalian newborns are poikilotherms, and during this period only the BAT is recruitable for thermogenesis (Cannon and Nedergaard, 2004). The second thermoregulatory response implies a behavioral voluntary thermoregulation response using various behavioral strategies to allow mammals to stay as much as possible in a thermoneutral environment (Almeida et al., 2015; Jung et al., 2022). It has been shown recently that such behavior involves the lateral hypothalamus (LH) (Jung et al., 2022). These neural pathways are represented in Figure 1. Different studies investigating the action of OT on this thermosensory modality found that OT has a pleiotropic mode of action by tuning both central circuitry and peripheral thermos-effectors.
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FIGURE 1
 Oxytocinergic modulation of the thermosensory system under cold stimulation. Under cold exposure, skin thermoreceptors expressed at dorsal root ganglia (DRG) neurons ending are activated and the sensitive information is conducted to medullar neurons of the dorsal horn (DH). The information is sent through two types of cold-sensitive skin afferent pathways: i) in one case, to the posteromedial (POm), the ventral posterior lateral nucleus (VPL), and the posterior triangular nucleus (PoT) of the thalamus. The PoT project to the insular cortex (IC), the VPL, and the PoT project to the accessory somatosensory cortex (S2), and the VPL and the POm project to the primary somatosensory cortex (S1) giving the perception of temperature; ii) in the second case, the cold-sensitive skin afferents contact the lateral parabrachial nucleus (LPB) where the information is once more separated in two pathways. The first goes to the lateral hypothalamus (LH) to engage the behavioral thermoregulation. A potential implication of the somatosensory cortex in behavioral thermoregulation is not excluded. The other one is related to autonomic thermoregulation. LPB projection goes to the preoptic area (POA), an integrating center of temperature information with a local circuit in which the inputs from the LPB excite excitatory cold-sensitive neurons but also lead to the activation of cold-sensitive neurons of the median preoptic nucleus (MnPO) that inhibit warm-sensitive neurons, leading to an excitatory output of the POA toward the dorsomedial hypothalamus (DMH). Neurons of the DMH then project to the rostral medullary raphe region (rMR) which is also contacted by neurons of the nucleus tractus solitarius (NTS) receiving visceral vagal input, for the induction of the diet-induced thermogenesis. Premotoneurons of the rMR project then to sympathetic preganglionic neurons of the IML, activating the sympathetic ganglionic neurons to induce the non-shivering thermogenesis of the brown adipose tissue (BAT), the diet-induced thermogenesis on the BAT (related to NTS input), heart tachycardia, and vasoconstriction of skin blood vessels. Premotoneurons of the rMR project also to motoneurons of the ventral horn (VH) of the medulla to induce skeletal muscle shivering thermogenesis. Oxytocin (OT) can modulate behavioral thermoregulation without knowing yet whether it can act on LH. It can modulate the autonomic thermoregulation at different levels increasing BAT and muscle thermogenesis, tachycardia, and vasoconstriction but also by stimulating white adipose tissue (WAT) browning toward BAT to increase the thermogenesis capacity.



2.1. OT participates in maintaining stable core temperature through activation of non-shivering thermogenesis

Hypothalamic OT neurons are polysynaptically connected to the BAT (Oldfield et al., 2002), which produces heat in response to cold temperatures (Cannon et al., 1998). The descending projections arising from OT neurons of the paraventricular nucleus (OT PVN neurons) (Oldfield et al., 2002) innervate sympathetic preganglionic neurons of the intermediolateral (IML) nucleus of the spinal cord (De Luca et al., 1989; Bamshad et al., 1999; Foster et al., 2010), which express OTR (Reiter et al., 1994) and trigger BAT to produce heat through the sympathetic nervous system and β-adrenergic activation (Takayanagi et al., 2008). Besides this OT-regulated sympathetic action, endocrine regulation of the BAT by OT exists since BAT adipocytes express the OTR (Lawson, 2017) and it is known that OT can activate BAT's lipolysis pathway (Deblon et al., 2011). Additionally, different brain structures involved in thermoregulation, such as the POA (Shi and Bartness, 2000), the dorsomedial hypothalamic nucleus (DMH) (Shi and Bartness, 2000), and the ventromedial hypothalamic nucleus (VMH) (Whitman and Albers, 1998), express the OTR (Gimpl and Fahrenholz, 2001; Yoshida et al., 2009) and are innervated by OT PVN neurons.

Different approaches have been undertaken to study how OT modulates the capacity of the BAT to generate heat through lipid oxidation. First, pharmacological treatments with OT or analogous applied through different routes of administration have been performed to study their effects on BAT thermogenesis. In rats, OT injection in the anterior POA causes hyperthermia (Lin et al., 1983), and OT intracerebroventricular (ICV) administration in the third ventricle (3V) or fourth ventricle (4V) elevates interscapular BAT (IBAT) temperature (Roberts et al., 2017) and increases core body temperature (Ong et al., 2017). In mice, central OT injection produces a transient elevation of the colonic temperature (Mason et al., 1986), local application of OT into the median raphe nucleus (MnR) increases the body temperature (Yoshida et al., 2009), and ICV OT administration in mice 3V or 4V is reported to elevate IBAT temperature (Roberts et al., 2017). In rabbits, OT ICV injection produces dose-related hyperthermia and increases the body temperature (Lipton and Glyn, 1980). Roberts et al. (2017) demonstrated that the effect of OT on BAT thermogenesis is OTR-dependent since a lack of effect of the OT ICV injection in mice and rats was observed when the animals were pretreated with OTR antagonist. Thus, in different species, exogenous OT in the central nervous system has been shown to produce hyperthermia through a non-shivering thermogenesis response and without the elevation of locomotor activity for the rodent models (Deblon et al., 2011; Maejima et al., 2011; Blevins et al., 2016; Iwasa et al., 2019). Especially, peripheral OT administration in rats showed a reduced core body temperature (Ring et al., 2006; Hicks et al., 2014; Ong et al., 2017) as well as an absence of a thermogenesis response (Iwasa et al., 2019). Kohli et al. (2019) explained this contradiction by the fact that peripheral OT mediates its effects through the activation of arginine vasopressin (AVP) receptor V1A rather than OTR since pretreatment with V1A antagonist can reduce the OT-mediated hypothermia, while pretreatment with OTR antagonist does not.

Second, the development of OT knockout (KO) and OTR KO mice has been very useful for studying the impacts of a lack of OT/OTR signaling on thermoregulation. Hence, OT KO mice have difficulties maintaining their body temperature when they are exposed to cold temperatures (Kasahara et al., 2007; Harshaw et al., 2018). Moreover, exposure to cold results in c-Fos expression within OT PVN neurons, highlighting the implication of those neurons in thermogenesis induced by cold exposure (Kasahara et al., 2007). These results are in line with previous examinations of induced cold stress activation of the PVN (Baffi and Palkovits, 2000; Bratincsák and Palkovits, 2004). In the same line, the author demonstrated that OTR KO mice also failed to maintain their body temperature when exposed to cold (Kasahara et al., 2013; Harshaw et al., 2018). These results correspond with those of OTR KO mice harboring impaired thermoregulation (Takayanagi et al., 2008; Camerino, 2009). To directly link the deficit in thermogenesis with OTR signaling, the author rescued the expression of the OTR by injecting an AAV-Oxtr-IRES-Venus virus into the DMH and the VMH of OTR KO mice. This rescue compensated for some of the previous deficits in thermoregulation when the injected mice were exposed to a cold environment (Kasahara et al., 2013). Additionally, the authors proved the importance of the OT/OTR system in the rostral medullary raphe (rMR) for thermoregulatory function under cold exposure (Kasahara et al., 2015). The role of OT neurons in thermoregulation has also been studied in the diphtheria-induced ablation of these neurons. Upon cold exposure, OT-neuron–ablated mice showed a lower core body temperature, lower BAT response to cold, and a decrease in vasoconstriction in the skin, indicating once more the importance of the oxytocinergic system in thermoregulation (Xi et al., 2017). Pharmacogenetic stimulation of mice OT PVN neurons performed using DREADDs technology resulted in increased energy expenditure and IBAT temperature (Sutton et al., 2014). Similarly, a recent study in mice showed that the optogenetic activation of OT PVN neurons stimulates the sympathetic premotor neurons of the rMR through a direct connection, leading to an increase of the sympathetic outflow increasing both the BAT thermogenesis and the cardiac tachycardia (Fukushima et al., 2022). This increases the supply of oxygen and nutrients to the BAT, enhancing its thermogenic function and facilitating the systemic distribution of the heat generated by the BAT (Nakamura, 2011). To complement these data, a study of OTR gene expression after cold stress has been undertaken, showing upregulation of this gene in the brain, reinforcing the role of the oxytocinergic system in response to cold stress challenge (Camerino et al., 2018).

Thus, disruption of OT/OTR signaling results in thermogenesis deficits and the incapacity of mammals to maintain a stable temperature under cold environment exposure.



2.2. OT increases energy expenditure through BAT thermogenesis activation

Another approach to studying the effect of OT on BAT thermogenesis is to look at the effect of OT on energy expenditure, an indirect indicator of BAT thermogenesis activation. Energy homeostasis resides in the balance between energy intake that mainly comes from food consumption and energy expenditure which represents the basic metabolic processes and exercises. The process of BAT non-shivering thermogenesis is an important component of energy expenditure (Seale and Lazar, 2009; Saito, 2013). In addition to its thermoregulatory function in cold environments, the BAT can turn excess energy into heat to maintain the energy balance in rodents and humans (Nakamura and Nakamura, 2018). This process is called diet-induced thermogenesis (DIT) (Hibi et al., 2016). In the same manner, the assessment of OT's effects on energy expenditure has been addressed with the exogenous administration of OT. Oxytocin infusion in the third ventricle of mice (Zhang and Cai, 2011; Zhang et al., 2011) or OT injection in the VMH of rats (Noble et al., 2014) promote energy expenditure. Similarly, subcutaneous OT injection in DIO (Diet-induced obese) mice (Maejima et al., 2011) or chronic subcutaneous OT injection in DIO rhesus monkeys (Blevins et al., 2015) promotes energy expenditure. Moreover, the chemogenetic activation of OT PVN neurons that project to ChAT-positive neurons of the IML increases energy expenditure (Sutton et al., 2014). Conversely, mice harboring a viral-induced (synaptotagmin-4 overexpression) diminution of OT exocytosis (Zhang et al., 2011), or a diphtheria toxin-elicited reduction in OT PVN neurons (Wu et al., 2012; Xi et al., 2012), or mice treated with an OTR antagonist by ICV injection (Zhang and Cai, 2011), or mice harboring a deletion of OTR (Nishimori et al., 2008) or OT (Camerino, 2009) gene display a reduction in energy expenditure. The shRNA silencing of OTR expression in the nucleus tractus solitarius (NTS) has highlighted its role in diet-induced thermogenesis in a rodent model (Ong et al., 2017).

Collectively, these data indicate that OT/OTR signaling is a very important modulator of the thermogenic response to cold exposure by controlling BAT thermogenesis and energy expenditure. As Lawson et al. (2020) mentioned, the question remains what is the correlation between increasing energy expenditure and increasing BAT thermogenesis and the OT subpopulations that generate these activations.



2.3. OT browning induction of white adipose tissue

Another mode of action for OT to promote energy expenditure by increasing the thermogenesis capacity is through the “browning” of white adipose tissue (WAT). Nedergaard and Cannon (2014) define browning as the increase in the production of the uncoupling protein 1 (UCP1) in the WAT depots converting it to beige adipose tissue (Ishibashi and Seale, 2010), brite adipose tissue (Petrovic et al., 2010), convertible adipose tissue (Loncar, 1991), ectopic adipose tissue (Lehr et al., 2009), inducible adipose tissue (Lee et al., 2011), or recruitable adipose tissue (Schulz et al., 2013). This UCP1 protein is a marker of BAT associated with thermogenesis function and energy expenditure (Plante et al., 2015). This phenomenon of WAT browning was observed for the first time by Young et al. (1984), where the adipose tissue acquired the specificity of BAT when mice were exposed to cold.

Peripheral injection of OT in mice has been reported to increase the number of UCP1-expressing cells in visceral and subcutaneous WAT (Plante et al., 2015). Moreover, repeated cold exposure of mice has been shown to increase hypothalamic OT secretion with a significant elevation of plasma OT. This elevation of plasma OT increases both the expression of OTR and UCP1 in BAT as well as in inguinal WAT (IWAT) (Yuan et al., 2020). It is essential to remember that the effect of OT on BAT or WAT could also be mediated indirectly through the activation of the sympathetic nervous system (Blevins et al., 2015).

Furthermore, OT can differentiate adipocyte precursors into brown adipocytes after cold exposure (Yuan et al., 2020). In line with these results, OT infusion in mice's fourth ventricle elevates UCP1 expression in IWAT (Edwards et al., 2021). In athletic women, a high OT level has been reported to be associated with a secretion of hormones (irisin and FGF-21), leading to WAT browning and an increase in energy expenditure (Lawson et al., 2014). Conversely, Ott et al. (2013) showed that a single intranasal (IN) OT administration in men does not affect energy expenditure. Lawson et al. (2014) argue that the induction of browning and subsequently increased energy expenditure might require chronic high OT levels instead of transient OT elevation.

In addition to fat tissues, mice skeletal muscles mediating the shivering thermogenesis and expressing OTR (Gajdosechova et al., 2015) are also activated by peripheral OT, which is also able to upregulate the expression of genes related to heat production such as the uncoupling protein 3 (UCP3) (Yuan et al., 2020). Moreover, a cold exposure at 4°C as short as 6h has been shown to increase the expression of OTR in the soleus and tibialis anterior muscles (Conte et al., 2021), which potentiates the action of OT on these thermoeffectors.

Thus, Camerino (2021) mentioned that OT influences both shivering and non-shivering thermogenesis by regulating the expression of heat production-related genes in BAT, skeletal muscles, and WAT.



2.4. OT modulation of thermoregulatory behaviors

When exposed to cold, thermogenesis response is of two types: (i) involuntary autonomic thermogenesis (as discussed above) where OT acts directly or indirectly on the thermoeffectors, and (ii) voluntary behavioral thermoregulation whose function is to implement strategies to limit exposure to cold or heat loss in the case of a cold environment condition. It appears that this second aspect is also regulated by OT.

As previously noted, since locomotion is not yet fully functional until 10 days of age in rodents, autonomic thermogenesis is restricted to BAT non-shivering thermogenesis in neonates (Asakura, 2004). Therefore, this behavioral thermoregulation is an important component of their survival.

One of the behavioral strategies, called thermotaxis, which consists of animals moving from a cold or hot uncomfortable temperature toward a neutral temperature is lacking in OT KO mouse pups (Harshaw et al., 2018). Another thermoregulatory behavior called huddling, used by rodents' pups and adults (Alberts, 1978) to fight against the cold (Harshaw and Alberts, 2012), is also affected in OT KO mouse pups showing less cohesivity (Harshaw et al., 2018). These authors found that a deficit of BAT thermogenesis in OT KO pups contributes to the observed phenotype (Harshaw et al., 2018), a result confirming to that of Sokoloff and Blumberg (2001), showing that inhibition of BAT thermogenesis compromises huddling in rat pups. Moreover, as Harshaw et al. (2021) mentioned in their review, OT manipulation has been shown to impact huddling in different models of rodents such as meadow voles (Beery and Zucker, 2010), rats (Kojima and Alberts, 2011), naked mole-rats (Mooney et al., 2014), and mice (Arakawa et al., 2015; Tan et al., 2019). It is also true for marmoset in which IN OT administration increases huddling (Smith et al., 2010) and OTR antagonist treatment reduces it (Smith et al., 2010; Cavanaugh et al., 2018).

Under cold exposure, since pups do not yet have the capacity for thermotaxis, another strategy is the use of ultra-sonic vocalization (USV) to alert their warmth-giving dam (Portfors, 2007). We have previously showed that this thermoregulatory behavior is also modulated by OT (Da Prato et al., 2022). Indeed, we showed that IN administration of an OT agonist rescues the deficit of reactivity to vocalize under cold stress in an autistic mouse model presenting OT deficiency (Magel2+/−p).

Thus, another way that the OT can participate in maintaining a stable body temperature for the survival of the animal in addition to its modulation of autonomic thermoregulation is to enhance behaviors promoting heat retention. This is even more important for the poikilotherms newborns which are more vulnerable to cold exposure and subsequent lethal hypothermia.



2.5. OT effects on temperature perception

In comparison to adults, little information exists in newborns on the neural pathways supporting this thermal perception. Furthermore, from our knowledge, nothing has been published on the effect of OT on thermal perception except studies on pain induced by extreme temperatures. In the context of neuropathic pain caused by thermal hyperalgesia, OT has been shown to alleviate nociception by activating OTR-expressing GABAergic interneurons of the spinal cord (Sun et al., 2018). Furthermore, OT could have a direct effect on the DRG neurons to induce the analgesia of thermal pain. Such action is produced by activation of the vasopressin-1a receptor (V1a) rather than OTR, even if OTR is expressed in the DRG (Han et al., 2018). However, while OTR is known to be expressed in the somatosensory cortex (Son et al., 2022), the action of OT with thermoception in this cortical region has never been explored so far.

Thus, by signaling either through OTR or VIA receptors, OT can target every actor of the thermoregulatory system at both peripheral and central levels. These sites of action are summarized in Figure 1.




3. Part 2: Importance of the oxytocinergic system in the sensory processing in the case of ASD, a focus on atypical thermosensory response


3.1. The interconnection between the oxytocinergic system and ASD

ASD is characterized by two types of manifestations that could be combined: deficits in communication and social interaction as well as stereotyped behaviors and restricted interests (Diagnostic Statistical Manual of Mental Disorders: D. S. M., 2013). Many publications reported a potential dysfunction of the oxytocinergic system as a pathophysiological mechanism of ASD (Insel et al., 1999; Hammock and Young, 2006; Green and Hollander, 2010; Meyer-Lindenberg et al., 2011; Zink and Meyer-Lindenberg, 2012; Lukas and Neumann, 2013; Preti et al., 2014; Lee et al., 2015; Romano et al., 2016) and particularly the importance of the oxytocinergic system during the critical window of the early life regarding the development of ASD (Muscatelli et al., 2018). In addition, dysregulation of the oxytocinergic system has been demonstrated for different genetic mouse models of ASD (see Wagner and Harony-Nicolas, 2018 as a review) such as Fmr1-KO (Francis et al., 2014), Oprm1-KO (Gigliucci et al., 2014), Cntnap2-KO (Peñagarikano et al., 2015), Nlgn-3-KO (Hörnberg et al., 2020), Shank3-KO (Harony-Nicolas et al., 2017; Rajamani et al., 2018), and Magel2-KO (Schaller et al., 2010; Meziane et al., 2015; Fountain and Schaaf, 2016) and also the autism Valproic Acid-induced mouse models (Dai et al., 2018). Moreover, mice harboring alteration of the oxytocinergic system displayed an ASD phenotype (Zhang et al., 2017) that could be partly improved by OT administration. This is the case for the OTR-KO (Ferguson et al., 2000), the OT-KO (Sala et al., 2011), the CD38-KO (a protein of OT release regulation) (Jin et al., 2007), and the Magel2-KO mice (Meziane et al., 2015). In humans, a meta-analysis of 31 studies reported that, children with autism, but not adults, present a lower OT level that could be reliable for some of the social and cognitive deficits (John and Jaeggi, 2021). Many preclinical and clinical studies gave rise to clinical trials to assess whether acute IN administration of OT has beneficial effects on patients with autism. A systematic analysis of 28 studies on the effects of OT IN administration in the treatment of ASD showed beneficial effects on social functioning but nothing relevant for the resting part of the ASD symptoms (Huang et al., 2021). In the case of repeated IN OT administration on patients with ASD, the treatment did not show a really strong effect on improving ASD symptoms (Martins et al., 2022).

Another meta-analysis in which authors analyzed 12 fMRI studies to search for the neural effect of IN OT administration in ASD patients concluded that the treatment can modulate the activation of different brain regions depending on the type of paradigm stimulus but specified that the link between alleviation of the social deficits and the OT-induced activation of this brain network remains unclear (Fathabadipour et al., 2022).

While the results of OT treatment in the case of ASD are not very conclusive on its curative effect, it appears that OT may be beneficial for some ASD symptoms and could be considered a promising treatment. It should be noted that the beneficial effect of this kind of treatment seems to be more pronounced for newborns than for adults (Althammer et al., 2022). Thus, further studies are still needed to assess the value of using OT as a new therapy to treat social impairments in ASD.



3.2. Atypical sensory processing in ASD

Patients with ASD present atypical sensory processing with hyposensitivity or hypersensitivity to different sensory modalities which are considered by the diagnostic and statistical manual of mental disorder 5th edition (DSM-5) as an ASD diagnosis criterion (Diagnostic Statistical Manual of Mental Disorders: D. S. M., 2013). These sensory perceptions of atypia could be partly explained by morphological changes in the brain, particularly in the thickness of the cortex (Habata et al., 2021). Moreover, sensory atypia occurs in 90% of patients with ASD (Robertson and Baron-Cohen, 2017), affects every sensory system (Marco et al., 2011; Baum et al., 2015; Balasco et al., 2020), is detected before the diagnosis is made (Baranek et al., 2013; Estes et al., 2015; Grzadzinski et al., 2020), is a predicting factor for the lack of high-order socio-cognitive behavior (Hong et al., 2019; Vlaeminck et al., 2020; Park et al., 2021), and is linked with the severity of the ASD phenotype (Baum et al., 2015).

For example, patients with ASD are unable to perceive their environment comprehensively and are more focused on the details of what they see, which deprives them of spontaneously forming an overall image from the elements which constitute it but also gives them a better visual acuity for visuospatial detection task (Shah and Frith, 1983; Plaisted et al., 1998; O'Riordan et al., 2001; Baldassi et al., 2009; Joseph et al., 2009; Kéïta et al., 2010). Related to this capacity that patients with ASD have to focus on the details, data from a meta-analysis of 26 studies highlighted the fact that patients with ASD have an increased activity in temporal and occipital regions important for perception and recognition of objects and a decreased activity in the prefrontal region involved in cognitive functions such as decision making, planification, and execution (Samson et al., 2012). Another characteristic of patients with ASD is their difficulty in eye contact (Senju and Johnson, 2009; Madipakkam et al., 2017), which is essential to emotion perception and the development of sociability (Tong et al., 2021). Some studies showed that hesitancies in eye contact can be improved with IN OT administration in adults with ASD (Guastella et al., 2008; Auyeung et al., 2015; Hubble et al., 2017) which then enhances both their ability to process faces as well as their social interaction and empathy ability (Domes et al., 2013; Kanat et al., 2017). This deficit could come from an unpleasant or even painful excessive arousal resulting from the overactivation of the subcortical system including regions of the superior colliculus, the pulvinar of the thalamus, and the amygdala (Hadjikhani et al., 2017).

The auditive perception is also altered in children with ASD who have difficulty discerning the relative order of two nearby tones and show a delay in the neural responses evoked by these auditory stimuli compared to healthy children. This prolonged latency in auditory responses is considered a criterion of autistic severity (Kwakye et al., 2011). In addition, adult patients do not perceive vocal information in the same way as healthy adults and show difficulties in processing the human voice with other sounds or noises (Gervais et al., 2004).

In the case of tactile perception, it has been shown that patients with ASD present a higher detection threshold for static stimuli (acute stimuli) and a lack of sensitivity to dynamic (which increases in amplitude over time to a detectable threshold) stimuli suggesting aberrant habituation, whereas healthy individuals show poorer detection of dynamic stimuli compared to static stimuli (Puts et al., 2014; Tavassoli et al., 2016). Additionally, the temporal discrimination of successive tactile stimulations seems also to be altered with an increased threshold of detection (Buyuktaskin et al., 2021). Moreover, patients with ASD have an aversion to touch, suggesting that a tactile stimulus, albeit weak, is a source of discomfort indicating a potential hypersensitivity to this type of stimulus (Moore, 2015; Kaiser et al., 2016). This tactile atypia could be explained by an excitation/inhibition imbalance at the level of somatosensory neurons of the DRG (Lipina and Blundell, 2022), modification of somatosensation and somatotopic map (Espenhahn et al., 2021), or even direct alteration of the somatosensory circuit in patients with ASD (Orefice, 2020).

The olfactory system is also impaired in patients with ASD, with deficits in odor identification, odor sensitivity, and odor preference that vary in degree depending on the complexity of the disorder (Crow et al., 2020; Lyons-Warren et al., 2021; Yang et al., 2022). However, the detection seems to not be altered (Lyons-Warren et al., 2021).

Similarly, the taste perception is also atypical in patients with ASD with increased sensitivity to food texture as well as specific taste preferences for acidic tastes and greater sensitivity to aftertastes, leading to selective eating behaviors (Chen et al., 2022; Nimbley et al., 2022).

Furthermore, the integration of multisensory stimuli is atypical in patients with ASD with altered temporal processing of audiovisual multisensory information (Kawakami et al., 2020) that could be related to the atypical neural network (Matsuzaki et al., 2022). It is also the case for visuo-tactile information for which patients with ASD have a smaller peripersonal space that could be linked with some of the social impairment in ASD (Noel et al., 2020).

This sensory atypia is also found in ASD genetic mouse models. For example, mouse models with mutations in Mecp2, Gabrb3, Fmr1, or Shank3 exhibit tactile hypersensitivity (DeLorey et al., 2011; Orefice et al., 2016; Orefice, 2020), Grin2b–/– mice have a hypo reactivity to oral tactile stimulation, leading to reduced suckling response, causing the premature death of these mice (Kutsuwada et al., 1996). Syngap1+/– mice sensory cortex activation induced by whisker stimulation is reduced, showing an alteration of tactile information processing (Michaelson et al., 2018). Shank2–/– mice have hypo reactivity to tactile stimulation as well as reduced nociception to chronic pain (Ko et al., 2016), and Cntnap2–/– mice exhibit an increased pain sensitivity to tactile, thermic, and chemical stimuli (Dawes et al., 2018). The Mecp2 KO, a mouse model of Rett syndrome, displays a decreased amplitude in visually evoked responses in the visual cortex and a decrease in visual acuity (LeBlanc et al., 2015; Banerjee et al., 2016). The Grin1+/– model presents an impaired visual depth perception (Lipina et al., 2022). Electrophysiological recordings of the auditory cortex of Fmr1KO mice revealed an impaired response to auditory tones suggesting hypersensitivity of auditory neurons, a phenotype also present in patients with X-Fragile (Rotschafer and Razak, 2013). Tbr1+/– mice model of ASD displayed altered olfactory discrimination and ASD-related behavior (Huang et al., 2019). In genetic models of ASD, such as FMRP, MeCP2, CAPS2, uPAR, NL3, NPN2, and En-2 KO mice, the GABAergic signaling is impaired with excitation/inhibition balance disturbance, reducing the potential of the animals to make experience-dependent refinement of their sensory circuit (Gogolla et al., 2009).

Thus, patients with ASD are a heterogenous population in which a variety of atypical sensory processing occurs and that could be a determinant factor for the development of the disorder. As we reviewed here, OT is an essential component of the sensory system modulation and also a neuropeptide involved in many aspects of autism, showing thus the interplay between these three components.



3.3. The special case of the thermosensory system in ASD

We previously reported that OT has been used as a therapeutical treatment for the socio-cognitive part of the deficits present in ASD. Moreover, some studies tend to show that the sensory deficits in autism could also be rescued by OT treatment, notably for the visual system and the ability to maintain eye contact. Considering both the interaction between OT and the sensory system and the alteration of the oxytocinergic system in ASD, it seems logical that OT treatment could be beneficial to treat sensory atypia in ASD. However, to the best of our knowledge in the literature, not all sensory modalities have been explored to demonstrate a potential overall benefit of OT treatment in autism-related sensory atypia. Thus, in this last part of the review, we focus on the thermosensory system, a sensory system that has received less attention compared to others but is atypical in ASD and is known to be regulated by OT.

Initial studies reported hypersensitivity to thermal pain but normal detection of non-nociceptive temperatures in adults with ASD, whereas the opposite was found in adolescents with a hyposensitivity to non-painful temperatures and pain thresholds to normal temperatures (Cascio et al., 2008; Duerden et al., 2015). However, two recent studies showed that the response to temperature in individuals with autism is atypical with paradoxical heat sensations when a cold stimulus is perceived as hot or burning and an insensitivity to the outside temperature (Duerden et al., 2015; Fründt et al., 2017). In the case of Prader-Willi Syndrome (PWS), patients present a decreased detection threshold for cold temperatures and an increased detection threshold for warm temperatures. In addition, the sensations of pain related to cold and hot temperatures were altered (Priano et al., 2009). This abnormal sensory perception could be due to an impairment of small-fiber sensory nerves in patients with ASD (Chien et al., 2020).

Furthermore, impaired thermoregulation is a widely recognized symptom in PWS (Cassidy et al., 2012) and has been suggested to be linked with fewer OT PVN neurons (Swaab, 1997). Indeed, in PWS, there are many cases of children with high fevers and no infectious causes that in some cases lead to hyperpyrexia that can be fatal (Ince et al., 2005). Severe cases of sudden hypothermia also exist (Watanabe et al., 2003). This phenotype is observed from the first months of life and seems to persist since cases in adolescents have also been described (McVea et al., 2016). Additionally, in Schaaf-Yang Syndrome (SSY), 67% of patients also experience these temperature instabilities that may manifest as excessive sensitivity to cold or hypersudation (McCarthy et al., 2018).

Recently, using an autistic mouse model of SSY (Magel2 mouse), our team showed hyporesponsiveness to cold temperatures with cold-induced USV delay that could be partially restored with acute IN administration of an OT agonist (Da Prato et al., 2022).

Thus, the thermosensory system is another example of a sensory modality in which the perception is atypical for ASD patients and for which evidence seems to show that OT could be a promising therapeutical approach.




4. Conclusion

The action of OT/OTR signaling on sensory processing and more particularly on the sensitivity to external temperature in the healthy and ASD case has been reviewed.

This nonapeptide is strongly associated with the development of some ASD symptoms such as sensory atypia. It is an important modulator of all the parameters of the autonomic thermoregulation with action at every level of the circuit including the thermo-effectors. This modulation by OT also concerns the different components of behavioral thermoregulation. Animals receiving external OT administration undergo an upregulation of their thermoregulatory capacity, and animals presenting an alteration of the oxytocinergic system showed deficits of thermoregulation and then difficulties to keep a stable core body temperature. These findings have been extended to behavioral thermoregulation and have been mainly conducted on pups.

While thermosensation is under intensive investigation, there are remaining outstanding issues to be addressed. First, as the LH has been recently brought to light as a major structure for this behavioral thermoregulation, no study has yet investigated a direct effect of the OT on this structure in the case of behavioral thermoregulation. It would then be necessary to find out if the same perennialization of these behaviors is induced by an action of the OT on the LH.

Second, it should be noted that a gap exists between information provided by adult animals compared to pups. Recording physiological parameters are indeed more challenging in pups than in adults because miniaturized tools are not always available. This includes monitoring pups' temperature. In behavioral experiments, the monitoring of body temperature is important because it is a readout of the thermoregulatory response. Rectal probing is not adapted and other methods can be used to monitor temperatures. The implantation of temperature transponders under the skin or even in the peritoneal cavity is a good solution for chronic and accurate measurements. However, this kind of system is mostly applicable to adult mice. Other less invasive techniques such as the use of thermic cameras or infrared thermometers are recommended for both adults and pups and have the advantage to monitor local body change. Another point that has to be raised concerning the thermosensory system is the small number of studies that explore thermal perception and the fact that no study exists in the case of newborns. It would be interesting to see if the thermosensation is a cortical modality and if so which part of the cortex is concerned notably in the case of newborns. Then, it would be possible to confront data from newborns regarding thermosensation with the few published data in adults.

A third question that is still not addressed is the effect of OT on thermosensation. In the same manner, thermosensation is poorly explored in the autistic model. Knowing that deficits of thermic perception have been observed in patients with ASD and mainly during adolescence and that low levels of OT are present in children and adolescents with ASD, it seems appropriate to think that thermic perception deficits could be found in animal models. This could help to better understand the origin of these thermosensory deficits in patients with ASD. Concerning these deficits, many clinical trials using IN OT administration to treat atypical sensory perception in ASD present encouraging results. Therefore, such treatment could be tested for improvement of atypical thermic perception in patients with ASD.



Author contributions

UZ and VM defined the detailed plan of the review. UZ drafted the initial version. VM revised the article. FM and LC critically read the article. All authors contributed to the article and approved the submitted version.



Funding

This article was supported by a grant from Fondation Le Jeune N° 2172 – 2022b to VM.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Alberts, J. R. (1978). Huddling by rat pups: group behavioral mechanisms of temperature regulation and energy conservation. J. Comp. Physiol. Psychol. 92, 231–245. doi: 10.1037/h0077459

 Almeida, M. C., Vizin, R. C. L., and Carrettiero, D. C. (2015). Current understanding on the neurophysiology of behavioral thermoregulation. Temperature 2, 483–490. doi: 10.1080/23328940.2015.1095270

 Althammer, F., Muscatelli, F., Grinevich, V., and Schaaf, C. P. (2022). Oxytocin-based therapies for treatment of Prader-Willi and Schaaf-Yang syndromes: evidence, disappointments, and future research strategies. Transl. Psychiatry 12, 1–11. doi: 10.1038/s41398-022-02054-1

 Arakawa, H., Blanchard, D. C., and Blanchard, R. J. (2015). Central oxytocin regulates social familiarity and scent marking behavior that involves amicable odor signals between male mice. Physiol. Behav. 146, 36–46. doi: 10.1016/j.physbeh.2015.04.016

 Asakura, H. (2004). Fetal and neonatal thermoregulation. J. Nippon Med. Sch. Nippon Ika Daigaku Zasshi 71, 360–370. doi: 10.1272/jnms.71.360

 Auyeung, B., Lombardo, M. V., Heinrichs, M., Chakrabarti, B., Sule, A., Deakin, J. B., et al. (2015). Oxytocin increases eye contact during a real-time, naturalistic social interaction in males with and without autism. Transl. Psychiatry 5, e507. doi: 10.1038/tp.2014.146

 Baffi, J. S., and Palkovits, M. (2000). Fine topography of brain areas activated by cold stress. A fos immunohistochemical study in rats. Neuroendocrinology 72, 102–113. doi: 10.1159/000054577

 Balasco, L., Provenzano, G., and Bozzi, Y. (2020). Sensory abnormalities in autism spectrum disorders: a focus on the tactile domain, from genetic mouse models to the clinic. Front. Psychiatry 10, 1016. doi: 10.3389/fpsyt.2019.01016

 Baldassi, S., Pei, F., Megna, N., Recupero, G., Viespoli, M., Igliozzi, R., et al. (2009). Search superiority in autism within, but not outside the crowding regime. Vision Res. 49, 2151–2156. doi: 10.1016/j.visres.2009.06.007

 Bamshad, M., Song, C. K., and Bartness, T. J. (1999). CNS origins of the sympathetic nervous system outflow to brown adipose tissue. Am. J. Physiol. 276, R1569–1578. doi: 10.1152/ajpregu.1999.276.6.R1569

 Banerjee, A., Rikhye, R. V., Breton-Provencher, V., Tang, X., Li, C., Li, K., et al. (2016). Jointly reduced inhibition and excitation underlies circuit-wide changes in cortical processing in Rett syndrome. Proc. Natl. Acad. Sci. U. S. A. 113, E7287–E7296. doi: 10.1073/pnas.1615330113

 Baranek, G. T., Watson, L. R., Boyd, B. A., Poe, M. D., David, F. J., McGuire, L., et al. (2013). Hyporesponsiveness to social and nonsocial sensory stimuli in children with autism, children with developmental delays, and typically developing children. Dev. Psychopathol. 25, 307–320. doi: 10.1017/S0954579412001071

 Baum, S. H., Stevenson, R. A., and Wallace, M. T. (2015). Behavioral, perceptual, and neural alterations in sensory and multisensory function in autism spectrum disorder. Prog. Neurobiol. 134, 140–160. doi: 10.1016/j.pneurobio.2015.09.007

 Beery, A. K., and Zucker, I. (2010). Oxytocin and same-sex social behavior in female meadow voles. Neuroscience 169, 665–673. doi: 10.1016/j.neuroscience.2010.05.023

 Blevins, J. E., Graham, J. L., Morton, G. J., Bales, K. L., Schwartz, M. W., Baskin, D. G., et al. (2015). Chronic oxytocin administration inhibits food intake, increases energy expenditure, and produces weight loss in fructose-fed obese rhesus monkeys. Am. J. Physiol. Regul. Integr. Comp. Physiol. 308, R431–438. doi: 10.1152/ajpregu.00441.2014

 Blevins, J. E., Thompson, B. W., Anekonda, V. T., Ho, J. M., Graham, J. L., Roberts, Z. S., et al. (2016). Chronic CNS oxytocin signaling preferentially induces fat loss in high-fat diet-fed rats by enhancing satiety responses and increasing lipid utilization. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 310, R640–R658. doi: 10.1152/ajpregu.00220.2015

 Bokiniec, P., Zampieri, N., Lewin, G. R., and Poulet, J. F. (2018). The neural circuits of thermal perception. Curr. Opin. Neurobiol. 52, 98–106. doi: 10.1016/j.conb.2018.04.006

 Bratincsák, A., and Palkovits, M. (2004). Activation of brain areas in rat following warm and cold ambient exposure. Neuroscience 127, 385–397. doi: 10.1016/j.neuroscience.2004.05.016

 Buijs, T. J., and McNaughton, P. A. (2020). The Role of Cold-Sensitive Ion Channels in Peripheral Thermosensation. Front. Cell. Neurosci. 14, 262. doi: 10.3389/fncel.2020.00262

 Buyuktaskin, D., Iseri, E., Guney, E., Gunendi, Z., and Cengiz, B. (2021). Somatosensory Temporal Discrimination in Autism Spectrum Disorder. Autism Res. Off. J. Int. Soc. Autism Res. 14, 656–667. doi: 10.1002/aur.2479

 Camerino, C. (2009). Low sympathetic tone and obese phenotype in oxytocin-deficient mice. Obes. Silver Spring Md 17, 980–984. doi: 10.1038/oby.2009.12

 Camerino, C. (2021). Oxytocin involvement in body composition unveils the true identity of oxytocin. Int. J. Mol. Sci. 22, 6383. doi: 10.3390/ijms22126383

 Camerino, C., Conte, E., Caloiero, R., Fonzino, A., Carratù, M., Lograno, M. D., et al. (2018). Evaluation of short and long term cold stress challenge of nerve grow factor, brain-derived neurotrophic factor, osteocalcin and oxytocin mRNA expression in BAT, brain, bone and reproductive tissue of male mice using real-time PCR and linear correlation analysis. Front. Physiol. 8, 1101. doi: 10.3389/fphys.2017.01101

 Cannon, B., Houstek, J., and Nedergaard, J. (1998). Brown adipose tissue. More than an effector of thermogenesis? Ann. N. Y. Acad. Sci. 856, 171–187. doi: 10.1111/j.1749-6632.1998.tb08325.x

 Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function and physiological significance. Physiol. Rev. 84, 277–359. doi: 10.1152/physrev.00015.2003

 Cascio, C., McGlone, F., Folger, S., Tannan, V., Baranek, G., Pelphrey, K. A., et al. (2008). Tactile perception in adults with autism: a multidimensional psychophysical study. J. Autism Dev. Disord. 38, 127–137. doi: 10.1007/s10803-007-0370-8

 Cassidy, S. B., Schwartz, S., Miller, J. L., and Driscoll, D. J. (2012). Prader-Willi syndrome. Genet. Med. Off. J. Am. Coll. Med. Genet. 14, 10–26. doi: 10.1038/gim.0b013e31822bead0

 Cavanaugh, J., Mustoe, A., and French, J. A. (2018). Oxytocin regulates reunion affiliation with a pairmate following social separation in marmosets. Am. J. Primatol. 80, e22750. doi: 10.1002/ajp.22750

 Chen, N., Watanabe, K., Kobayakawa, T., and Wada, M. (2022). Relationships between autistic traits, taste preference, taste perception, and eating behaviour. Eur. Eat. Disord. Rev. J. Eat. Disord. Assoc. 30, 628–640. doi: 10.1002/erv.2931

 Chien, Y.-L., Chao, C.-C., Wu, S.-W., Hsueh, H.-W., Chiu, Y.-N., Tsai, W.-C., et al. (2020). Small fiber pathology in autism and clinical implications. Neurology 95, e2697–e2706. doi: 10.1212/WNL.0000000000010932

 Conte, E., Romano, A., De Bellis, M., de Ceglia, M., Rosaria Carratù, M., Gaetani, S., et al. (2021). Oxtr/TRPV1 expression and acclimation of skeletal muscle to cold-stress in male mice. J. Endocrinol. 249, 135–148. doi: 10.1530/JOE-20-0346

 Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological condition of the body. Nat. Rev. Neurosci. 3, 655–666. doi: 10.1038/nrn894

 Crow, A. J. D., Janssen, J. M., Vickers, K. L., Parish-Morris, J., Moberg, P. J., Roalf, D. R., et al. (2020). Olfactory dysfunction in neurodevelopmental disorders: a meta-analytic review of autism spectrum disorders, attention deficit/hyperactivity disorder and obsessive-compulsive disorder. J. Autism Dev. Disord. 50, 2685–2697. doi: 10.1007/s10803-020-04376-9

 Da Prato, L. C., Zayan, U., Abdallah, D., Point, V., Schaller, F., Pallesi-Pocachard, E., et al. (2022). Early life oxytocin treatment improves thermo-sensory reactivity and maternal behavior in neonates lacking the autism-associated gene Magel2. Neuropsychopharmacology 47, 1901–1912. doi: 10.1038/s41386-022-01313-5

 Dai, Y.-C., Zhang, H.-F., Schön, M., Böckers, T. M., Han, S.-P., Han, J.-S., et al. (2018). Neonatal oxytocin treatment ameliorates autistic-like behaviors and oxytocin deficiency in valproic acid-induced rat model of autism. Front. Cell. Neurosci. 12, 355. doi: 10.3389/fncel.2018.00355

 Dawes, J. M., Weir, G. A., Middleton, S. J., Patel, R., Chisholm, K. I., Pettingill, P., et al. (2018). Immune or genetic-mediated disruption of CASPR2 causes pain hypersensitivity due to enhanced primary afferent excitability. Neuron 97, 806–822.e10. doi: 10.1016/j.neuron.2018.01.033

 De Luca, B., Monda, M., Amaro, S., Pellicano, M. P., and Cioffi, L. A. (1989). Lack of diet-induced thermogenesis following lesions of paraventricular nucleus in rats. Physiol. Behav. 46, 685–691. doi: 10.1016/0031-9384(89)90352-1

 Deblon, N., Veyrat-Durebex, C., Bourgoin, L., Caillon, A., Bussier, A.-L., Petrosino, S., et al. (2011). Mechanisms of the anti-obesity effects of oxytocin in diet-induced obese rats. PloS ONE 6, e25565. doi: 10.1371/journal.pone.0025565

 DeLorey, T. M., Sahbaie, P., Hashemi, E., Li, W.-W., Salehi, A., Clark, D. J., et al. (2011). Somatosensory and sensorimotor consequences associated with the heterozygous disruption of the autism candidate gene, Gabrb3. Behav. Brain Res. 216, 36–45. doi: 10.1016/j.bbr.2010.06.032

 Dhaka, A., Viswanath, V., and Patapoutian, A. (2006). TRP ion channels and temperature sensation. Annu. Rev. Neurosci. 29, 135–161. doi: 10.1146/annurev.neuro.29.051605.112958

 Diagnostic and Statistical Manual of Mental Disorders: D. S. M.-,5TM, 5th ed (2013). Arlington, VA, US: American Psychiatric Publishing, Inc.

 Domes, G., Heinrichs, M., Kumbier, E., Grossmann, A., Hauenstein, K., Herpertz, S. C., et al. (2013). Effects of intranasal oxytocin on the neural basis of face processing in autism spectrum disorder. Biol. Psychiatry 74, 164–171. doi: 10.1016/j.biopsych.2013.02.007

 Duerden, E. G., Taylor, M. J., Lee, M., McGrath, P. A., Davis, K. D., Roberts, S. W., et al. (2015). Decreased sensitivity to thermal stimuli in adolescents with autism spectrum disorder: relation to symptomatology and cognitive ability. J. Pain 16, 463–471. doi: 10.1016/j.jpain.2015.02.001

 Edwards, M. M., Nguyen, H. K., Herbertson, A. J., Dodson, A. D., Wietecha, T., Wolden-Hanson, T., et al. (2021). Chronic hindbrain administration of oxytocin elicits weight loss in male diet-induced obese mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 320, R471–R487. doi: 10.1152/ajpregu.00294.2020

 Espenhahn, S., Godfrey, K. J., Kaur, S., Ross, M., Nath, N., Dmitrieva, O., et al. (2021). Tactile cortical responses and association with tactile reactivity in young children on the autism spectrum. Mol. Autism 12, 26. doi: 10.1186/s13229-021-00435-9

 Estes, A., Zwaigenbaum, L., Gu, H., St John, T., Paterson, S., Elison, J. T., et al. (2015). Behavioral, cognitive, and adaptive development in infants with autism spectrum disorder in the first 2 years of life. J. Neurodev. Disord. 7, 24. doi: 10.1186/s11689-015-9117-6

 Fathabadipour, S., Mohammadi, Z., Roshani, F., Goharbakhsh, N., Alizadeh, H., Palizgar, F., et al. (2022). The neural effects of oxytocin administration in autism spectrum disorders studied by fMRI: A systematic review. J. Psychiatr. Res. 154, 80–90. doi: 10.1016/j.jpsychires.2022.06.033

 Ferguson, J. N., Young, L. J., Hearn, E. F., Matzuk, M. M., Insel, T. R., Winslow, J. T., et al. (2000). Social amnesia in mice lacking the oxytocin gene. Nat. Genet. 25, 284–288. doi: 10.1038/77040

 Filingeri, D. (2016). “Neurophysiology of Skin Thermal Sensations,” in Comprehensive Physiology(John Wiley & Sons. Ltd), 1429–1491. doi: 10.1002/cphy.c150040

 Foster, M. T., Song, C. K., and Bartness, T. J. (2010). Hypothalamic paraventricular nucleus lesion involvement in the sympathetic control of lipid mobilization. Obes. Silver Spring Md 18, 682–689. doi: 10.1038/oby.2009.345

 Fountain, M. D., and Schaaf, C. P. (2016). Prader-Willi Syndrome and Schaaf-Yang Syndrome: Neurodevelopmental Diseases Intersecting at the MAGEL2 Gene. Dis. Basel Switz. 4, E2. doi: 10.3390/diseases4010002

 Francis, S. M., Sagar, A., Levin-Decanini, T., Liu, W., Carter, C. S., Jacob, S., et al. (2014). Oxytocin and vasopressin systems in genetic syndromes and neurodevelopmental disorders. Brain Res. 1580, 199–218. doi: 10.1016/j.brainres.2014.01.021

 Fründt, O., Grashorn, W., Schöttle, D., Peiker, I., David, N., Engel, A. K., et al. (2017). Quantitative sensory testing in adults with autism spectrum disorders. J. Autism Dev. Disord. 47, 1183–1192. doi: 10.1007/s10803-017-3041-4

 Fukushima, A., Kataoka, N., and Nakamura, K. (2022). An oxytocinergic neural pathway that stimulates thermogenic and cardiac sympathetic outflow. Cell Rep. 40. doi: 10.1016/j.celrep.2022.111380

 Gajdosechova, L., Krskova, K., Olszanecki, R., and Zorad, S. (2015). Differential regulation of oxytocin receptor in various adipose tissue depots and skeletal muscle types in obese Zucker rats. Horm. Metab. Res. Horm. Stoffwechselforschung Horm. Metab. 47, 600–604. doi: 10.1055/s-0034-1395677

 Gervais, H., Belin, P., Boddaert, N., Leboyer, M., Coez, A., Sfaello, I., et al. (2004). Abnormal cortical voice processing in autism. Nat. Neurosci. 7, 801–802. doi: 10.1038/nn1291

 Gigliucci, V., Leonzino, M., Busnelli, M., Luchetti, A., Palladino, V. S., D'Amato, F. R., et al. (2014). Region specific up-regulation of oxytocin receptors in the opioid Oprm1–/– Mouse Model of Autism. Front. Pediatr. 2, 91. doi: 10.3389/fped.2014.00091

 Gimpl, G., and Fahrenholz, F. (2001). The oxytocin receptor system: structure, function, and regulation. Physiol. Rev. 81, 629–683. doi: 10.1152/physrev.2001.81.2.629

 Gogolla, N., Leblanc, J. J., Quast, K. B., Südhof, T. C., Fagiolini, M., Hensch, T. K., et al. (2009). Common circuit defect of excitatory-inhibitory balance in mouse models of autism. J. Neurodev. Disord. 1, 172–181. doi: 10.1007/s11689-009-9023-x

 Green, J. J., and Hollander, E. (2010). Autism and oxytocin: new developments in translational approaches to therapeutics. Neurother. J. Am. Soc. Exp. Neurother. 7, 250–257. doi: 10.1016/j.nurt.2010.05.006

 Grinevich, V., and Ludwig, M. (2021). The multiple faces of the oxytocin and vasopressin systems in the brain. J. Neuroendocrinol. 33, e13004. doi: 10.1111/jne.13004

 Grinevich, V., and Stoop, R. (2018). Interplay between oxytocin and sensory systems in the orchestration of socio-emotional behaviors. Neuron 99, 887–904. doi: 10.1016/j.neuron.2018.07.016

 Grzadzinski, R., Donovan, K., Truong, K., Nowell, S., Lee, H., Sideris, J., et al. (2020). Sensory reactivity at 1 and 2 years old is associated with ASD severity during the preschool years. J. Autism Dev. Disord. 50, 3895–3904. doi: 10.1007/s10803-020-04432-4

 Guastella, A. J., Mitchell, P. B., and Dadds, M. R. (2008). Oxytocin increases gaze to the eye region of human faces. Biol. Psychiatry 63, 3–5. doi: 10.1016/j.biopsych.2007.06.026

 Habata, K., Cheong, Y., Kamiya, T., Shiotsu, D., Omori, I. M., Okazawa, H., et al. (2021). Relationship between sensory characteristics and cortical thickness/volume in autism spectrum disorders. Transl. Psychiatry 11, 1–7. doi: 10.1038/s41398-021-01743-7

 Hadjikhani, N., Åsberg Johnels, J., Zürcher, N. R., Lassalle, A., Guillon, Q., Hippolyte, L., et al. (2017). Look me in the eyes: constraining gaze in the eye-region provokes abnormally high subcortical activation in autism. Sci. Rep. 7, 3163. doi: 10.1038/s41598-017-03378-5

 Hammock, E. A. D., and Young, L. J. (2006). Oxytocin, vasopressin and pair bonding: implications for autism. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 361, 2187–2198. doi: 10.1098/rstb.2006.1939

 Han, R. T., Kim, H.-B., Kim, Y.-B., Choi, K., Park, G. Y., Lee, P. R., et al. (2018). Oxytocin produces thermal analgesia via vasopressin-1a receptor by modulating TRPV1 and potassium conductance in the dorsal root ganglion neurons. Korean J. Physiol. Pharmacol. 22, 173–182. doi: 10.4196/kjpp.2018.22.2.173

 Harony-Nicolas, H., Kay, M., du Hoffmann, J., Klein, M. E., Bozdagi-Gunal, O., Riad, M., et al. (2017). Oxytocin improves behavioral and electrophysiological deficits in a novel Shank3-deficient rat. eLife 6, e18904. doi: 10.7554/eLife.18904

 Harshaw, C., and Alberts, J. R. (2012). Group and individual regulation of physiology and behavior: a behavioral, thermographic, and acoustic study of mouse development. Physiol. Behav. 106, 670–682. doi: 10.1016/j.physbeh.2012.05.002

 Harshaw, C., Lanzkowsky, J., Tran, A.-.Q. D., Bradley, A. R., and Jaime, M. (2021). Oxytocin and ‘social hyperthermia': Interaction with β3-adrenergic receptor-mediated thermogenesis and significance for the expression of social behavior in male and female mice. Horm. Behav. 131, 104981. doi: 10.1016/j.yhbeh.2021.104981

 Harshaw, C., Leffel, J. K., and Alberts, J. R. (2018). Oxytocin and the warm outer glow: thermoregulatory deficits cause huddling abnormalities in oxytocin-deficient mouse pups. Horm. Behav. 98, 145–158. doi: 10.1016/j.yhbeh.2017.12.007

 Hibi, M., Oishi, S., Matsushita, M., Yoneshiro, T., Yamaguchi, T., Usui, C., et al. (2016). Brown adipose tissue is involved in diet-induced thermogenesis and whole-body fat utilization in healthy humans. Int. J. Obes. 40, 1655–1661. doi: 10.1038/ijo.2016.124

 Hicks, C., Ramos, L., Reekie, T., Misagh, G. H., Narlawar, R., Kassiou, M., et al. (2014). Body temperature and cardiac changes induced by peripherally administered oxytocin, vasopressin and the non-peptide oxytocin receptor agonist WAY 267,464: a biotelemetry study in rats. Br. J. Pharmacol. 171, 2868–2887. doi: 10.1111/bph.12613

 Hong, S. J., De Wael, R. V., Bethlehem, R. A., Lariviere, S., Valk, S. L., Smallwood, J., et al. (2019). Atypical functional connectome hierarchy in autism. Nat. Commun. 10, 1022. doi: 10.1038/s41467-019-08944-1

 Hörnberg, H., Pérez-Garci, E., Schreiner, D., Hatstatt-Burklé, L., Magara, F., Baudouin, S., et al. (2020). Rescue of oxytocin response and social behaviour in a mouse model of autism. Nature 584, 252–256. doi: 10.1038/s41586-020-2563-7

 Huang, T.-N., Yen, T.-L., Qiu, L. R., Chuang, H.-C., Lerch, J. P., Hsueh, Y.-P., et al. (2019). Haploinsufficiency of autism causative gene Tbr1 impairs olfactory discrimination and neuronal activation of the olfactory system in mice. Mol. Autism 10, 5. doi: 10.1186/s13229-019-0257-5

 Huang, Y., Huang, X., Ebstein, R. P., and Yu, R. (2021). Intranasal oxytocin in the treatment of autism spectrum disorders: a multilevel meta-analysis. Neurosci. Biobehav. Rev. 122, 18–27. doi: 10.1016/j.neubiorev.2020.12.028

 Hubble, K., Daughters, K., Manstead, A. S. R., Rees, A., Thapar, A., van Goozen, S. H. M., et al. (2017). Oxytocin increases attention to the eyes and selectively enhances self-reported affective empathy for fear. Neuropsychologia 106, 350–357. doi: 10.1016/j.neuropsychologia.2017.10.019

 Ince, E., Ciftçi, E., Tekin, M., Kendirli, T., Tutar, E., Dalgiç, N., et al. (2005). Characteristics of hyperthermia and its complications in patients with Prader Willi syndrome. Pediatr. Int. Off. J. Jpn. Pediatr. Soc. 47, 550–553. doi: 10.1111/j.1442-200x.2005.02124.x

 Insel, T. R., O'Brien, D. J., and Leckman, J. F. (1999). Oxytocin, vasopressin, and autism: is there a connection? Biol. Psychiatry 45, 145–157. doi: 10.1016/S0006-3223(98)00142-5

 Ishibashi, J., and Seale, P. (2010). Beige can be slimming. Science 328, 1113–1114. doi: 10.1126/science.1190816

 Iwasa, T., Matsuzaki, T., Mayila, Y., Yanagihara, R., Yamamoto, Y., Kawakita, T., et al. (2019). Oxytocin treatment reduced food intake and body fat and ameliorated obesity in ovariectomized female rats. Neuropeptides 75, 49–57. doi: 10.1016/j.npep.2019.03.002

 Jin, D., Liu, H.-X., Hirai, H., Torashima, T., Nagai, T., Lopatina, O., et al. (2007). CD38 is critical for social behaviour by regulating oxytocin secretion. Nature 446, 41–45. doi: 10.1038/nature05526

 John, S., and Jaeggi, A. V. (2021). Oxytocin levels tend to be lower in autistic children: a meta-analysis of 31 studies. Autism 25, 2152–2161. doi: 10.1177/13623613211034375

 Joseph, R. M., Keehn, B., Connolly, C., Wolfe, J. M., and Horowitz, T. S. (2009). Why is visual search superior in autism spectrum disorder?: Visual search in ASD. Dev. Sci. 12, 1083–1096. doi: 10.1111/j.1467-7687.2009.00855.x

 Jung, S., Lee, M., Kim, D.-Y., Son, C., Ahn, B. H., Heo, G., et al. (2022). A forebrain neural substrate for behavioral thermoregulation. Neuron 110, 266–279.e9. doi: 10.1016/j.neuron.2021.09.039

 Kaiser, M. D., Yang, D. Y.-J., Voos, A. C., Bennett, R. H., Gordon, I., Pretzsch, C., et al. (2016). Brain mechanisms for processing affective (and nonaffective) touch are atypical in autism. Cereb. Cortex N. Y. N 26, 2705–2714. doi: 10.1093/cercor/bhv125

 Kanat, M., Spenthof, I., Riedel, A., van Elst, L. T., Heinrichs, M., Domes, G., et al. (2017). Restoring effects of oxytocin on the attentional preference for faces in autism. Transl. Psychiatry 7, e1097–e1097. doi: 10.1038/tp.2017.67

 Kasahara, Y., Sato, K., Takayanagi, Y., Mizukami, H., Ozawa, K., Hidema, S., et al. (2013). Oxytocin receptor in the hypothalamus is sufficient to rescue normal thermoregulatory function in male oxytocin receptor knockout mice. Endocrinology 154, 4305–4315. doi: 10.1210/en.2012-2206

 Kasahara, Y., Takayanagi, Y., Kawada, T., Itoi, K., and Nishimori, K. (2007). Impaired thermoregulatory ability of oxytocin-deficient mice during cold-exposure. Biosci. Biotechnol. Biochem. 71, 3122–3126. doi: 10.1271/bbb.70498

 Kasahara, Y., Tateishi, Y., Hiraoka, Y., Otsuka, A., Mizukami, H., Ozawa, K., et al. (2015). Role of the oxytocin receptor expressed in the rostral medullary raphe in thermoregulation during cold conditions. Front. Endocrinol. 6, 180. doi: 10.3389/fendo.2015.00180

 Kawakami, S., Uono, S., Otsuka, S., Yoshimura, S., Zhao, S., Toichi, M., et al. (2020). Atypical multisensory integration and the temporal binding window in autism spectrum disorder. J. Autism Dev. Disord. 50, 3944–3956. doi: 10.1007/s10803-020-04452-0

 Kéïta, L., Mottron, L., and Bertone, A. (2010). Far visual acuity is unremarkable in autism: do we need to focus on crowding? Autism Res. Off. J. Int. Soc. Autism Res. 3, 333–341. doi: 10.1002/aur.164

 Ko, H.-.G., Oh, S-, B., Zhuo, M., and Kaang, B.-.K. (2016). Reduced acute nociception and chronic pain in Shank2-/- mice. Mol. Pain 12, 1744806916647056. doi: 10.1177/1744806916647056

 Kohli, S., King, M. V., Williams, S., Edwards, A., Ballard, T. M., Steward, L. J., et al. (2019). Oxytocin attenuates phencyclidine hyperactivity and increases social interaction and nucleus accumben dopamine release in rats. Neuropsychopharmacology 44, 295–305. doi: 10.1038/s41386-018-0171-0

 Kojima, S., and Alberts, J. R. (2011). Oxytocin mediates the acquisition of filial, odor-guided huddling for maternally-associated odor in preweanling rats. Horm. Behav. 60, 549–558. doi: 10.1016/j.yhbeh.2011.08.003

 Kutsuwada, T., Sakimura, K., Manabe, T., Takayama, C., Katakura, N., Kushiya, E., et al. (1996). Impairment of suckling response, trigeminal neuronal pattern formation, and hippocampal LTD in NMDA receptor epsilon 2 subunit mutant mice. Neuron 16, 333–344. doi: 10.1016/S0896-6273(00)80051-3

 Kwakye, L. D., Foss-Feig, J. H., Cascio, C. J., Stone, W. L., and Wallace, M. T. (2011). Altered auditory and multisensory temporal processing in autism spectrum disorders. Front. Integr. Neurosci. 4, 129. doi: 10.3389/fnint.2010.00129

 Lamas, J. A., Rueda-Ruzafa, L., and Herrera-Pérez, S. (2019). Ion channels and thermosensitivity: TRP, TREK, or both? Int. J. Mol. Sci. 20, 2371. doi: 10.3390/ijms20102371

 Lawson, E. A. (2017). The effects of oxytocin on eating behaviour and metabolism in humans. Nat. Rev. Endocrinol. 13, 700–709. doi: 10.1038/nrendo.2017.115

 Lawson, E. A., Ackerman, K. E., Slattery, M., Marengi, D. A., Clarke, H., Misra, M., et al. (2014). Oxytocin secretion is related to measures of energy homeostasis in young amenorrheic athletes. J. Clin. Endocrinol. Metab. 99, E881–E885. doi: 10.1210/jc.2013-4136

 Lawson, E. A., Olszewski, P. K., Weller, A., and Blevins, J. E. (2020). The role of oxytocin in regulation of appetitive behaviour, body weight and glucose homeostasis. J. Neuroendocrinol. 32, e12805. doi: 10.1111/jne.12805

 LeBlanc, J. J., DeGregorio, G., Centofante, E., Vogel-Farley, V. K., Barnes, K., Kaufmann, W. E., et al. (2015). Visual evoked potentials detect cortical processing deficits in Rett syndrome. Ann. Neurol. 78, 775–786. doi: 10.1002/ana.24513

 Lee, P., Swarbrick, M. M., Zhao, J. T., and Ho, K. K. Y. (2011). Inducible brown adipogenesis of supraclavicular fat in adult humans. Endocrinology 152, 3597–3602. doi: 10.1210/en.2011-1349

 Lee, S. Y., Lee, A. R., Hwangbo, R., Han, J., Hong, M., Bahn, G. H., et al. (2015). Is oxytocin application for autism spectrum disorder evidence-based? Exp. Neurobiol. 24, 312–324. doi: 10.5607/en.2015.24.4.312

 Lehr, L., Canola, K., Léger, B., and Giacobino, J-P. (2009). Differentiation and characterization in primary culture of white adipose tissue brown adipocyte-like cells. Int. J. Obes. 33, 680–686. doi: 10.1038/ijo.2009.46

 Lin, M. T., Ho, L. T., and Chan, H. K. (1983). Effects of oxytocin and (1-penicillamine,4-threonine) oxytocin on thermoregulation in rats. Neuropharmacology 22, 1007–1013. doi: 10.1016/0028-3908(83)90217-4

 Lipina, T., and Blundell, M. (2022). From atypical senses to autism: towards new therapeutic targets and improved diagnostics. Pharmacol. Biochem. Behav. 212, 173312. doi: 10.1016/j.pbb.2021.173312

 Lipina, T., Men, X., Blundell, M., Salahpour, A., and Ramsey, A. J. (2022). Abnormal sensory perception masks behavioral performance of Grin1 knockdown mice. Genes Brain Behav. 21, e12825. doi: 10.1111/gbb.12825

 Lipton, J. M., and Glyn, J. R. (1980). Central administration of peptides alters thermoregulation in the rabbit. Peptides 1, 15–18. doi: 10.1016/0196-9781(80)90029-7

 Loncar, D. (1991). Convertible adipose tissue in mice. Cell Tissue Res. 266, 149–161. doi: 10.1007/BF00678721

 Lukas, M., and Neumann, I. D. (2013). Oxytocin and vasopressin in rodent behaviors related to social dysfunctions in autism spectrum disorders. Behav. Brain Res. 251, 85–94. doi: 10.1016/j.bbr.2012.08.011

 Lyons-Warren, A. M., Herman, I., Hunt, P. J., and Arenkiel, B. R. (2021). A systematic-review of olfactory deficits in neurodevelopmental disorders: from mouse to human. Neurosci. Biobehav. Rev. 125, 110–121. doi: 10.1016/j.neubiorev.2021.02.024

 Madipakkam, A. R., Rothkirch, M., Dziobek, I., and Sterzer, P. (2017). Unconscious avoidance of eye contact in autism spectrum disorder. Sci. Rep. 7, 13378. doi: 10.1038/s41598-017-13945-5

 Madrigal, M. P., and Jurado, S. (2021). Specification of oxytocinergic and vasopressinergic circuits in the developing mouse brain. Commun. Biol. 4, 1–16. doi: 10.1038/s42003-021-02110-4

 Maejima, Y., Iwasaki, Y., Yamahara, Y., Kodaira, M., Sedbazar, U., Yada, T., et al. (2011). Peripheral oxytocin treatment ameliorates obesity by reducing food intake and visceral fat mass. Aging 3, 1169–1177. doi: 10.18632/aging.100408

 Marco, E. J., Hinkley, L. B. N., Hill, S. S., and Nagarajan, S. S. (2011). Sensory processing in autism: a review of neurophysiologic findings. Pediatr. Res. 69, 48–54. doi: 10.1203/PDR.0b013e3182130c54

 Martins, D., Paduraru, M., and Paloyelis, Y. (2022). Heterogeneity in response to repeated intranasal oxytocin in schizophrenia and autism spectrum disorders: A meta-analysis of variance. Br. J. Pharmacol. 179, 1525–1543. doi: 10.1111/bph.15451

 Mason, G. A., Caldwell, J. D., Stanley, D. A., Hatley, O. L., Prange, A. J., Pedersen, C. A., et al. (1986). Interactive effects of intracisternal oxytocin and other centrally active substances on colonic temperatures of mice. Regul. Pept. 14, 253–260. doi: 10.1016/0167-0115(86)90008-X

 Matsuzaki, J., Kagitani-Shimono, K., Aoki, S., Hanaie, R., Kato, Y., Nakanishi, M., et al. (2022). Abnormal cortical responses elicited by audiovisual movies in patients with autism spectrum disorder with atypical sensory behavior: a magnetoencephalographic study. Brain Dev. 44, 81–94. doi: 10.1016/j.braindev.2021.08.007

 McCarthy, J., Lupo, P. J., Kovar, E., Rech, M., Bostwick, B., Scott, D., et al. (2018). Schaaf-Yang syndrome overview: Report of 78 individuals. Am. J. Med. Genet. A. 176, 2564–2574. doi: 10.1002/ajmg.a.40650

 McVea, S., Thompson, A. J., Abid, N., and Richardson, J. (2016). Thermal dysregulation in Prader-Willi syndrome: a potentially fatal complication in adolescence, not just in infancy. BMJ Case Rep. 2016, bcr2016215344. doi: 10.1136/bcr-2016-215344

 Meyer-Lindenberg, A., Domes, G., Kirsch, P., and Heinrichs, M. (2011). Oxytocin and vasopressin in the human brain: social neuropeptides for translational medicine. Nat. Rev. Neurosci. 12, 524–538. doi: 10.1038/nrn3044

 Meziane, H., Schaller, F., Bauer, S., Villard, C., Matarazzo, V., Riet, F., et al. (2015). An early postnatal oxytocin treatment prevents social and learning deficits in adult mice deficient for magel2, a gene involved in prader-willi syndrome and autism. Biol. Psychiatry 78, 85–94. doi: 10.1016/j.biopsych.2014.11.010

 Michaelson, S. D., Ozkan, E. D., Aceti, M., Maity, S., Llamosas, N., Weldon, M., et al. (2018). SYNGAP1 heterozygosity disrupts sensory processing by reducing touch-related activity within somatosensory cortex circuits. Nat. Neurosci. 21, 1–13. doi: 10.1038/s41593-018-0268-0

 Milenkovic, N., Zhao, W.-J., Walcher, J., Albert, T., Siemens, J., Lewin, G. R., et al. (2014). A somatosensory circuit for cooling perception in mice. Nat. Neurosci. 17, 1560–1566. doi: 10.1038/nn.3828

 Mitre, M., Minder, J., Morina, E. X., Chao, M. V., and Froemke, R. C. (2018). Oxytocin Modulation of Neural Circuits. Curr. Top. Behav. Neurosci. 35, 31–53. doi: 10.1007/7854_2017_7

 Mooney, S. J., Douglas, N. R., and Holmes, M. M. (2014). Peripheral administration of oxytocin increases social affiliation in the naked mole-rat (Heterocephalus glaber). Horm. Behav. 65, 380–385. doi: 10.1016/j.yhbeh.2014.02.003

 Moore, D. J. (2015). Acute pain experience in individuals with autism spectrum disorders: a review. Autism Int. J. Res. Pract. 19, 387–399. doi: 10.1177/1362361314527839

 Morrison, S. F., Madden, C. J., and Tupone, D. (2014). Central neural regulation of brown adipose tissue thermogenesis and energy expenditure. Cell Metab. 19, 741–756. doi: 10.1016/j.cmet.2014.02.007

 Morrison, S. F., and Nakamura, K. (2011). Central neural pathways for thermoregulation. Front. Biosci. J. Virtual Libr. 16, 74–104. doi: 10.2741/3677

 Muscatelli, F., Desarménien, M. G., Matarazzo, V., and Grinevich, V. (2018). Oxytocin signaling in the early life of mammals: link to neurodevelopmental disorders associated with ASD. Curr. Top. Behav. Neurosci. 35, 239–268. doi: 10.1007/7854_2017_16

 Nakamura, K. (2011). Central circuitries for body temperature regulation and fever. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 301, R1207–R1228. doi: 10.1152/ajpregu.00109.2011

 Nakamura, K., and Morrison, S. F. (2011). Central efferent pathways for cold-defensive and febrile shivering. J. Physiol. 589, 3641–3658. doi: 10.1113/jphysiol.2011.210047

 Nakamura, K., Nakamura, Y., and Kataoka, N. (2022). A hypothalamomedullary network for physiological responses to environmental stresses. Nat. Rev. Neurosci. 23, 35–52. doi: 10.1038/s41583-021-00532-x

 Nakamura, Y., and Nakamura, K. (2018). Central regulation of brown adipose tissue thermogenesis and energy homeostasis dependent on food availability. Pflüg. Arch. Eur. J. Physiol. 470, 823–837. doi: 10.1007/s00424-017-2090-z

 Nedergaard, J., and Cannon, B. (2014). The browning of white adipose tissue: some burning issues. Cell Metab. 20, 396–407. doi: 10.1016/j.cmet.2014.07.005

 Nimbley, E., Golds, L., Sharpe, H., Gillespie-Smith, K., and Duffy, F. (2022). Sensory processing and eating behaviours in autism: A systematic review. Eur. Eat. Disord. Rev. J. Eat. Disord. Assoc. 30, 538–559. doi: 10.1002/erv.2920

 Nishimori, K., Takayanagi, Y., Yoshida, M., Kasahara, Y., Young, L. J., Kawamata, M., et al. (2008). “New aspects of oxytocin receptor function revealed by knockout mice: sociosexual behaviour and control of energy balance,” in Progress in Brain Research Advances in Vasopressin and Oxytocin — From Genes to Behaviour to Disease., eds. I. D. Neumann and R. Landgraf (Amsterdam, Netherlands: Elsevier), 79–90.

 Noble, E. E., Billington, C. J., Kotz, C. M., and Wang, C. (2014). Oxytocin in the ventromedial hypothalamic nucleus reduces feeding and acutely increases energy expenditure. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 307, R737–R745. doi: 10.1152/ajpregu.00118.2014

 Noel, J.-P., Failla, M. D., Quinde-Zlibut, J. M., Williams, Z. J., Gerdes, M., Tracy, J. M., et al. (2020). Visual-Tactile Spatial Multisensory Interaction in Adults With Autism and Schizophrenia. Front. Psychiatry 11, 578401. doi: 10.3389/fpsyt.2020.578401

 Oldfield, B. J., Giles, M. E., Watson, A., Anderson, C., Colvill, L. M., McKinley, M. J., et al. (2002). The neurochemical characterisation of hypothalamic pathways projecting polysynaptically to brown adipose tissue in the rat. Neuroscience 110, 515–526. doi: 10.1016/S0306-4522(01)00555-3

 Onaka, T., and Takayanagi, Y. (2021). The oxytocin system and early-life experience-dependent plastic changes. J. Neuroendocrinol. 33, e13049. doi: 10.1111/jne.13049

 Ong, Z. Y., Bongiorno, D. M., Hernando, M. A., and Grill, H. J. (2017). Effects of endogenous oxytocin receptor signaling in nucleus tractus solitarius on satiation-mediated feeding and thermogenic control in male rats. Endocrinology 158, 2826–2836. doi: 10.1210/en.2017-00200

 Orefice, L. L. (2020). Peripheral somatosensory neuron dysfunction: emerging roles in autism spectrum disorders. Neuroscience 445, 120–129. doi: 10.1016/j.neuroscience.2020.01.039

 Orefice, L. L., Zimmerman, A. L., Chirila, A. M., Sleboda, S. J., Head, J. P., Ginty, D. D., et al. (2016). Peripheral mechanosensory neuron dysfunction underlies tactile and behavioral deficits in mouse models of ASDs. Cell 166, 299–313. doi: 10.1016/j.cell.2016.05.033

 O'Riordan, M. A., Plaisted, K. C., Driver, J., and Baron-Cohen, S. (2001). Superior visual search in autism. J. Exp. Psychol. Hum. Percept. Perform. 27, 719–730. doi: 10.1037/0096-1523.27.3.719

 Ott, V., Finlayson, G., Lehnert, H., Heitmann, B., Heinrichs, M., Born, J., et al. (2013). Oxytocin reduces reward-driven food intake in humans. Diabetes 62, 3418–3425. doi: 10.2337/db13-0663

 Palkar, R., Lippoldt, E. K., and McKemy, D. D. (2015). The molecular and cellular basis of thermosensation in mammals. Curr. Opin. Neurobiol. 34, 14–19. doi: 10.1016/j.conb.2015.01.010

 Park, S., Haak, K. V., Cho, H. B., Valk, S. L., Bethlehem, R. A. I., Milham, M. P., et al. (2021). Atypical integration of sensory-to-transmodal functional systems mediates symptom severity in autism. Front. Psychiatry 12, 699813. doi: 10.3389/fpsyt.2021.699813

 Patapoutian, A., Peier, A. M., Story, G. M., and Viswanath, V. (2003). ThermoTRP channels and beyond: mechanisms of temperature sensation. Nat. Rev. Neurosci. 4, 529–539. doi: 10.1038/nrn1141

 Peñagarikano, O., Lázaro, M. T., Lu, X.-H., Gordon, A., Dong, H., Lam, H. A., et al. (2015). Exogenous and evoked oxytocin restores social behavior in the Cntnap2 mouse model of autism. Sci. Transl. Med. 7, 271ra.8. doi: 10.1126/scitranslmed.3010257

 Petrovic, N., Walden, T. B., Shabalina, I. G., Timmons, J. A., Cannon, B., Nedergaard, J., et al. (2010). Chronic peroxisome proliferator-activated receptor gamma (PPARgamma) activation of epididymally derived white adipocyte cultures reveals a population of thermogenically competent, UCP1-containing adipocytes molecularly distinct from classic brown adipocytes. J. Biol. Chem. 285, 7153–7164. doi: 10.1074/jbc.M109.053942

 Plaisted, K., O'Riordan, M., and Baron-Cohen, S. (1998). Enhanced discrimination of novel, highly similar stimuli by adults with autism during a perceptual learning task. J. Child Psychol. Psychiatry 39, 765–775. doi: 10.1111/1469-7610.00375

 Plante, E., Menaouar, A., Danalache, B. A., Yip, D., Broderick, T. L., Chiasson, J.-L., et al. (2015). Oxytocin treatment prevents the cardiomyopathy observed in obese diabetic male db/db mice. Endocrinology 156, 1416–1428. doi: 10.1210/en.2014-1718

 Portfors, C. V. (2007). Types and functions of ultrasonic vocalizations in laboratory rats and mice. J. Am. Assoc. Lab. Anim. Sci. JAALAS 46, 28–34.

 Preti, A., Melis, M., Siddi, S., Vellante, M., Doneddu, G., Fadda, R., et al. (2014). Oxytocin and autism: a systematic review of randomized controlled trials. J. Child Adolesc. Psychopharmacol. 24, 54–68. doi: 10.1089/cap.2013.0040

 Priano, L., Miscio, G., Grugni, G., Milano, E., Baudo, S., Sellitti, L., et al. (2009). On the origin of sensory impairment and altered pain perception in Prader-Willi syndrome: a neurophysiological study. Eur. J. Pain Lond. Engl. 13, 829–835. doi: 10.1016/j.ejpain.2008.09.011

 Puts, N. A. J., Wodka, E. L., Tommerdahl, M., Mostofsky, S. H., and Edden, R. A. E. (2014). Impaired tactile processing in children with autism spectrum disorder. J. Neurophysiol. 111, 1803–1811. doi: 10.1152/jn.00890.2013

 Rajamani, K. T., Wagner, S., Grinevich, V., and Harony-Nicolas, H. (2018). Oxytocin as a modulator of synaptic plasticity: implications for neurodevelopmental disorders. Front. Synaptic Neurosci. 10, 17. doi: 10.3389/fnsyn.2018.00017

 Reiter, M. K., Kremarik, P., Freund-Mercier, M. J., Stoeckel, M. E., Desaulles, E., Feltz, P., et al. (1994). Localization of oxytocin binding sites in the thoracic and upper lumbar spinal cord of the adult and postnatal rat: a histoautoradiographic study. Eur. J. Neurosci. 6, 98–104. doi: 10.1111/j.1460-9568.1994.tb00251.x

 Ring, R. H., Malberg, J. E., Potestio, L., Ping, J., Boikess, S., Luo, B., et al. (2006). Anxiolytic-like activity of oxytocin in male mice: behavioral and autonomic evidence, therapeutic implications. Psychopharmacology (Berl.) 185, 218–225. doi: 10.1007/s00213-005-0293-z

 Roberts, Z. S., Wolden-Hanson, T., Matsen, M. E., Ryu, V., Vaughan, C. H., Graham, J. L., et al. (2017). Chronic hindbrain administration of oxytocin is sufficient to elicit weight loss in diet-induced obese rats. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 313, R357–R371. doi: 10.1152/ajpregu.00169.2017

 Robertson, C. E., and Baron-Cohen, S. (2017). Sensory perception in autism. Nat. Rev. Neurosci. 18, 671–684. doi: 10.1038/nrn.2017.112

 Rokicki, J., Kaufmann, T., de Lange, A. M. G., van der Meer, D., Bahrami, S., Sartorius, A. M., et al. (2022). Oxytocin receptor expression patterns in the human brain across development. Neuropsychopharmacology 47, 1550–1560. doi: 10.1038/s41386-022-01305-5

 Romano, A., Tempesta, B., Micioni Di Bonaventura, M. V., and Gaetani, S. (2016). From autism to eating disorders and more: the role of oxytocin in neuropsychiatric disorders. Front. Neurosci. 9, 497. doi: 10.3389/fnins.2015.00497

 Romanovsky, A. A., Almeida, M. C., Garami, A., Steiner, A. A., Norman, M. H., Morrison, S. F., et al. (2009). The transient receptor potential vanilloid-1 channel in thermoregulation: a thermosensor it is not. Pharmacol. Rev. 61, 228–261. doi: 10.1124/pr.109.001263

 Rotschafer, S., and Razak, K. (2013). Altered auditory processing in a mouse model of fragile X syndrome. Brain Res. 1506, 12–24. doi: 10.1016/j.brainres.2013.02.038

 Saito, M. (2013). Brown adipose tissue as a regulator of energy expenditure and body fat in humans. Diabetes Metab. J. 37, 22–29. doi: 10.4093/dmj.2013.37.1.22

 Sala, M., Braida, D., Lentini, D., Busnelli, M., Bulgheroni, E., Capurro, V., et al. (2011). Pharmacologic rescue of impaired cognitive flexibility, social deficits, increased aggression, and seizure susceptibility in oxytocin receptor null mice: a neurobehavioral model of autism. Biol. Psychiatry 69, 875–882. doi: 10.1016/j.biopsych.2010.12.022

 Samson, F., Mottron, L., Soulières, I., and Zeffiro, T. A. (2012). Enhanced visual functioning in autism: an ALE meta-analysis. Hum. Brain Mapp. 33, 1553–1581. doi: 10.1002/hbm.21307

 Sannino, S., Chini, B., and Grinevich, V. (2017). Lifespan oxytocin signaling: Maturation, flexibility, and stability in newborn, adolescent, and aged brain. Dev. Neurobiol. 77, 158–168. doi: 10.1002/dneu.22450

 Schaller, F., Watrin, F., Sturny, R., Massacrier, A., Szepetowski, P., Muscatelli, F., et al. (2010). A single postnatal injection of oxytocin rescues the lethal feeding behaviour in mouse newborns deficient for the imprinted Magel2 gene. Hum. Mol. Genet. 19, 4895–4905. doi: 10.1093/hmg/ddq424

 Schulz, T. J., Huang, P., Huang, T. L., Xue, R., McDougall, L. E., Townsend, K. L., et al. (2013). Brown-fat paucity due to impaired BMP signalling induces compensatory browning of white fat. Nature 495, 379–383. doi: 10.1038/nature11943

 Seale, P., and Lazar, M. A. (2009). Brown fat in humans: turning up the heat on obesity. Diabetes 58, 1482–1484. doi: 10.2337/db09-0622

 Senju, A., and Johnson, M. H. (2009). Atypical eye contact in autism: Models, mechanisms and development. Neurosci. Biobehav. Rev. 33, 1204–1214. doi: 10.1016/j.neubiorev.2009.06.001

 Shah, A., and Frith, U. (1983). An islet of ability in autistic children: a research note. J. Child Psychol. Psychiatry 24, 613–620. doi: 10.1111/j.1469-7610.1983.tb00137.x

 Shi, H., and Bartness, T. J. (2000). Catecholaminergic enzymes, vasopressin and oxytocin distribution in Siberian hamster brain. Brain Res. Bull. 53, 833–843. doi: 10.1016/S0361-9230(00)00429-9

 Smith, A. S., Ågmo, A., Birnie, A. K., and French, J. A. (2010). Manipulation of the oxytocin system alters social behavior and attraction in pair-bonding primates, Callithrix penicillata. Horm. Behav. 57, 255–262. doi: 10.1016/j.yhbeh.2009.12.004

 Sokoloff, G., and Blumberg, M. S. (2001). Competition and cooperation among huddling infant rats. Dev. Psychobiol. 39, 65–75. doi: 10.1002/dev.1030

 Son, S., Manjila, S. B., Newmaster, K. T., Wu, Y., Vanselow, D. J., Ciarletta, M., et al. (2022). Whole-brain wiring diagram of oxytocin system in adult mice. J. Neurosci. 42, 5021–5033. doi: 10.1523/JNEUROSCI.0307-22.2022

 Sun, W., Zhou, Q., Ba, X., Feng, X., Hu, X., Cheng, X., et al. (2018). Oxytocin relieves neuropathic pain through GABA release and presynaptic TRPV1 inhibition in spinal cord. Front. Mol. Neurosci. 11, 248. doi: 10.3389/fnmol.2018.00248

 Sutton, A. K., Pei, H., Burnett, K. H., Myers, M. G., Rhodes, C. J., Olson, D. P., et al. (2014). Control of food intake and energy expenditure by Nos1 neurons of the paraventricular hypothalamus. J. Neurosci. Off. J. Soc. Neurosci. 34, 15306–15318. doi: 10.1523/JNEUROSCI.0226-14.2014

 Swaab, D. F. (1997). Prader-Willi syndrome and the hypothalamus. Acta Paediatr. Oslo Nor. 1992, 50–54. doi: 10.1111/j.1651-2227.1997.tb18369.x

 Takayanagi, Y., Kasahara, Y., Onaka, T., Takahashi, N., Takahashi, N., Kawada, T., et al. (2008). Oxytocin receptor-deficient mice developed late-onset obesity. Neuroreport 19, 951–955. doi: 10.1097/WNR.0b013e3283021ca9

 Tan, C. L., and Knight, Z. A. (2018). Regulation of body temperature by the nervous system. Neuron 98, 31–48. doi: 10.1016/j.neuron.2018.02.022

 Tan, O., Musullulu, H., Raymond, J. S., Wilson, B., Langguth, M., Bowen, M. T., et al. (2019). Oxytocin and vasopressin inhibit hyper-aggressive behaviour in socially isolated mice. Neuropharmacology 156, 107573. doi: 10.1016/j.neuropharm.2019.03.016

 Tavassoli, T., Bellesheim, K., Tommerdahl, M., Holden, J. M., Kolevzon, A., Buxbaum, J. D., et al. (2016). Altered tactile processing in children with autism spectrum disorder. Autism Res. Off. J. Int. Soc. Autism Res. 9, 616–620. doi: 10.1002/aur.1563

 Tong, Z., Yi, M., Feng, W., Yu, Y., Liu, D., Zhang, J., et al. (2021). The interaction of facial expression and donor-recipient eye contact in donation intentions: based on the intensity of emotion. Front. Psychol. 12, 661851. doi: 10.3389/fpsyg.2021.661851

 Vlaeminck, F., Vermeirsch, J., Verhaeghe, L., Warreyn, P., and Roeyers, H. (2020). Predicting cognitive development and early symptoms of autism spectrum disorder in preterm children: The value of temperament and sensory processing. Infant Behav. Dev. 59, 101442. doi: 10.1016/j.infbeh.2020.101442

 Wagner, S., and Harony-Nicolas, H. (2018). Oxytocin and animal models for autism spectrum disorder. Curr. Top. Behav. Neurosci. 35, 213–237. doi: 10.1007/7854_2017_15

 Wang, P., Wang, S. C., Liu, X., Jia, S., Wang, X., Li, T., et al. (2022). Neural functions of hypothalamic oxytocin and its regulation. ASN Neuro 14, 17590914221100706. doi: 10.1177/17590914221100706

 Watanabe, T., Iwabuchi, H., and Oishi, M. (2003). Accidental hypothermia in an infant with Prader-Willi syndrome. Eur. J. Pediatr. 162, 550–551. doi: 10.1007/s00431-003-1261-4

 Whitman, D. C., and Albers, H. E. (1998). Oxytocin immunoreactivity in the hypothalamus of female hamsters. Cell Tissue Res. 291, 231–237. doi: 10.1007/s004410050993

 Wu, Z., Xu, Y., Zhu, Y., Sutton, A. K., Zhao, R., Lowell, B. B., et al. (2012). An obligate role of oxytocin neurons in diet induced energy expenditure. PloS ONE 7, e45167. doi: 10.1371/journal.pone.0045167

 Xi, D., Gandhi, N., Lai, M., and Kublaoui, B. M. (2012). Ablation of Sim1 neurons causes obesity through hyperphagia and reduced energy expenditure. PloS ONE 7, e36453. doi: 10.1371/journal.pone.0036453

 Xi, D., Long, C., Lai, M., Casella, A., O'Lear, L., Kublaoui, B., et al. (2017). Ablation of oxytocin neurons causes a deficit in cold stress response. J. Endocr. Soc. 1, 1041–1055. doi: 10.1210/js.2017-00136

 Xiao, R., and Xu, X. Z. S. (2021). Temperature sensation: from molecular thermosensors to neural circuits and coding principles. Annu. Rev. Physiol. 83, 205–230. doi: 10.1146/annurev-physiol-031220-095215

 Yang, R., Zhang, G., Shen, Y., Ou, J., Liu, Y., Huang, L., et al. (2022). Odor identification impairment in autism spectrum disorder might be associated with mitochondrial dysfunction. Asian J. Psychiatry 72, 103072. doi: 10.1016/j.ajp.2022.103072

 Yoshida, M., Takayanagi, Y., Inoue, K., Kimura, T., Young, L. J., Onaka, T., et al. (2009). Evidence that oxytocin exerts anxiolytic effects via oxytocin receptor expressed in serotonergic neurons in mice. J. Neurosci. 29, 2259–2271. doi: 10.1523/JNEUROSCI.5593-08.2009

 Young, P., Arch, J. R., and Ashwell, M. (1984). Brown adipose tissue in the parametrial fat pad of the mouse. FEBS Lett. 167, 10–14. doi: 10.1016/0014-5793(84)80822-4

 Yuan, J., Zhang, R., Wu, R., Gu, Y., and Lu, Y. (2020). The effects of oxytocin to rectify metabolic dysfunction in obese mice are associated with increased thermogenesis. Mol. Cell. Endocrinol. 514, 110903. doi: 10.1016/j.mce.2020.110903

 Zhang, G., Bai, H., Zhang, H., Dean, C., Wu, Q., Li, J., et al. (2011). Neuropeptide exocytosis involving synaptotagmin-4 and oxytocin in hypothalamic programming of body weight and energy balance. Neuron 69, 523–535. doi: 10.1016/j.neuron.2010.12.036

 Zhang, G., and Cai, D. (2011). Circadian intervention of obesity development via resting-stage feeding manipulation or oxytocin treatment. Am. J. Physiol.-Endocrinol. Metab. 301, E1004–E1012. doi: 10.1152/ajpendo.00196.2011

 Zhang, R., Zhang, H.-.F., Han, J-, S., and Han, S.-.P. (2017). Genes related to oxytocin and arginine-vasopressin pathways: associations with autism spectrum disorders. Neurosci. Bull. 33, 238–246. doi: 10.1007/s12264-017-0120-7

 Zink, C. F., and Meyer-Lindenberg, A. (2012). Human neuroimaging of oxytocin and vasopressin in social cognition. Horm. Behav. 61, 400–409. doi: 10.1016/j.yhbeh.2012.01.016





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Modulation of the thermosensory system by oxytocin



		1. Introduction



		2. Part 1: OT effects on temperature sensing and regulation



		2.1. OT participates in maintaining stable core temperature through activation of non-shivering thermogenesis



		2.2. OT increases energy expenditure through BAT thermogenesis activation



		2.3. OT browning induction of white adipose tissue



		2.4. OT modulation of thermoregulatory behaviors



		2.5. OT effects on temperature perception







		3. Part 2: Importance of the oxytocinergic system in the sensory processing in the case of ASD, a focus on atypical thermosensory response



		3.1. The interconnection between the oxytocinergic system and ASD



		3.2. Atypical sensory processing in ASD



		3.3. The special case of the thermosensory system in ASD







		4. Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Neuroscience

Modulation of the
thermosensory system by
oxytocin





OPS/images/fnmol-15-1075305-g001.gif





OPS/images/fnmol-15-1075305-i001.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Molecular Neuroscience





