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Preface

Oxytocin, an important neuropeptide, exerts a wide influence on the central 
nervous system and peripheral tissues. It regulates a range of physiologic actions in 
mammals other than assisting parturition and lactation functions. Oxytocin and 
its receptor signaling mechanism have emerged as a pathway for the treatment of 
endocrine disorders. This book focuses on oxytocin and health, from the aspects 
of molecular and structure activity, physiological and pathological functions, and 
clinical applications.

Chapter 1 discusses oxytocin in pregnancy as well as its clinical applications. It 
explores the link between oxytocin and pregnancy in three aspects: physiology, 
ethology, and clinical application. 

Chapter 2 discusses the molecular aspects and structure activity relationship 
of oxytocin agonists and antagonists’ role in health. This chapter outlines the 
phenotype characteristics of the receptor agonists and antagonists in various 
diseases like diabetes, obesity, and cardiovascular and immune-related diseases.

Chapter 3 includes a comprehensive study about oxytocin and its physiological and 
pathological functions, which makes it a potential target for drug therapy. Oxytocin 
can be a potential avenue for the treatment of endocrine disorders such as obesity, 
diabetes mellitus, and associated disorders.

Chapter 4 outlines the chemical properties of oxytocin and the neuroprotective 
effects of the oxytocin hormone. Oxytocin can affect the course of the disease and 
is promising in the treatment of neurodegenerative disorders due to its therapeutic 
properties and benefits.

Chapter 5 discusses combining oxytocin administration with behavioral 
interventions to improve social-communicative outcomes for children with an 
autism spectrum disorder.

Chapter 6 reviews the regulation of morphological and functional aspects of sexual 
dimorphism in the brain. This chapter addresses and focuses largely on the role 
of sex-dependent differences in the brain and their crucial functions in animal 
models. 

Chapter 7 covers the implication of estrogens and steroid receptor coactivators in 
the genetic basis of gender incongruence. This chapter also discusses the candidate 
genes for gender incongruence.

Chapter 8 overviews the consequences of chronic stress on the psycho-immune-
neuro-energy (PINE) system. Within the PINE network, glucocorticoids are 
the universal messengers that regulate overall physiology jointly with cytokines, 
neurotransmitters, and energy status. 
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Chapter 1

Oxytocin and Pregnancy
Haiwen Yu, Yuting Cheng, Yiwen Lu, Wei Wu  
and Qiuqin Tang

Abstract

Oxytocin, an important neuropeptide, exerts a wide influence on the central 
nervous system and the peripheral tissues. In the central nervous system, the 
oxytocin gene expression is mainly shown to be present in neurons in the hypo-
thalamic paraventricular and supraoptic nuclei. Oxytocin gene also transcribes in 
the peripheral tissues such as uterus, placenta, and amnion. Oxytocin receptors 
can be founded in many tissues in humans, like the uterine, ovary, testis, kidney, 
and so on. And just in the same tissue, due to the variation of physiology factors, 
the amount of oxytocin changes a lot. Oxytocin secretion is closely linked with 
pregnancy advancing. During labor, the contractions of uterine smooth muscles 
and oxytocin secretion are inseparable. Moreover, oxytocin is also responsible 
for stimulating milk ejection after parturition. Oxytocin is associated with many 
diseases. Poor regulation of oxytocin may cause postpartum depression and infan-
tile autism. In terms of physiology, fatal heart failure and gestational hypertension 
are concerned with oxytocin level. In this chapter, we will discuss the oxytocin in 
pregnancy as well as its clinical applications.

Keywords: ovary, oxytocin, pregnancy, parturition, reproductive tissues, testis, 
uterine

1. Introduction

Oxytocin (OT) is crucial to pregnancy which exerts an important physiological  
influence on the central nervous system and the peripheral tissues [1]. Some 
findings suggest that OT secretion is closely linked with pregnancy advancing. 
And during labor, the contractions of uterine smooth muscles and OT, as well as 
its receptors, are inseparable. Moreover, OT is also responsible for stimulating milk 
ejection after parturition.

OT receptors founded in many tissues in humans, like the uterine, ovary, 
testis, kidney, and so on, are also important to pregnancy. Due to the variation of 
physiological factors during pregnancy, just in the same tissue, the amount of OT 
receptors differs a lot. Further studies illustrate that the oxytocin receptor (OTR) 
expression appears to be regulated at the transcriptional level [2].

And as such, OT disorder is associated with many diseases. To behavioral 
effects, poor regulation of OT may cause postpartum depression and autism  
spectrum disorders. In terms of physiology, premature delivery and dysmenor-
rhea are concerned with OT levels. Therefore, the clinical application of OT is also 
worthy of attention.

XIV
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2. Oxytocin and its receptors in physiology

2.1 Male reproductive tissues

OT plays a physiological role in the male reproductive tract across species. In the 
human [3], OT messenger RNA (mRNA) and peptide itself are distributed in the 
testis where OTR has also been identified in the Leydig cells and Sertoli cells. But it 
is important to note that the species-specific differences in the case of the localiza-
tion of the OT system in the male reproductive tract. For instance, in normal mice, 
testicular OT mRNA level is low to be detected while cattle have relatively high 
levels of OT mRNA in their testes [4]. OTR distribution characteristics are similar 
to the OT. The OT receptors were localized in the testis of the rats [4]. However, 
in the tammar wallaby, the mesotocin receptor gene and protein, which are highly 
homologous to the OT receptor, are not expressed in the testis, but in the prostate 
gland [5].

OT in the male reproductive system is not limited to the testis, the paracrine 
mode has high similarity with the OT secretion style in female reproductive tissues. 
Significant amounts of the peptide can be detected in the prostate and epididymis 
[6]. In the human, OT appears to exist in testis, epididymis, and prostate.

Testicular OT may have a role to play in the reproductive processes of the male by 
influencing the production of gonadal steroids. OT was found to stimulate testos-
terone production in mice [7], as well as in goats and pre-pubertal rats [8, 9]. In cell 
experiments of rat Leydig cells, OT also has the foundation to stimulate testosterone 
production [10]. But this effect remains controversial. In other purified Leydig 
cells research, no significant effect was observed [11]. Meanwhile, as well known, 
testosterone is an important agonist of ejaculation. So, OT may play an indirect role 
in the physiological process of male reproduction by gonadal steroids, especially 
testosterone.

What’s more, the crosstalk between OT and vasopressin is also worthy of 
attention. In different species [12], the crosstalk phenomenon has been found [12]. 
Current research findings suggest that the affinity of OT to both OTR and vasopres-
sin receptors is similar whereas OT has a higher affinity to its receptor than to vaso-
pressin receptors. Vasopressin might also have an important effect on OT-mediated 
contractility in human myometrium and the ejaculation related tissues (prostatic 
urethra, bladder neck, and ejaculatory duct) of rats and rabbits [13].

Nevertheless, the classic roles of both peptides are still preserved; where OT is 
associated with contractile effects in both genders (ejaculation in men and uterus 
contraction in women) and social behaviors whereas vasopressin is closely related 
to water homeostasis and blood pressure regulation. OT acting through AVP-
receptors and its receptor, which may explain some observed OT side effects, like 
headache and dizziness. This interaction between OT and vasopressin may also 
explain why vasopressin while showing similar contractibility to OT in the male 
reproductive tract, may also cause more severe side effects on the kidneys and 
cardiovascular system.

2.2 Female reproductive tissues

One of OT’s traditional target is the pregnant uterus. In rats, the OT gene was 
found to be expressed in the rat uterine epithelium, amnion, and placenta [14, 15] 
and humans in amnion, chorion, decidua, and placenta [16]. According to this study 
result, OT gene expression in chorio-decidual issues was found to have increased 
three- to fourfold around the time of labor onset [16]. Another research finding also 
demonstrated that rat uterus OT mRNA increased more than 150-fold at term [14]. 
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However, in maternal plasma, the prominent rise of OT before the onset of labor 
was not detected in most studies. Besides, the transcriptional level and transcripts of 
the OT gene are different across organs. Chibbar et.al [16] found that transcriptional 
levels are highest in the decidua, less in the chorion, and lowest in the placenta. 
The transcript size in amnion and chorion is larger than the transcript size in the 
decidua.

There is a popular belief that OT synthesis in gestation is a paracrine system [17]. 
The known issues include the fetal membranes amnion, chorion and placenta, and 
the maternal decidua. The location of OT synthesis is parallel with the place where 
OT gene expression takes place. These OT synthesized by these issues may be the 
source of OT in amniotic fluid. Possibly, the OT secreted in the form of paracrine is 
the main source of OT binding with myometrium OTR. This paracrine system was 
also found in rabbits and bovine [18, 19]. In the pregnant cow, during the whole 
pregnancy, OT mRNA levels were very low in uterine tissues and appeared to be 
upregulated at term. Moreover, OT was also found to be synthesized in the corpus 
luteum. Particularly, after the onset of labor, both OT gene expression and OT 
peptide are at significant levels in the corpus luteum [18].

Due to the upregulation of OT receptor gene transcription levels and a dramatic 
rise in OT receptor concentrations in uterine myometrium, uterine sensitivity to 
OT overtly increases in late pregnancy [14]. The phenomenon is demonstrated both 
in rat and in human species [15, 20]. It is worthy of noting that OT receptor mRNA 
expresses highest in the myometrium, low in decidua and chorion, and not detected 
in the placenta [20], which is in line with the OT gene transcriptional characteris-
tics. Besides, the concentration of oxytocin receptors in the myometrium reaches 
maximum levels in early labor but in the decidua, the concentration is at peak 
(nearly five-fold) at parturition [21, 22]. The high concentration of OT receptors in 
myometrium is relevant to uterine contractility. After parturition, the concentra-
tions of OT receptors decline at a rapid pace. In rats, the uterine OT receptor mRNA 
levels decreased more than seven-fold within 24 h [23]. The decrease of the OT 
receptors may be associated with avoiding unnecessary uterus contractility during 
lactation when maternal OT levels are raised.

Steroid hormones have been proved to be important mediators of OT secretion 
and OTR gene expression. In 1993, Broad et al. [24] demonstrated that pregnant 
sheep exposed to progesterone had more OT mRNA in the paraventricular and 
supraoptic nuclei of the hypothalamus, while those exposed to estrogen didn’t show 
significant growth in the supraoptic nuclei. However, testosterone enhancement 
during pregnancy brought about decreased oxytocin mRNA expression in the 
paraventricular nuclei of pregnant rats [25]. Estrogen and testosterone may play an 
opposite role in the central OT system. While in the peripheral system, estrogens 
were found to be a strong inductive agent of uterine OT gene expression in the rat 
uterine, which is seven-fold stronger than progesterone administration [23].

Other hormones also affect the OT. Prostaglandin (PG), essential for parturi-
tion, is one of the mediator hormones. Apart from inducing contractions, oxytocin 
also stimulates prostaglandin synthesis through receptors in the decidua [26]. OT 
can stimulate the synthesis of PG in the decidua, not in the myometrium in vitro 
[21]. Prostaglandins themselves continue to further uterine contractions, soften the 
cervix, induce gap-junctions, and intensify the myometrium’s sensitivity for oxyto-
cin. At the end of the first stage of labor, the membranes usually rupture leading to 
a further increase in prostaglandin synthesis, so that once the mechanism is started, 
it can no longer be interrupted. And OT is a potent stimulator of prostaglandin E2 
synthesis of rabbit amnion cells [27]. According to the study of Gross et.al [28], 
mice with cyclooxygenase-1 (COX-1), required for the major synthesis of prosta-
glandin F2α (PGF2α), deficiency demonstrated impaired luteolysis, as proved by high 
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serum progesterone concentration and ovarian histology in late pregnancy, as well 
as delayed induction of uterine oxytocin receptors. Surprisingly, mice deficient in 
both OT and COX-1 continued to start labor at a normal time. The possible reason 
for the experiment phenomenon is the opposite effect on the determination of the 
onset of murine labor-elevated PGF2α production may overcome the luteotrophic 
action of oxytocin in late gestation. Besides, there may be a crosstalk between OTR 
and PG receptor [29], because the OTR antagonists not only inhibit OTR but also 
PG receptors. In summary, OT and its receptors may be regulated by many other 
hormones, so the interaction between them cannot be ignored in future studies.

3. Oxytocin and behavioral effects

3.1 Maternal behavior

3.1.1 Animal studies

Oxytocin and oxytocin receptors are essential for maternal studies [17, 30, 31]. 
In oxytocin receptor knockout mice, Oxtr−/− and OxtrFB/FB mice show largely nor-
mal maternal behavior. But it is worth mention that with external disturbance ruled 
out, OxtrFB/FB female mice’s pups mortality increases compared to wildtype females’. 
And the possible reasons for the higher mortality are unclear [32]. Interestingly, 
during maternal retrieval behaviors, there is lateralization in oxytocin receptor 
expression in the female auditory cortex: more oxytocin receptors are expressed in 
the left auditory cortex compared to the right auditory cortex in mothers [33].

Most scientific studies suggest that oxytocin is critical to the onset and main-
tenance of maternal behavior [34]. However, recent research finding of oxytocin 
receptor gene knockout mice indicates that oxytocin can lower the threshold for the 
initiation of maternal behavior, however, once the program is started, oxytocin is 
not crucial to its maintenance [35].

The most recognized understanding of the modification mechanism is the 
OT-dopamine system: OT circuits interact closely with dopaminergic circuits to 
mediate maternal behavior. In one research, direct infusion of oxytocin into the 
ventral tegmental area has been proved to increase the dopamine signal in the 
nucleus accumbens. Besides, compared with low pup licking/grooming (LG) 
mothers, high LG mothers show a greater rise in dopamine signal during pup LG 
behavior, and this alteration diminished with infusions of an oxytocin receptor 
antagonist directly into the VTA [36]. Studies on OT-related maternal function 
mechanisms need to expand.

3.1.2 Human studies

Animal research has demonstrated that maternal care behavior pattern varies as 
the alternation of peripheral OT level across species including sheep [30], monkeys, 
and rats [31]. Now, many important advances have been extended from animal mod-
els to humans, illustrating the role of OT in human mothering behavior. Research in 
this area has revealed that many factors could result in the individual differences of 
OT secretion and OT-related functions in women.

Mother-infant attachment is the first important factor. In a control experiment 
[37], fifty mothers and their 7-month-old infants were divided into two pattern 
groups: maternal gaze group and maternal gaze toward and gaze shifts away from 
the infant group, mother’s oxytocin response shows a positive correlation with 
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duration of time gaze on her infant and a negative correlation with the frequency 
of gaze shift from infants. Breastfeeding is another crucial part of mother-infant 
attachment. There is a research finding that indicates breastfeeding mothers show 
higher maternal sensitivity when listening to their infants crying compared to 
formula-feeding in the early postpartum [38]. And other academic study results are 
consistent with the understanding that mother-infant interaction enhances mater-
nal oxytocin response [39]. Moreover, early caregiving experiences also influence 
the OT system. Women’s levels of CSF OT are positively correlated with the severity 
and duration of abuse and neglect to which they were exposed in childhood [40]. In 
females without harsh parenting experiences, the mother’s handgrip force (which 
may be related to sensitive caregiving behavior) decreases in response to infant 
crying after they intake intranasal oxytocin [41].

Studies also have examined OT-related maternal brain responses. Strathearn et al. 
discovered that dopamine-associated reward regions, as well as the hypothalamic OT 
regions, were activated when mothers with secure attachment viewed their infants 
smiling or crying images [42]. Similar results were reported by Atzil et al. who 
demonstrated that mothers who displayed synchronous forms of mothering showed 
activation of the nucleus accumbens, a key reward region while viewing video clips 
of their infants. Notably, activations in these brain regions were correlated with the 
peripheral measures of OT in these mothers.

3.2 Mating

OT in human reproduction is involved in both central and peripheral levels. 
During orgasm, OT acts on the contractions of male and female internal reproduc-
tive organs. To the male, OT receptors are linked with semen emission [1], while as 
to the female, OT receptors within the uterus contribute to uterine contractions. 
Previous scientific research on the role of OT in human reproduction is mainly 
concentrated on the periphery. Many studies have proved a prominent increase 
in plasma OT levels during sexual arousal and immediately the following orgasm 
in both men and women [43, 44]. However, with the development of neuroimag-
ing techniques, like functional magnetic resonance imaging studies (fMRI) and 
positron emission tomography (PET), the focus mostly transfers into OT’s central 
effects. To date, many brain areas such as the anterior lobe of the cerebellar vermis 
and deep cerebellar nuclei respond actively during orgasm [45].

3.2.1 Central OT

For its convivence and intuition, fMRI scanning and PET have become essen-
tial tools for research into how central systems regulate human reproduction. As 
important sexually dimorphic brain regions, the thalamus and hypothalamus play 
a crucial role in sexual arousal and sexual behavior [46]. During orgasm, women’s 
brain areas included the hypothalamic paraventricular nucleus (PVN)-a major site 
of OT production and secretion and the periaqueductal gray which receives projec-
tions from the PVN show significant activation. Many other brain regions also 
show activation in mating, such as the medial amygdala, anterior cingulate, nucleus 
tractus solitarii (NTS), and cerebellar (the anterior lobe of the cerebellar vermis 
and deep cerebellar nuclei) [45, 46]. However, the association between the activa-
tory regions and the OT system still requires further elucidation.

There is an obvious gender difference in sexual behavior, especially in mating. 
According to an fMRI study using 20 female and 20 male healthy subjects, when 
viewing erotic film excerpts, male subjects experience greater sexual arousal (SA). 
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By analyzing fMRI data, compared with female subjects, male subjects show greater 
hypothalamic activation, Karama et al. [46] speculate the gender difference may be 
correlated with activation of the hypothalamus- a brain region that plays an impor-
tant role in sexual behavior. Other studies involving male subjects also found similar 
activation of this brain area during erotic visual stimulation [47, 48]. Interestingly, 
the hypothalamus supraoptic nucleus (SON) and PVN are the main sites of OT gene 
expression. Besides, only the periaqueductal gray in man where OT was released 
into prominently activated during orgasm [45].

In summary, there may be some connection between OT and sexual behavior, 
but the specific mechanism is unclear. Future studies may pay more attention to link 
brain activation with behavioral effects to figure out the function of central OT in 
human sexuality. It’s worth noting that, although females’ hypothalamus activation 
is interior to males’, peripheral OT in both genders shows similarities during sexual 
arousal.

3.2.2 Peripheral OT

Researchers have attempted to link peripheral OT with reproductive tissues. 
According to the above, OT receptors within epithelial cells of the epididymis 
facilitate contractions during ejaculation, contributing to semen emission. These 
receptors may mediate sperm production as well. In the female, OT receptors exist 
in the uterus, appearing in higher concentrations during labor. Besides, during the 
female orgasm, contractions also occur for the activation of OT receptors in the 
non-pregnant uterus [49]. The role of these contractions is popularly accepted as 
facilitating sperm transport (often referred to as the “upsuck hypothesis”). A study 
of 50 women conducted by Wildt et al. [50] supported this hypothesis. Following 
intravenous OT injection during the follicular stage, a larger number of radiolabeled 
particles reached the oviduct that contained the dominant follicle, as well as the 
elevated amplitude of uterine contractions. It is obvious that OT is concerned with 
human uterine contractions; however, the purpose of these contractions during 
mating is not clear. It may be responsible for an arousal state in both sexes with 
exogenous OT exposure.

4. Clinical use of oxytocin

4.1 Autism spectrum disorders

OT has been put into clinical use concerning autism spectrum disorders (ASD). 
It is important to establish the appropriate dosage that should be given to humans. 
In a randomized placebo-controlled double-blind crossover trial which is aimed 
to inquire into OT’s dose-dependent effects of a single oxytocin administration 
in autism, 17 male adults with ASD received 8 international units (IU) oxytocin, 
24 IU or placebo before they proceeded four social-cognitive tasks and evaluate 
the effect of treatment by the measure of overt emotion salience [51]. The research 
finding suggests that just a low dose of oxytocin can modulate overt emotion 
salience.

OT’s treatment effect works by enhancing brain activity. Under social stimula-
tion, OT selectively improves the brain activity of key areas associated with atten-
tion and emotion regulation like the amygdala, hippocampus, mid-orbitofrontal 
cortex, and insula region [52]. And in another clinical trial, inducing oxytocin can 
restore brain activity of the medial prefrontal cortex [53].
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4.2 Labor induction

OT is a highly efficient and safe agent for the induction the labor and has con-
siderable therapeutic uses. Hofbauer, who first used oxytocin to induce labor, said, 
“with its power of producing regular, rhythmical and forcible uterine contractions, 
should be regarded as a most beneficent and valuable agent, which, however, should 
always be employed with the care of its limitations and dangers.” Large-dose OT 
used in labor induction led to minimal, but not trivial, antidiuretic, and vascular 
activity [54], which may be associated with the vasopressin and prostaglandin. OT 
should be used in the lowest possible doses which can induce an effective clinical 
response.

Patients’ resistance to induction or augmentation of labor caused by long-time 
use of OT in labor induction is not uncommon in the clinical. Daniel-Speigel et al. 
addressed this issue in a prospective, randomized trial of 104 women who received 
oxytocin via a low-dose protocol for labor induction. One group of women received 
intravenous oxytocin until 5-cm dilation, at which time it was discontinued, 
whereas the other group was continued on the dose of oxytocin that they were 
receiving at 5-cm dilation. They failed to show any significant difference between 
groups in the time interval from induction to the active phase, length of the active 
phase, or length of the second stage of labor. They concluded that continuing 
oxytocin infusion after the onset of active labor did not seem to have any benefit 
on the course of labor. In fact, women who received continuous oxytocin infusion 
throughout their labor course experienced greater rates of uterine hyperstimulation 
and underwent more cesarean sections. In our practice, we have found that if dur-
ing induction of labor a high dose of oxytocin has been reached and maintained for 
a prolonged period and membranes are intact, it is sometimes beneficial to stop the 
infusion, let the patient rest for several hours, and then begin again. More uterine 
contractions were induced with each mU of oxytocin infused via pulsatile admin-
istration in comparison to using continuous infusion [55]. Different methods of OT 
infusion may result in discrepancies in labor induction. In patients with prelabor 
rupture of membranes, a Foley catheter with OT does not shorten the time to 
delivery compared with OT alone but may contribute to the increase in the chance 
of intraamniotic infection [56]. Pulsatile administration can prominently reduce the 
dose of OT required to induce labor [55].

According to the known OT physiological effects, highly specific OT antagonists 
may be of great therapeutic value for the prevention of preterm labor [57, 58]. To 
date, many OT antagonists have been developed, the relatively efficient of which 
is a drug called Retosiban. Retosiban is above 15 times more potent than atosiban 
which is a marketed intravenous OT antagonist at the human oxytocin receptor, as 
evidenced by effective inhibition of uterus contractions by intravenous and by oral 
administration in rats [59]. Moreover, antagonists of OT can also be used to treat 
dysmenorrhea by relaxing the uterine myometrium [60].

5. Summary

The link between OT oxytocin and pregnancy is explored in three aspects: 
physiology, ethology, and clinical application. A conclusion can be drawn from 
the above: the link between OT and pregnancy appears to be strong, both in the 
first and second trimesters, especially in the third trimester. Although most of the 
OT mechanisms and effects are known, there are still some suspects, for example, 
what’s the function of the contraction caused by OT during orgasm. Additionally, 
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whether the OT synthesized in different parts can be transported to other parts to 
do their job? And if so, how do they communicate? Apart from the classical effect, 
in recent years, the role of oxytocin in behavior has received increasing attention. 
OT disorder is related to behavioral disorders like childhood cognitive impairment, 
ASD, and maternal postpartum depression [61], but as far as the scientific research 
is concerned, the mechanism of this phenomenon is not very specific. And as such, 
to explain this phenomenon, more efforts are needed in the future. Last but not 
least, although OT has rare side effects on the human body, it is still worth discuss-
ing how to use OT safely and efficiently in clinical practice. In conclusion, OT is 
essential for pregnancy, and more detailed function mechanism should be explored 
in future research.
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whether the OT synthesized in different parts can be transported to other parts to 
do their job? And if so, how do they communicate? Apart from the classical effect, 
in recent years, the role of oxytocin in behavior has received increasing attention. 
OT disorder is related to behavioral disorders like childhood cognitive impairment, 
ASD, and maternal postpartum depression [61], but as far as the scientific research 
is concerned, the mechanism of this phenomenon is not very specific. And as such, 
to explain this phenomenon, more efforts are needed in the future. Last but not 
least, although OT has rare side effects on the human body, it is still worth discuss-
ing how to use OT safely and efficiently in clinical practice. In conclusion, OT is 
essential for pregnancy, and more detailed function mechanism should be explored 
in future research.
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1. Introduction

Oxytocin (OT) was the first hormone to have its composition determined and 
was synthesized in a biologically active manner [1]. OT is a major neuropeptide, 
and its roles involve control of neuroendocrine reflexes [2], the development of par-
ticular social and bonding habits [3], and the reproductive and maternal functions 
[4]. Cyclic nonapeptide OT and its structurally related peptides facilitate reproduc-
tion in many vertebrates.

In earlier years, OT was believed to be restricted to stimulate uterine con-
tractions during childbirth [5] and milking (lactation) but the fact that OT is 
found in both men and women in the brain and plasma indicates there are other 
 significant roles.

Most of the OT like peptides are nonapeptides and have a disulfide bridge 
between cysteine residues 1 and 6. The residue Lysine at position 3 and arginine 
or lysine at position 8 are responsible for biological activity of oxytocin peptide, 
that is, to activate oxytocin receptor [1]. Generally, the nonapeptides are classified 
as vasopressins and OT families, and are based on the presence of basic amino 
acid at position 8 and neutral amino acids. Figure 1 shows the phylogenetic tree 
 corresponding to oxytocin like peptides, retrieved from Uniprot webpage [6].
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or lysine at position 8 are responsible for biological activity of oxytocin peptide, 
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as vasopressins and OT families, and are based on the presence of basic amino 
acid at position 8 and neutral amino acids. Figure 1 shows the phylogenetic tree 
 corresponding to oxytocin like peptides, retrieved from Uniprot webpage [6].
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The oxytocin gene is located on chromosome 3p25 and comprises 3 introns 
and 4 exons and belongs to the G protein-coupled receptor (GPCR) superfamily. 
Oxytocin binds to receptors that activate intracellular signaling pathways, trig-
gering the activation of proteins. Figure 2 was developed by the authors to show 
in a schematic way, the oxytocin-oxytocin receptor (OT-OTR) signaling pathway 
in the body. Upon binding OT to OTR, Gq/phospholipase C (PLC)/inositol 

Figure 2. 
Molecular features of oxytocin receptor modulators calculated using forge tool. Oxytocin receptor linked 
signaling pathways resulting in cell phenotype. OT: Oxytocin, OTR: Oxytocin receptor, PLC: Phospholipase, 
PIP2: Phosphatidylinositol 4,5-bisphosphate, InsP3: Inositol 1,4,5- triphosphate, DAG: Diacylglycerol, PKC: 
Protein kinases type C, MLC: Myosin light-chain, MAPK: Mitogen-activated protein kinase, cPLA2: Cytosolic 
phospholipase A2, ROK: RhoA associated protein kinase.

Figure 1. 
Phylogenetic tree of oxytocin like peptides. Oxytocin like peptides are denoted using their Uniprot ID (Uniprot 
webpage [6]).
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1,4,5-triphosphate (InsP3) pathway dominates the phosphatidylinositol 4,5-bispho-
sphate (PIP2) hydrolysis and this results in InsP3 and diacylglycerol (DAG) (DAG). 
InsP3 releases Ca2+ ions from the intracellular sarcoplasmic reticulum stores, but 
the DAG further activates protein kinases which phosphorylate other proteins. 
Mammary epithelial cells and milk ejection is caused by Ca2+ ions. Activation of 
MAPK cascade is triggered by OTR and PKC resulting in increased expression of 
cPLA2 activity, which eventually results in development of prostaglandins. The 
profusion of prostaglandins development often causes muscle contractions. OTR 
activation elicits phosphorylation of calcineurin. All these signaling pathways result 
in many cellular effects such as cell formation, cell differentiation, and motility.

Transmembrane domains 3,4, and 6 of oxytocin receptor forms the docking site 
to oxytocin peptide cyclic part, and other c terminal domain of oxytocin interacts 
closely with domain 2 and domain 3 in the extracellular space of the oxytocin recep-
tor. The key OTR residues R34, F103, D85, F284, and Y209, play a role in selectiv-
ity of oxytocin peptide. Based on the activity of oxytocin receptor, the oxytocin 
analogues were classified as agonists and antagonists.

2. OTR agonists and antagonists

Receptor binding and functional studies were generally used to identify oxyto-
cin receptor agonists and antagonist activity. There are more than thousand com-
pounds in literature as OTR agonists and antagonists, and this section was focused 
to demonstrate the applicability of molecular shape features as tool to develop 
agonists and antagonists. For this reason, peptide agonist and antagonist molecular 
shapes features are compared with oxytocin.

Substitution of hydoxyl group at position 1 and threonine at position 4 of original 
oxytocin peptide (peptide 1, Figure 3) revealed highest affinity to oxytocin receptor 
(OTR), with value of Ki 0.31 nM and served as oxytocin agonist and as a possible 
treatment of autism [7], and for the treatment of postpartum hemorrhage [8]. 

Figure 3. 
Molecular features of oxytocin receptor modulators calculated using forge tool.
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Peptide atosiban (peptide 2, Figure 3) revealed affinity to oxytocin receptor with a 
value of Ki 76 nM, and it is used in clinical as oxytocin antagonist [9]. Newly devel-
oped Cresset XED force field provided by software Forge [10] was utilized to under-
stand the key features of oxytocin, agonist and antagonist of oxytocin receptor.

Figure 3 was developed by the authors using Forge tool for oxytocin, agonist and 
antagonist of OTR, and features were visualized using Forge visualization software 
to show the comparison of features: red color (positive electrostatics), blue color 
(negative electrostatics), and gold color (hydrophobic shapes).

The molecular features shown in Figure 3 are the result of activities and clearly 
reveal agonist and antagonist function on the oxytocin receptor. Visual examination 
either manually or using imaging algorithms of all the fields, reveals the presence 
of positive electrostatic feature in definite coordinates, and size and shape are 
responsible for agonist and antagonist activity of OTR. Increased electronegative 
regions favor agonist activity, and similarly, hydrophobic shape features are distinct 
for agonist and antagonist activity of OTR. The features mentioned in this study, 
indeed can be utilized by various investigators to discover, develop, and optimize 
agonist and antagonists of OTR. It is well possible to screen various libraries and 
chose the molecules of interest.

3. Phenotype characteristics in various diseases

Oxytocin receptor agonists and antagonists has potential benefits in health 
care, especially in treating diabetes, obesity, cardiovascular, and immune related 
disorders. It is well known that diabetes is considered one of the major causes of 
mortality and a metabolic disorder. Incidence of diabetes mellitus will increases 
over coming decades and is generally considered that affect many organs [11]. 
Many researchers has demonstrated beneficial effect of oxytocin, as endogenous 
factor, with significant changes in insulin sensitivity [12], lipidomic [13], and 
glucose metabolism [14]. Oxytocin stimulates glucose uptake [14, 15], and glucagon 
secretion [16] in pancreatic islets which is directly implicated in improvement and 
involvement of pathophysiology of diabetes.

Apart from diabetes, another major problem most of countries are concerned 
about is obesity, both in Mexico and worldwide [17, 18]. Oxytocin is well known 
for its effects in control of the energy balance [19]. It’s well proven that oxytocin 
administration reduces body weight [20], food intake [21], and glucose tolerance 
was observed with administration of oxytocin [22]. In addition, oxytocin admin-
istration induces a marker of neuronal activation that is known as Fos [23], that is 
linked to control meal size, regulation of intake of food and indeed bodyweight.

Another class of disease is cardiovascular disease, where 13% of deaths are due 
to this, specifically due to blood pressure, followed by tobacco, diabetes, and lack 
of exercise [24]. Cardiovascular diseases involve generally blood vessels or heart 
[25]. Oxytocin receptor decreases blood pressure [26] and lowers brain natriuretic 
peptide [27]. Oxytocin was also proven to facilitate the recovery of cardiovascular 
system (CVS) [28] from injuries [29] and decrease progression of atherosclerosis. 
Key pathways involved in cardiovascular protection upon treatment with oxytocin 
act by suppressing the increasing production of cytokines, apoptotic pathways are 
activated through the involvement of multiple signaling pathways [29].

Oxytocin is also involved in immune related health problem; oxytocin was 
proven to trigger thymocyte proliferation [30], inducing immune tolerance, which 
is generally observed in thymus which is a primary tissue responsible for [31]. The 
nonapeptide oxytocin interacts with neurohypophysial peptide receptors expressed 
by pre-T cells and induces phosphorylation of focal adhesion kinase [32]. Generally, 
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oxytocin production decreases with age, which is linked to thymic involution. 
Oxytocin also has antiviral activity and it has been reported its possible used to treat 
CoVID-19 through DPP-inhibition mechanism of action [33, 34].

4.  Nano, micro and macro materials for delivery of agonists and 
antagonists

Up today, oxytocin receptor agonists and antagonists formulations including 
nano, micro and macro materials are not available in the market. Existing oxyto-
cin receptor agonists and antagonists possess drawbacks like lack of efficacy, no 
improvement in neonatal outcomes, low stability, short half-life in-vivo, and low 
bioavailability.

Many researchers had started to utilize alternative approaches to address men-
tioned drawbacks, and among these, encapsulations for slow and steady oxytocin 
release are under investigation. Most of them are polymeric carriers, and liposome-
based technologies.

Among the polymeric carriers for oxytocin, solvent displacement method was 
utilized to synthesize poloxamer hydrogel scaffold, to encapsulate oxytocin in 
hydrogel graft constituted of poly(d, l-lactide-co-glycolide) (PLGA), β-tricalcium 
phosphate, and hydroxyapatite (CP). This method yielded 89.5% encapsulation 
efficiency, slowly release encapsulated oxytocin, and finally yielded significant 
regeneration of bone loss in rat calvaria [35].

Another nanomaterial application was based on Bovine Serum Albumin (BSA) 
based nanocomposites. It is a twostep process to synthesize nanocomposites, 
nanoprecipitation followed by lyophilization. Transferrin (Tf) and Rabies Virus 
Glycoprotein (RVG) was conjugated to synthesized oxytocin-BSA nanoparticles for 
successful delivery of oxytocin across blood brain barrier (BBB). This composite 
was delivered intranasally, and an improvement in oxytocin bioavailability was 
observed. Delivery of oxytocin using nanocomposites led to greater pro-social 
effects in comparison to oxytocin alone within 3 days of intranasal administration. 
This delivery system definitely benefits social-deficit disorders and indeed enhance 
the brain delivery peptides [36].

Another important nanocarrier utilized in successful delivery oxytocin receptor 
agonists and antagonists is liposomal drug delivery systems. In specific, antibody-
based liposomes were applied where PEGylated liposomes were conjugated 
with atosiban (ATO-Lipo, OTR antagonist) or anti-OTR monoclonal antibodies 
(OTR-Lipo) using the technology of dried lipid film hydration. This method 
increased intracellular internalization, and revealed that the cellular uptake is 
dependent on caveolin-mediated mechanisms, with no cellular toxicity observed. 
Antibody-conjugated liposomes gave way to improved treatment for obstetric 
 complications [37].

5. Future perspectives

Since the therapeutic effects of agonists and antagonists are growing, more 
studies will be needed to protect them against biodegradation, to increase intestinal 
absorption particularly with use of technologies, such as enhancer absorption 
(cyclodextrines), surfactants, cell penetration peptide, chemistry modifications, 
nano, micro and macromaterials.

Besides improving drug delivery methods, additional cell-based experiments 
are required to understand the role of oxytocin such as the use of fluorescent tags 
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(HaloTag) to monitor new functions for agonists or antagonists, the use of imaging 
techniques to classify and develop imaging biomarkers is needed to explore the abil-
ity of oxytocin receptor agonists or antagonists across tissues, cell-host interactions. 
In addition, the molecular features described in this study can be used to discover 
new and novel oxytocin receptor agonists and antagonists.

6. Conclusion

Molecular shape features of oxytocin receptor agonist and antagonist activity as 
a function of positive and negative electrostatic, and hydrophobic shapes features 
were developed and detailed. Also, liposome and polymeric based strategies in 
improving most of the drawbacks associated with oxytocin delivery were discussed. 
More studies are needed towards the application of diverse nanomaterials to deliver 
neuropeptides and improve their efficacy. Some of the tools proposed in this chap-
ter can guide the future research in improving the delivery strategies of oxytocin 
receptor agonists and antagonists.

It has to be remembered that, technologies need to be developed for each route 
of administration, maintain stability, and steady state release of encapsulated active 
ingredients.
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(HaloTag) to monitor new functions for agonists or antagonists, the use of imaging 
techniques to classify and develop imaging biomarkers is needed to explore the abil-
ity of oxytocin receptor agonists or antagonists across tissues, cell-host interactions. 
In addition, the molecular features described in this study can be used to discover 
new and novel oxytocin receptor agonists and antagonists.

6. Conclusion

Molecular shape features of oxytocin receptor agonist and antagonist activity as 
a function of positive and negative electrostatic, and hydrophobic shapes features 
were developed and detailed. Also, liposome and polymeric based strategies in 
improving most of the drawbacks associated with oxytocin delivery were discussed. 
More studies are needed towards the application of diverse nanomaterials to deliver 
neuropeptides and improve their efficacy. Some of the tools proposed in this chap-
ter can guide the future research in improving the delivery strategies of oxytocin 
receptor agonists and antagonists.

It has to be remembered that, technologies need to be developed for each route 
of administration, maintain stability, and steady state release of encapsulated active 
ingredients.
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Chapter 3

Oxytocin as a Metabolic Modulator
Neeru Bhatt

Abstract

Oxytocin (9-amino acid peptide) hormone is a member of the G-protein 
coupled receptor family. It regulates a range of physiologic actions in mammals 
other than assisting parturition and lactation functions. Evidence indicates that 
oxytocin alters lipids, protein, and sugar metabolism through various ways includ-
ing modulation of appetite and satiety, enzyme activity, cellular signals, secretion 
of metabolic hormones, and energy consumption. Alterations in these processes 
have the potential to shift developmental trajectories and influence disease pro-
cesses. Oxytocin can be a potential avenue for the treatment of endocrine disorders 
such as obesity, diabetes mellitus, and associated disorders. The chapter will 
include a comprehensive study about oxytocin and its physiological and pathologi-
cal functions, which makes it a potential target for drug therapy.

Keywords: Oxytocin, metabolism, endocrine system, obesity, energy balance

1. Introduction

Oxytocin, which was long thought to be a hormone exclusively involved in 
social bonding, parturition, and lactation; now is extensively researched for its 
other possible implications. Evidence indicates that oxytocin alters lipid, protein, 
and sugar metabolism through various ways including modulation of appetite and 
satiety, enzyme activity, cellular signals, secretion of metabolic hormones, and 
energy consumption [1, 2].

1.1 Oxytocin synthesis and secretion

Oxytocin (Oxt) a nonapeptide hormone is a member of the G-protein coupled 
receptor family. It regulates a range of physiologic actions in mammals other than 
reproductive deeds [3]. The word oxytocin was taken from the Greek words (ω k ν ξ, 
τ o k ox ξ) meaning “quick birth”. The uterine-contracting property of oxytocin was 
discovered by Dale [4], whereas the milk ejection property of oxytocin was revealed 
in the following years [5, 6].

Oxytocin is composed of nine amino acids (Cys-Tyr-Ile-Gln-Asn-Cys-Pro-
Leu-GlyNH2) with a disulphide bridge between cysteine residues 1 and 6 [7, 8]. 
It is predominantly synthesized in magnocellular neurons of the hypothalamic 
paraventricular (PVN) and supraoptic (SON) nuclei of the brain. It is released into 
the blood circulation through the posterior pituitary gland where it is released to 
regulate parturition and lactation. In addition, oxytocin is produced and released 
outside the nervous system, such as the gastrointestinal tract [9] and bone marrow 
osteoblasts [10, 11] liver, placenta, amnion, heart [12], and subcutaneous adipose 
tissue. In adipose tissue, oxytocin has autocrine and paracrine effects via oxytocin 
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in the following years [5, 6].

Oxytocin is composed of nine amino acids (Cys-Tyr-Ile-Gln-Asn-Cys-Pro-
Leu-GlyNH2) with a disulphide bridge between cysteine residues 1 and 6 [7, 8]. 
It is predominantly synthesized in magnocellular neurons of the hypothalamic 
paraventricular (PVN) and supraoptic (SON) nuclei of the brain. It is released into 
the blood circulation through the posterior pituitary gland where it is released to 
regulate parturition and lactation. In addition, oxytocin is produced and released 
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osteoblasts [10, 11] liver, placenta, amnion, heart [12], and subcutaneous adipose 
tissue. In adipose tissue, oxytocin has autocrine and paracrine effects via oxytocin 
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receptors [9, 10, 13]. A variety of stimuli such as parturition, suckling, and certain 
stresses are responsible for the release of oxytocin in the circulation.

Endogenous oxytocin does not readily cross the blood–brain barrier, but circu-
lating oxytocin may directly enter the hindbrain or act on the vagus nerve [14–17]. 
Oxytocin can enter into the cerebrospinal fluid (CSF), as proved in an animal study 
[18]. A significant amount of oxytocin was found in cerebrospinal fluid when 
copious amounts of oxytocin were injected intravenously or intranasally in nonhu-
man primates [18]. Additionally, exogenous oxytocin administration may accelerate 
endogenous oxytocin secretion either directly through PVN oxytocin autoreceptors 
or indirectly through peripheral oxytocin receptors [19, 20]. Generally, oxytocin 
receptors are found throughout the central nervous system including the hypo-
thalamus, basal ganglia, VTA, nucleus accumbens, frontal cortex, insula, NTS, and 
spinal cord. Oxytocin receptors are also present in peripheral regions (vagus nerve, 
anterior pituitary gland, adipocytes, gastrointestinal tract, and pancreas) that 
regulate food intake and metabolism [12, 21–25]. Infect, mRNA for oxytocin and 
its receptors throughout the entire human gastrointestinal (GI) tract was recently 
found. Such receptors are known as allosteric modulators [12] (Figure 1).

1.2 The therapeutic potential of oxytocin

The therapeutic potential of oxytocin has been studied extensively for the last 
few years. Use of oxytocin in the treatment of autism spectrum disorder (ASD) 
[26, 27], schizophrenia [26, 28], and obesity [20, 28–31] have been investigated 
and documented in leading journals. It has opened a new door for many more 
untouched aspects of oxytocin to be disclosed. Recently it was found that oxytocin 
could reverse the effects of beta-amyloid on mice hippocampal LTP in an in vitro 
study. ERK phosphorylation and Ca2+-permeable AMPA receptors are involved in 
this effect of oxytocin [32]. Beta-amyloid is the main culprit of Alzheimer’s disease, 
which gets deposited around the neurons of the brain and impaired cognitive 
functions.

1.3 Physiological role of oxytocin in feeding regulation

Oxytocin exerts a direct as well as an indirect effect on metabolism and energy 
balance. The direct effect is through anorexigenic activity with increased oxytocin 
secretion and/or signaling leading to decreased food intake via net effects on multiple 
different homeostatic and neurobehavioral pathways. Peripheral oxytocin induces 
anorexia was first demonstrated by Arletti et al. [33]. The indirect effect of oxytocin 
is explicitly on muscles potentiating the majority of the slow-twitch muscles.

Figure 1. 
Chemical structure of oxytocin [26].

25

Oxytocin as a Metabolic Modulator
DOI: http://dx.doi.org/10.5772/intechopen.97630

Oxytocin not only affects food intake but also the choice of food that is con-
sumed. Studies conducted with a variety of animal models, including rats, mice, 
and rhesus monkeys fed with standard chow with a substantial proportion of 
calories from carbohydrates. Such studies have shown that oxytocin reduced intake 
of sucrose [34–36], glucose, fructose-sweetened beverages), and HFDs sweetened 
with sucrose [19, 20, 30, 37–39], sucrose appears to activate a greater proportion 
of PVN oxytocin neurons relative to intake of fat (intralipid) [40]. Oxytocin has 
also been shown to suppress energy intake in animals fed HFDs without sucrose. 
Moreover, systemic administration of oxytocin antagonists (readily crosses 
the blood–brain barrier) [41] stimulates the intake of sucrose, but not chow or 
intralipid [42]. Conversely, impairments of oxytocin signaling is associated with 
increased consumption of carbohydrates, including sucrose [34, 43, 44], and 
glucose [44], as well as fat [38, 45], implicating a potential physiological role for 
oxytocin to limit consumption of both simple sugars and fat.

Oxytocin has a profound effect in termination of the food intake. The food 
intake is physiologically regulated by oxytocin neurons, responding to fasting and 
satiety conditions. It has been observed that food consumption activates oxytocin 
neurons [40, 46], whereas fasting is known to depress oxytocin neurons and 
recovery is possible with refeeding [29] or the leptin administration [47], conversely 
suppression of exocytosis of oxytocin, or genetic reduction of oxytocin expression 
increases food intake [29], and ablation of oxytocin neurons increase body weight 
gain by decreasing energy expenditure in male mice fed a high-fat diet (HFD) [48]. 
The ablation of the neurons that express oxytocin receptors, in the nucleus of the 
solitary tract (NTS) and arcuate nucleus induces hyperphagia [49, 50] and satiety 
[51]. Additionally, oxytocin also displays a circadian rhythmic pattern with a rise of 
circulating oxytocin level during the day and vice versa [52, 53].

1.4 The metabolic functions of oxytocin

Oxytocin is a potent regulator of caloric intake and metabolism. Metabolism is 
an exclusive attribute of living cells. Disturbance in metabolism can have a toll on 
both body and mind. Although, the epidemics of metabolic diseases have largely 
been attributed to genetic makeup, changes in diet, exercise and aging. However, 
other environmental factors may contribute to the rapid increase in the incidences.

Oxytocin has a direct effect on adipose tissue. It induces adipose tissue lipolysis 
[16, 20] and fat oxidation [20, 30, 54], subsequently leading to reduced body fat 
and weight gain [20] as well as glucose intolerance and insulin resistance. Moreover, 
oxytocin is believed to reduce visceral and liver fat deposition [30]. Such deposits 
are metabolically important and are known to increase the prognosis of metabolic 
syndrome and cardiovascular disease [55]. Sub chronic treatment of oxytocin 
extended improved adipocyte differentiation and increased gene expression of 
factors involved in adipogenesis in rats. This effect is related to an increased fatty 
acid-binding protein, peroxisome proliferator-activated receptor gamma, insulin-
sensitive glucose transporter 4, leptin, and CD31 mRNA levels [56].

1.5 Energy balance

Energy balance is a complex physiological process that is regulated by multiple 
interactions between the gastrointestinal tract (GIT), adipose tissue, and the central 
nervous system (CNS). It requires both afferent signals from the periphery about 
the state of the energy stores as well as different signals that influence energy intake 
and expenditure [57] and is also influenced by behavioral, sensorial, autonomic, 
nutritional, and endocrine mechanisms [58]. Energy balance is quite essential in 
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few years. Use of oxytocin in the treatment of autism spectrum disorder (ASD) 
[26, 27], schizophrenia [26, 28], and obesity [20, 28–31] have been investigated 
and documented in leading journals. It has opened a new door for many more 
untouched aspects of oxytocin to be disclosed. Recently it was found that oxytocin 
could reverse the effects of beta-amyloid on mice hippocampal LTP in an in vitro 
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balance. The direct effect is through anorexigenic activity with increased oxytocin 
secretion and/or signaling leading to decreased food intake via net effects on multiple 
different homeostatic and neurobehavioral pathways. Peripheral oxytocin induces 
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and rhesus monkeys fed with standard chow with a substantial proportion of 
calories from carbohydrates. Such studies have shown that oxytocin reduced intake 
of sucrose [34–36], glucose, fructose-sweetened beverages), and HFDs sweetened 
with sucrose [19, 20, 30, 37–39], sucrose appears to activate a greater proportion 
of PVN oxytocin neurons relative to intake of fat (intralipid) [40]. Oxytocin has 
also been shown to suppress energy intake in animals fed HFDs without sucrose. 
Moreover, systemic administration of oxytocin antagonists (readily crosses 
the blood–brain barrier) [41] stimulates the intake of sucrose, but not chow or 
intralipid [42]. Conversely, impairments of oxytocin signaling is associated with 
increased consumption of carbohydrates, including sucrose [34, 43, 44], and 
glucose [44], as well as fat [38, 45], implicating a potential physiological role for 
oxytocin to limit consumption of both simple sugars and fat.

Oxytocin has a profound effect in termination of the food intake. The food 
intake is physiologically regulated by oxytocin neurons, responding to fasting and 
satiety conditions. It has been observed that food consumption activates oxytocin 
neurons [40, 46], whereas fasting is known to depress oxytocin neurons and 
recovery is possible with refeeding [29] or the leptin administration [47], conversely 
suppression of exocytosis of oxytocin, or genetic reduction of oxytocin expression 
increases food intake [29], and ablation of oxytocin neurons increase body weight 
gain by decreasing energy expenditure in male mice fed a high-fat diet (HFD) [48]. 
The ablation of the neurons that express oxytocin receptors, in the nucleus of the 
solitary tract (NTS) and arcuate nucleus induces hyperphagia [49, 50] and satiety 
[51]. Additionally, oxytocin also displays a circadian rhythmic pattern with a rise of 
circulating oxytocin level during the day and vice versa [52, 53].

1.4 The metabolic functions of oxytocin
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an exclusive attribute of living cells. Disturbance in metabolism can have a toll on 
both body and mind. Although, the epidemics of metabolic diseases have largely 
been attributed to genetic makeup, changes in diet, exercise and aging. However, 
other environmental factors may contribute to the rapid increase in the incidences.

Oxytocin has a direct effect on adipose tissue. It induces adipose tissue lipolysis 
[16, 20] and fat oxidation [20, 30, 54], subsequently leading to reduced body fat 
and weight gain [20] as well as glucose intolerance and insulin resistance. Moreover, 
oxytocin is believed to reduce visceral and liver fat deposition [30]. Such deposits 
are metabolically important and are known to increase the prognosis of metabolic 
syndrome and cardiovascular disease [55]. Sub chronic treatment of oxytocin 
extended improved adipocyte differentiation and increased gene expression of 
factors involved in adipogenesis in rats. This effect is related to an increased fatty 
acid-binding protein, peroxisome proliferator-activated receptor gamma, insulin-
sensitive glucose transporter 4, leptin, and CD31 mRNA levels [56].

1.5 Energy balance

Energy balance is a complex physiological process that is regulated by multiple 
interactions between the gastrointestinal tract (GIT), adipose tissue, and the central 
nervous system (CNS). It requires both afferent signals from the periphery about 
the state of the energy stores as well as different signals that influence energy intake 
and expenditure [57] and is also influenced by behavioral, sensorial, autonomic, 
nutritional, and endocrine mechanisms [58]. Energy balance is quite essential in 
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daily life to be in shape physically as well as metabolically. Nevertheless, at times 
energy balance (intake and expenditure) may alter partially or completely, leading 
to consequent pathological changes in body weight. Adaptations to body weight 
changes include modifications at the level of circulating appetite-related hormones 
that, in turn, may profoundly interact with the homeostatic and hedonistic neural 
centers. The homeostatic control system makes it possible to maintain energy 
reserves through signals of hunger stimulation that are usually downregulated 
when the body receives an adequate caloric intake. However, this homeostatic 
system is asymmetrical, showing greater effectiveness in defending against energy 
deficit in the light of reduced efficiency in the defense against the energy excess. 
Furthermore, the homeostatic system is strongly influenced by hedonic signals, 
based on reward mechanisms, frequently causing food intake even in the absence 
of biological needs. This review will summarize the role of the main central and 
peripheral hormones involved in controlling energy balance.

2. Mechanisms underlying the effects of oxytocin on energy balance

The proposed mechanisms underlying the effects of oxytocin on calorie balance 
are discussed under the following topics.

2.1 Oxytocin may regulate appetite

Oxytocin may induce satiety by slowing gastric emptying [59–61]. Gastric 
emptying is a principal trait of postprandial glycemia. A lower rate of gastric 
emptying and a high-fat diet rationally enhances the glycemic index of carbohy-
drates. Moreover, slowing of gastric emptying by fat depends on the small intestine 
exposed to lipolytic products. Oxytocin is released in response to a fatty meal [62], 
which regulates gastric emptying [63, 64].

Conversely, systemic administration of oxytocin led to enhanced gastric empty-
ing [63, 64] also oxytocin receptor antagonist atosiban delayed gastric emptying 
significantly [9]. Though the results from human studies are conflicting and only 
one human study on diabetic gastroparesis has reported prolonged gastric emptying 
time (40–80 mIU/min) [65]. The prokinetic effect of oxytocin on the gut has been 
assumed to be similar to the one in uterine myometrium and mammary myoepithe-
lial cells; i.e., the intracellular release of Ca2+ which leads to muscle contraction via 
myosin light kinase activity [12]. In normal subjects, oxytocin has been found in the 
gut where it is secreted after a meal [62] and stimulates colonic activity [66].

Oxytocin can influence other appetite-regulating hormones. Intravenous admin-
istration of oxytocin modulated levels of ghrelin (which is orexigenic) in human 
subjects [67], whereas 24 IU intranasal administration of oxytocin did not show 
any significant changes in fasting or postprandial levels of ghrelin [68, 69]. Ghrelin 
is a gastric hormone, which regulates hunger and food intake. Likewise, oxytocin 
administration can influence cholecystokinin concentration in circulation [60] but 
this change was not related to differences in caloric consumption between oxytocin 
and placebo conditions [35]. Oxytocin facilitates cholecystokinin elicited excitation 
of neurons within the nucleus of the solitary tract and reduces food intake [49].

2.2 Oxytocin and glucose homeostasis

Oxytocin influences glucose and insulin homeostasis, along with bodyweight 
balance. Numerous studies have shown that oxytocin encourages glucose uptake 
[70, 71] and stimulates insulin secretion [72–76] as well as pancreatic glucagon 
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secretion [75], which extends a hint about the involvement of oxytocin in the 
prognosis of diabetes. Intracerebroventricular oxytocin can improve insulin levels 
by activation of vagal cholinergic neurons innervating pancreatic beta-cells [76]. 
Conversely, insulin can modulate oxytocin levels in the hypothalamus by activating 
the insulin-regulated aminopeptidase as well [77, 78].

Studies have suggested that oxytocin has the capacity to reduce obesity-related 
diabetic changes, such as glucose intolerance, insulin resistance, and pancreatic 
islet hypertrophy [19, 20, 30, 38, 79, 80]. Two weeks of treatment with oxytocin 
decreased adiposity and food intake in obese mice lacking leptin, although, it 
worsens glucose metabolism, most likely due to an increase in corticosterone levels 
and enhanced hepatic glucose production. It could be suggested that the effect of 
oxytocin in decreasing fat mass is independent of leptin, while the beneficial impact 
on glucose metabolism requires the presence of leptin [81]. Whereas, oxytocin 
treatment for a longer period, notably reduced body fat accumulation, fasting 
blood glucose levels, and improved insulin sensitivity and glucose tolerance in 
leptin receptor-deficient mice [82]. The hypoglycemic stimulatory effect on insulin 
secretion and sensitivity, and improvement of pancreatic islet cells after oxytocin 
administration strongly suggested that oxytocin might be a therapeutic target for 
treating diabetes.

Oxytocin influences glucose metabolism in various ways. It may have a direct 
effect on glucose metabolism through the promotion of muscle cell differentiation. 
It has been found that a higher oxytocin concentration is linked with the anabolic 
effects of steroids in bovine and ovine skeletal muscle [83, 84]. A rapid increase 
in muscle regeneration was observed in old mice with a cardiotoxin muscle injury, 
when oxytocin was administered subcutaneously [79], though, the regenerative 
capacity of skeletal muscle and the levels of oxytocin receptor in muscle stem cells 
decrease with the age [79].

Further oxytocin-induced augmentation of muscle mass directly affects glu-
cose uptake and insulin sensitivity. Oxytocin receptors are widely distributed in 
adipocytes of both humans and animals, especially in rats [12, 85, 86]. Oxytocin 
augments the transient increase in intracellular Ca2+ and stimulates PKC activity 
[87, 88], which in turn increases glucose uptake in mice adipocytes [88–90]. It has 
been noted that oxytocin stimulates glucose oxidation via enhancement of pyruvate 
dehydrogenase activity in mice adipocytes [90]. Oxytocin treatment induced a 
higher mRNA expression for gluconeogenesis and lowered glycaemia in lean control 
mice, probably because of the decreased liver glycogen content [82]. So, oxytocin 
treatment enhances net hepatic glucose oxidation, reduced glycogen synthase activ-
ity, and increased glycogen phosphorylase activity [91].

Oxytocin modulates pancreatic function centrally via vagal cholinergic neurons 
innervating β-cells [76] and peripherally by stimulating phosphoinositide turnover 
and activating PKC in pancreatic β-cells [92]. Insulin secretion (independent of 
glucose concentration) was found to be stimulated in isolated mouse pancreatic 
islets with oxytocin infusion [91]. Additionally, oxytocin increases insulin and glu-
cagon secretion in both in vivo and in situ conditions and appears to have a greater 
effect on glucagon secretion than on insulin secretion (and to a much greater extent 
in insulin-deficient diabetic rats) [93–95]. Peripherally oxytocin regulates whole-
body glucose metabolism. Studies have shown that oxytocin-deficient (Oxt−/−) and 
high-fat diet-fed OTR-deficient (Oxtr−/−) mice had decreased insulin sensitivity 
and impaired glucose tolerance [96, 97], and both insulin sensitivity, as well as 
glucose tolerance, were restored after oxytocin administration in obese diabetic 
(db/db) mice fed with standard and high-fat diets [20, 30, 82, 98]. Improvements 
in glucose tolerance, lowering of postprandial plasma glucose and insulin concen-
trations have been reported in subjects with normal weight and obesity who were 
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by activation of vagal cholinergic neurons innervating pancreatic beta-cells [76]. 
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given oxytocin [33, 68, 69, 80, 99]. In contrast, increases in plasma glucose and 
hepatic glycogenolytic activity concurrent with an absence of effects on peripheral 
insulin sensitivity have also been reported [95].

2.3 The lipolytic effect of oxytocin

The lipolytic effect of oxytocin is well studied in animal models [16, 20] and 
human trials [100]. The intravenous administration of oxytocin (10 mIU/kg) 
increased plasma levels of non-esterified free fatty acids and reduced plasma levels 
of triglycerides in women with obese history [100]. Even the intranasal admin-
istration of oxytocin (24 IU before meals and at bedtime) in overweight or obese 
men and women for eight weeks resulted in improved lipid profile (lower levels of 
total cholesterol and LDL cholesterol), reduced waist circumference, and weight 
loss [80]. Oxytocin also acts as a homeostatic inhibitor of consumption, capable 
of mitigating multiple aspects of consumption behavior and energy metabolism 
[34]. Markedly, oxytocin reduces metabolically important fat for instance visceral 
and liver fat [30]. Such fat deposits are mostly responsible for the increased risk of 
metabolic syndrome and cardiovascular disease [55].

2.4 Energy expenditure

Despite the weight loss, it is believed that oxytocin contributed to the preserva-
tion of lean body mass, a key determinant of energy expenditure [54], activation 
of brown fat [97, 101, 102] and conversion of white adipose tissue to beige fat that 
is capable of thermogenesis [68, 82]. In young female athletes and non-athletes 
aged 14–21 years, fasting levels of oxytocin were positively associated with resting 
energy expenditure [68].

3. Conclusions

Metabolic disorders have reached to an explosive level and data projected 
by different government or non-government bodies are scary. Some alternative 
treatments should be adopted other than the conventional mode of treatment to 
coping such situations. Hormones are very powerful chemical substances and 
work precisely in the target organ. They mostly secrete far away from the site of 
action. Oxytocin is one such hormone that was long known for its reproductive 
involvement and is now being investigated for its multifunctional attributes. The 
therapeutic implications of oxytocin are gaining momentum. Studies have revealed 
that oxytocin alters metabolism in various ways including modulation of appetite 
and satiety, enzyme activity, cellular signals, secretion of hormones, and energy 
consumption. Despite the wealth of basic research showing broad anorexigenic 
effects of oxytocin, clinical studies on oxytocin’s therapeutic potential in obesity, 
and associated disorders are still in their infancy and exhaustive research is needed. 
Future replicated and validated studies will help to characterize and better under-
stand the underlying mechanisms for the regulation/dysregulation of metabolism 
and would be a good approach for treating the obese population, which is the need 
of the hour.
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given oxytocin [33, 68, 69, 80, 99]. In contrast, increases in plasma glucose and 
hepatic glycogenolytic activity concurrent with an absence of effects on peripheral 
insulin sensitivity have also been reported [95].

2.3 The lipolytic effect of oxytocin

The lipolytic effect of oxytocin is well studied in animal models [16, 20] and 
human trials [100]. The intravenous administration of oxytocin (10 mIU/kg) 
increased plasma levels of non-esterified free fatty acids and reduced plasma levels 
of triglycerides in women with obese history [100]. Even the intranasal admin-
istration of oxytocin (24 IU before meals and at bedtime) in overweight or obese 
men and women for eight weeks resulted in improved lipid profile (lower levels of 
total cholesterol and LDL cholesterol), reduced waist circumference, and weight 
loss [80]. Oxytocin also acts as a homeostatic inhibitor of consumption, capable 
of mitigating multiple aspects of consumption behavior and energy metabolism 
[34]. Markedly, oxytocin reduces metabolically important fat for instance visceral 
and liver fat [30]. Such fat deposits are mostly responsible for the increased risk of 
metabolic syndrome and cardiovascular disease [55].

2.4 Energy expenditure

Despite the weight loss, it is believed that oxytocin contributed to the preserva-
tion of lean body mass, a key determinant of energy expenditure [54], activation 
of brown fat [97, 101, 102] and conversion of white adipose tissue to beige fat that 
is capable of thermogenesis [68, 82]. In young female athletes and non-athletes 
aged 14–21 years, fasting levels of oxytocin were positively associated with resting 
energy expenditure [68].

3. Conclusions

Metabolic disorders have reached to an explosive level and data projected 
by different government or non-government bodies are scary. Some alternative 
treatments should be adopted other than the conventional mode of treatment to 
coping such situations. Hormones are very powerful chemical substances and 
work precisely in the target organ. They mostly secrete far away from the site of 
action. Oxytocin is one such hormone that was long known for its reproductive 
involvement and is now being investigated for its multifunctional attributes. The 
therapeutic implications of oxytocin are gaining momentum. Studies have revealed 
that oxytocin alters metabolism in various ways including modulation of appetite 
and satiety, enzyme activity, cellular signals, secretion of hormones, and energy 
consumption. Despite the wealth of basic research showing broad anorexigenic 
effects of oxytocin, clinical studies on oxytocin’s therapeutic potential in obesity, 
and associated disorders are still in their infancy and exhaustive research is needed. 
Future replicated and validated studies will help to characterize and better under-
stand the underlying mechanisms for the regulation/dysregulation of metabolism 
and would be a good approach for treating the obese population, which is the need 
of the hour.
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Chapter 4

Oxytocin and Neuroprotective 
Effects
Oytun Erbaş and İlknur Altuntaş

Abstract

The neurohormone oxytocin (OT), consisting of nine amino acids, is produced 
in the hypothalamus and secreted from the posterior lobe of the pituitary gland. 
Recent studies show that OT can affect the course of the disease and is promising in 
the treatment of neurodegenerative disorders, due to its therapeutic properties and 
benefits. Histological and biochemical findings of the studies on vincristine-induced 
neuropathy, cisplatin-induced cytotoxicity, diabetic neuropathy, rotenone-induced 
Parkinson’s disease, hypoxia, and stroke, which are reviewed in this chapter, revealed 
that OT significantly prevented neuronal damage with its anti-inflammatory and 
antioxidant properties. Therefore, the neuroprotective effects of OT and the under-
lying molecular mechanisms continue to attract the attention of scientists.

Keywords: oxytocin, neurohormone, neuroprotection

1. Introduction

The neurohypophyseal nonapeptide hormone oxytocin (OT), the first peptide 
hormone to have its structure determined [1], plays an important role in social 
behavior across a wide variety of species [2, 3]. The word ‘oxytocin’ was coined 
from the Greek words (ω k ν ξ, τ o k ox ξ) meaning ‘quick birth’ after its uterine-
contracting properties were discovered by Dale [4]. OT’s repertoire has expanded 
to maintain a central role in more complicated aspects of reproductive behavior. For 
these reasons, it is called the great facilitator of life [5] (Figure 1).

OT is synthesized at the paraventricular (PVN), supraoptic nuclei (SON), and 
intermediate accessory nuclei of the hypothalamus and transported through the 
axons of these cells to the posterior pituitary gland [6]. From the posterior pituitary, 
OT reaches the general blood circulation. It is also produced by different peripheral 
tissues, such as skin, placenta, ovary, testis, thymus, pancreas, adipocytes, kidney, 
heart, and blood vessels [7]. OT acts as a hormone in the peripheral circulation and 
as a neurotransmitter/neuromodulator in the central nervous system [8].

The neurohormone OT is an effective stimulant of the uterine contraction and 
is used primarily to induce or reinforce labor in obstetrics [9]. OT facilitates the 
expulsion of milk from the mammary gland during nursing. The release of OT 
from the posterior pituitary is stimulated by tactile sensory inputs from the nipple. 
Milk-ejection is the only physiological function known to absolutely require OT 
[10]. For both men and women, OT is released during sexual stimulation and 
orgasm, may reduce urine volume and induce natriuresis through co-activation 
of vasopressin receptors, and is involved in the modulation and regulation of the 
hypothalamic–pituitary–adrenal (HPA) axis [11]. Moreover, OT plays a role in the 
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endocrine and paracrine activities such as various sexual and maternal behaviors, 
social recognition, aggression, neuromodulation, cognition, and tolerance develop-
ment; however, the mechanism is still unclear [2, 12, 13].

The central neuropeptidergic effect of OT has continued to be studied in 
the social behavior of various species (in humans and animal models) to date. 
Nagasawa et al. summarized the behavioral and physiological oxytocin-induced 
effects with the title of “summary of the role of the oxytocin system in reciprocal 
communication” in Figure 2 [14].

According to the figure, the central OT secretion is stimulated by multiple 
sensory signals in mammals. Increased OT release is important in the develop-
ment of physiology and behavioral functions, and also causes a decrease in pain 
and stress.

Figure 1. 
A simple cycle of life illustrates numerous points at which OT may affect behaviors and physiology to facilitate 
the propagation of the species [5].

Figure 2. 
“Summary of the role of the oxytocin system in reciprocal communication” Nagasawa et al. [14].
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2. Chemical properties of oxytocin

Oxytocin (seq;CYIQNCPLG), a neurohypophysial peptide hormone, consists of 
nine amino acids (H-Cys(1)-Tyr-Ile-Gln-Asn-Cys(1)-Pro-Leu-Gly-NH2) linked with 
a [1-6] disulfide bond and a semi-flexible carboxy amidation tail [15] (Figure 3). This 
results in a peptide constituted of a rigid N-terminal cyclic 6-residue ring structure 
and a flexible COOH-terminal alpha amidated three-residue tail [5].

Biological description of IUPAC (International Union of Pure and Applied 
Chemistry);

L-cysteinyl-L-tyrosyl-L-isoleucyl-L-glutaminyl-L-asparagyl-L-cysteinyl-L-
prolyl-L-leucyl-glycinamide (1->6)-disulfide [15].

Figure 3. 
Chemical structure depiction of oxytocin (OT). Molecular formula: C43H66N12O12S2/Molecular weight: 
1007.2 g/mol [15].

Figure 4. 
“Schematic diagram of the oxytocin (OT) and vasopressin (AVP) genes (large arrows), preprohormones 
(boxes), and neuropeptides (bottom)” [16].
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The structure of OT is very similar to another nonapeptide, entitled vasopressin 
(AVP/arginine vasopressin), which differs from OT by only two amino acids in posi-
tions 3 and 8 (Figure 4) [16], (Figure 5) [9]. OT and AVP genes in the mouse, rat, and 
human genomes are located on the same chromosome separated by a short (3.5–12 
kbp) intergenic region but are in opposite transcriptional orientations [17–20]. They 
are synthesized in the brain’s hypothalamic paraventricular and supraoptic nuclei [21].

3. Oxytocin receptor, cellular actions, and signaling

OT is currently known to have only one receptor (OTR/oxytocin receptor), 
which forms together with the related V1a, V1b, and V2 vasopressin receptor 
subtypes a subfamily of the large G protein-coupled receptor (GPCR) superfamily, 
one of the most abundant protein classes in the mammalian genome [16, 22]. OT 
shows its biological activity through the GPCR, which is widely expressed through-
out the body, including the central and peripheral nervous systems. Heterotrimeric 
G-proteins are composed of α, β, and γ subunits [23]. These receptors are charac-
terized by seven putative transmembrane domains, three extracellular, and three 
intracellular loops (Figure 6) [9, 22, 24].

The group of OT and vasopressin receptors is well suited for receptor structure–
function analysis, because it comprises four related receptors that bind, with varying 
degrees of specificity, the two closely related peptide ligands, OT and vasopressin [25].

OTR can be coupled to different G proteins, leading to different intracellular 
pathways. It is possible that these various signaling pathways are differentially 
expressed in neuronal versus peripheral tissues [26].

The quality of specific acute or long-term neuronal effects of OT is dependent 
on the regional and subcellular presence of OTR, the characteristics of OT-OTR 
binding, and subsequent activation of intraneuronal signaling cascades. In addi-
tion, the formation of OTR homodimers or heterodimers with other receptors 
is likely to influence OTR affinity and downstream signaling [23]. The classical 
signaling pathway associated with the OTR involves a phospholipase C-mediated 
increase in phosphoinositide hydrolysis, activation of protein kinase C, and a rise in 
intracellular calcium [27, 28]. The proliferative effects of OT are mediated primarily 
by the activation of the MAP kinase pathway, involving different G protein-linked 
pathways as well as receptor tyrosine kinase transactivation [29].

Figure 5. 
“Organization of the oxytocin (OT) and vasopressin (VP) gene structure including a schematic depiction of the 
putative cell-specific enhancers (open circle, enhancer of OT gene; shaded circle, enhancer of VP gene)” [9].
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OT-induced Ca2 influx also seems to play a role in neuronal OT responses. On a 
cellular level, the OTR activates numerous Ca2-related and MAPK-related signaling 
cascades in a variety of cell types [23].

Given the multiple signaling pathways in which OTR binds, the development of 
pathway-specific ligands will be important in elucidating the different OTR-linked 
pathways, as well as developing more specific agonists and antagonists for future 
therapeutic applications.

4. Neuroprotective effects of oxytocin hormone

In mammals, increasing brain OT levels promotes attachment and attachment 
behavior, facilitates parental behavior, social recognition, and memory between rel-
atives, and establishes emotional bonds between animals and caregivers [11, 30–32]. 
In humans, it has been also shown to increase trust and generosity, strengthen emo-
tional and cognitive empathy, and reduce social-anxiety and fear-related behavior 
[33, 34]. In line with these findings, impaired social behavior profiles have been 
associated with reduced central endogenous OTergic activity. Depletion of OTergic 
signaling through genetic change of the OT gene or receptor has caused convincing 
social deficiencies, social amnesia, malfunctions in breastfeeding and maternal 
nutrition, and decreased infant ultrasonic sounds in response to social isolation, but 
normal birth and sexual behavior [35–37].

Abnormal brain development, during embryogenesis, fetal development, or 
early postnatal periods, can generate cognitive dysfunction as well as neurologi-
cal, emotional, and behavioral disorders. Disturbed brain OTergic signaling has 
been implicated in several psychiatric disorders where social dysfunction is a core 
symptom (autism spectrum disorder, social anxiety, borderline personality disorder, 
addiction, and schizophrenia) [31, 37, 38].

There are several animal studies in the literature showing neuroprotective 
effects of OT. These neuroprotective effects of OT hormone include social neuro-
protection, oxygen–glucose deprivation resistance, immune system modulation, 
anti-apoptotic, anti-inflammatory, and antioxidative functions [38, 39].

Figure 6. 
“Schematic model of the structure of the OT receptor and its interaction with the ligand” (Zingg HH and 
Laporte SA, 2003) [22].
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Figure 6. 
“Schematic model of the structure of the OT receptor and its interaction with the ligand” (Zingg HH and 
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Due to the therapeutic properties and health benefits of OT, it can be thought 
that OT and OT-like molecules are a part of ‘natural medicine’ that can both prevent 
and treat diseases and affect the course of many diseases [20].

Understanding the complex actions of OT requires awareness that OT regulates 
not only the brain and reproductive system but also the immune and autonomic 
nervous systems. For example, evidence supporting the coordinated effects of 
acetylcholine (the neurotransmitter in the preganglionic sympathetic and parasym-
pathetic neurons) and OT regulate the autonomic nervous system [40].

The therapeutic effects of the OT hormone have been studied in a variety of 
pathological conditions, both in vitro and in vivo.

OT treatment in rats induces several long-lasting anti-stress effects, for exam-
ple, subchronic OT treatment of males and females rats produces a long-lasting 
change in spontaneous motor activity, nociception threshold, and weight gain [41].

In many studies, the antiepileptic properties of OT have been emphasized which 
have positive effects on neurobehavioral pathologies such as autism and psychosis, 
and it has been shown that it has healing effects on these diseases with its anti-
inflammatory and antioxidant properties [42].

It has been revealed that OT modulates the immune and anti-inflammatory 
response thus reducing inflammatory cytokines production (TNFα; tumor necrosis 
factor-alpha; is a multifunctional cytokine and IL-6 (interleukin 6)); added to its 
remarkable anabolic properties on many peripheral organs and on the immune 
system development [38, 43, 44].

Studies demonstrate the therapeutic effects of both melatonin and OT on  
critical disease polyneuropathy (CIP) are remarkable. These effects appear to be 
associated with suppression of cytokine production and improvement in antioxidant 
capacity [45].

4.1 Vincristine-induced neuropathy

In a study, scientists evaluated the therapeutic potential of OT and liraglutide 
(LIR), which is a long-acting human glucagon-like peptide-1 (GLP-1) analog, in 
a rat model of vincristine-induced neuropathy [46]. Vincristine (VCR) is a vinca 
alkaloid, is known to cause various neurological dysfunctions, antitumoral, and the 
most neurotoxic agent and it has been used for the treatment of numerous tumors 
[47, 48]. GLP-1 is a polypeptide hormone composed of 30 amino acids, which is 
mainly secreted from intestinal L cells in response to nutrient ingestion [49]. Recent 
studies have indicated that GLP-1 analogs may have therapeutic effects against 
central and peripheral degenerative changes in animal models of neurodegenera-
tive diseases [50]. GLP-1 exerts its neurotrophic effects through GLP-1 receptors 
(GLP-1Rs), which are detected particularly on neurons throughout the central and 
peripheral nervous system [51]. Histological and biochemical findings of the study 
revealed that both OT and liraglutide significantly prevented neuronal damage by 
suppressing lipid peroxidation and inducing NGF (nerve growth factor) expression 
in VCR-received rats [46].

4.2 Cisplatin-induced cytotoxicity

Platinum drugs are compounds containing metal ions that form binding sites 
for proteins, nucleic acids, and other cellular molecules. This property is largely 
responsible for the biological activity of drugs as well as their toxicity [52]. 
Peripheral neurotoxicity is the dose-limiting factor for clinical use of platinum 
derivatives, a class of anticancer drugs that includes cisplatin, induce decreased 
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neural transmission rate, loss of vibration and position senses, tingling paresthesia, 
dysesthesia, loss of tendon reflexes, tremor, ataxia, and muscle weakness [53, 54].

Cisplatin (CP) was the first heavy metal compound to be used as antineoplastic, 
and since its approval by the FDA in 1978, it is one of the most widely used for the 
treatment of various solid tumors such as lung, ovary, testis, bladder, head, and 
neck, and cervical and endometrial cancers [55, 56].

The mechanisms suggested explaining the neurotoxicity of these drugs are 
dorsal root ganglia alteration, oxidative stress involvement, and mitochondrial dys-
function. These alterations are able to stop DNA replication and cell cycle, inhibit 
DNA repair mechanisms, and induce cell death through apoptosis [57]. Oxidative 
stress, DNA damage, and inflammatory cytokines play a major role in the mecha-
nism of cisplatin-induced cytotoxicity. Cisplatin increases the production of free 
oxygen radicals and decreases the antioxidants, thus resulting in the deterioration 
of the oxidant/antioxidant balance and accumulation of reactive oxygen radicals 
(ROS) in tissues [58]. Akman et al. clearly demonstrated the protective effect of 
OT in cisplatin-induced neurotoxicity [12]. The neuroprotective effect seems to be 
associated with antioxidant (by the suppression of lipid peroxidation and increas-
ing the antioxidative capacity) and anti-inflammatory (by decreasing the plasma 
TNF-α levels) activity of OT [12]. The imbalance between oxidative and antioxi-
dative mechanisms may play an important role in triggering axonal injury [59]. 
Axonal transport is important for axonal integrity. Excessive ROS production causes 
distal axonal degeneration and interruption of axonal transportation. It is demon-
strated that OT decreases the free oxygen radicals in the brain membranes, prevents 
low-density lipoprotein oxidation, and inhibits lipid peroxidation [60, 61]. OT 
decreases the levels of proinflammatory mediators such as TNF-α, IL-4 (interleukin 
4) and 6, macrophage inflammatory proteins 1a and 1b, monocyte chemoattractant 
protein-1, and vascular endothelial growth factor in lipopolysaccharide-induced 
inflammatory response and endotoxemia [62].

4.3 Diabetic neuropathy

Present results also demonstrate that OT appears to alleviate the harmful 
effects of hyperglycemia on peripheral neurons by suppressing inflammation, 
oxidative stress, and apoptotic pathways [63]. Excessive ROS accumulation leads 
to an increase in mitochondrial inner membrane permeability. Hyperglycemia also 
increases oxidative stress and inhibits mitochondrial biogenesis [64]. The depletion 
of growth factors and the activation of caspase 3 and caspase 8 trigger intrinsic 
apoptotic cell death in neurons [65, 66].

Diabetic polyneuropathy (DNP) is the most common complication of diabetes 
with a prevalence of 60–70%. DNP represents a heterogeneous group of syndromes 
with clinical and subclinical disorders and abnormalities such as distal symmetrical 
polyneuropathy, mononeuropathy, diabetic amyotrophy, autonomic dysfunction, or 
cranial neuropathies [67]. Hyperglycemia-induced metabolic changes affect tissues 
and microvascular systems and lead to ischemic pathological changes in the nerve 
tissue [68]. Erbas et al. assessed the neuroprotective and neurorestorative effects of 
exogenously administered OT on diabetic neuropathy in rats by electrophysiologi-
cal, biochemical, histological, and immunohistochemical parameters [63]. They 
demonstrated the potent anti-oxidant and anti-inflammatory effects of different 
doses of OT on sepsis-induced neuropathy in rats. According to their EMG (electro-
myography) findings, OT treatment either rescued and/or restored neuromuscular 
performance in a dose-dependent manner. Following OT treatments, a significant 
decrease in MDA (malondialdehyde) levels, and a significant increase in GSH 
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(glutathione) levels were detected. The results showed us OT alleviates the harmful 
effects of hyperglycemia on peripheral neuronal cells by suppressing inflammation, 
oxidative and apoptotic pathways [63].

4.4 Rotenone induced Parkinson’s disease

The brain is the most complex human organ and is extremely sensitive to 
the action of external chemicals and/or physical factors during its ontogenesis. 
Exposure to xenobiotics has raised great concern about the increasing prevalence 
of neurodevelopmental disorders and the possible unknown developmental neuro-
toxic effects of certain chemicals and drugs [69, 70].

Rotenone is a commonly used plant-derived pesticide that inhibits mitochondrial 
complex I of the electron transport chain [71]. Rotenone has been suggested as one of 
the most important environmental risk factors for Parkinson’s Disease (PD) [72, 73]. 
Clinical and experimental studies have strongly supported that it is not only the SNc 
(substantia nigra pars compacta) and striatum, but also other regions, such as ventral 
tegmental area (VTA), have important roles in the pathophysiology of PD [74–76]. 
Accumulating evidence indicates that OT exerts its cytoprotective effects via anti-
oxidative, anti-apoptotic, and anti-inflammatory pathways [44, 77, 78]. In recent 
years, rotenone-induced PD model in rats is commonly used to study the mechanisms 
of neuronal degeneration in PD. Erbas et al. observed a considerable cytoprotective 
effect of OT on cell death in dopaminergic neurons due to rotenone toxicity [79]. In 
the study, immunohistochemical evaluation of the brains showed decreased tyrosine 
hydroxylase immunoreactivity in saline-treated PD animals whereas OT administra-
tion significantly enhanced TH (tyrosine hydroxylase) expression in the striatal 
neurons. Considering that caspase activities play an important role in rotenone-
induced cell death, the results obtained from the study revealed that OT reduces 
apoptosis by affecting mitochondrial caspase pathways and death signals [79]. In vivo 
and in vitro studies demonstrate that OT has a triggering role in cell proliferation and 
neurogenesis [80, 81].

4.5 Hypoxia

The factors that cause brain damage are varied. These factors include inflam-
mation, birth trauma, tumors, stroke, ischemia, and hypoxia, as well as metabolic 
and genetic disorders. Hypoxia is the insufficient oxygen supply of the cell. It leads 
to neurodegeneration by causing mitochondrial dysfunction. Disruption of aerobic 
respiration mechanism causes different degrees of hypoxia in the tissue. As a result 
of damage, neurodegeneration, and brain dysfunction accompanied by cognitive 
impairment are observed [82–84]. Depending on the degree of hypoxia, activa-
tion of potassium channels, increase in perivascular PH, elevated blood and tissue 
concentrations of CO2, variation in intracellular calcium levels may contribute to 
neurodegeneration [85]. Regardless of neuronal damage, another factor underly-
ing hypoxia-induced neonatal seizures may be a decrease in gamma-aminobutyric 
acid (GABA) activity [42, 86]. The cerebral cortex, hippocampus, striatum, and 
cerebellum have been shown to be the primary areas that are significantly affected 
by hypoxia and these regions have been associated with the resultant long-term 
cognitive problems in animal models [87]. In 2018, Panaitescu et al. reported 
that OT showed hippocampal neuroprotective effects and reduced the number 
of cumulative seizures in hypoxia-induced rats [88]. OT suppresses inflamma-
tion in the central nervous system and has another vital role that concerns GABA 
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(gamma-aminobutyric acid; a neurotransmitter in the brain); it alternates the 
GABAergic neurons from depolarizing to hyperpolarizing in terms of support-
ing normal anoxia associated with labor and delivery [88–90]. In a study, results 
showed that OT treatment given in the acute period of hypoxia had ameliorative 
effects on PTZ (pentylenetetrazol; a GABA(A) receptor antagonist)-induced 
convulsions in the long term. Also, it was observed significantly decreased TNF-α 
level in both of the hypoxia groups that were given OT treatment [91]. Possible 
mechanisms of this effect were hormone suppresses inflammation and reduces 
hippocampal gliosis, and anticonvulsant effect by increasing GABAergic activity. 
That conclusion was exemplified by the significantly decreased TNF-α level in both 
of the hypoxia groups that were given OT treatment. Brain inflammation caused by 
LPS (lipopolysaccharide) is characterized by neuronal loss and microglial activa-
tion. Findings have demonstrated that OT suppressed lipopolysaccharide-induced 
microglial activation [91, 92]. Studies also have shown that OT reduces the release 
of cytokines such as TNF-α, IL-6, IL-1β (interleukin 1 beta), IFN-γ (interferon-
gamma) by suppressing inflammation [93].

4.6 Stroke

Stroke is a sudden decrease or cessation of blood flow to the brain. It can occur 
when one of the brain vessels ruptures and blood bleeds into the brain tissue or 
brain membranes. This is known as “brain hemorrhage”. Depending on the affected 
brain region, speech, muscle strength, coordination-balance, vision, or memory 
loss occur. Technical advances in neuroimaging and neuropathology have facilitated 
the understanding of ischemia, infarction, and hemorrhage in the brain [94]. 
Neuronal injury in stroke is caused by different mechanisms, including excitotoxic-
ity, inflammation, oxidative stress, and apoptosis [95].

Cerebral ischemia induces microglial activation by a strong inflammatory reac-
tion with peripheral leukocyte influx into the cerebral parenchyma. Interruption of 
cerebral blood flow causes necrotic neuron death by affecting energy metabolism. 
In addition, different immune responses occur and inflammatory cell activation 
develops. Inflammatory cells can release a variety of cytotoxic agents including 
more cytokines, matrix metalloproteinases (MMPs), nitric oxide (NO), and more 
ROS (Figure 7) [95, 96].

One of the dramatic events during ischemia is the increase in intracellular 
calcium (Ca + 2), which leads to the activation of calpain proteases [97]. A study 
shows that calpain-1 increases reactive oxygen species levels and inflammatory 
cytokines [98]. Increased oxidative stress followed by calcium influx, mitochon-
drial dysfunction, and the loss of cytoskeletal proteins are phenotypes commonly 
observed in Alzheimer, Huntington, and Parkinson’s diseases, as well as amyo-
trophic lateral sclerosis, stroke, ischemia, spinal cord injury, and TBI (traumatic 
brain injury) [99].

Neuroprotective effects of OT and the underlying molecular mechanisms are 
under discussion after different ischemia–reperfusion models [100, 101]. Jankowski 
et al reported that treatment with OT after cardiac ischemic induction in rats can 
reduce myocardial infarct size and improve heart function [102]. In a study, Etehadi 
et al showed a significant decrease in calpain-1 expression after OT administration 
in the tMCAO (transient middle cerebral artery occlusion) model. This refers to 
the neuroprotective role of OT, which could result in the inhibition of calpain [38]. 
Overall, these findings will add to our knowledge of the positive effects of OT on 
the outcomes of stroke.



Oxytocin and Health

46

(glutathione) levels were detected. The results showed us OT alleviates the harmful 
effects of hyperglycemia on peripheral neuronal cells by suppressing inflammation, 
oxidative and apoptotic pathways [63].

4.4 Rotenone induced Parkinson’s disease

The brain is the most complex human organ and is extremely sensitive to 
the action of external chemicals and/or physical factors during its ontogenesis. 
Exposure to xenobiotics has raised great concern about the increasing prevalence 
of neurodevelopmental disorders and the possible unknown developmental neuro-
toxic effects of certain chemicals and drugs [69, 70].

Rotenone is a commonly used plant-derived pesticide that inhibits mitochondrial 
complex I of the electron transport chain [71]. Rotenone has been suggested as one of 
the most important environmental risk factors for Parkinson’s Disease (PD) [72, 73]. 
Clinical and experimental studies have strongly supported that it is not only the SNc 
(substantia nigra pars compacta) and striatum, but also other regions, such as ventral 
tegmental area (VTA), have important roles in the pathophysiology of PD [74–76]. 
Accumulating evidence indicates that OT exerts its cytoprotective effects via anti-
oxidative, anti-apoptotic, and anti-inflammatory pathways [44, 77, 78]. In recent 
years, rotenone-induced PD model in rats is commonly used to study the mechanisms 
of neuronal degeneration in PD. Erbas et al. observed a considerable cytoprotective 
effect of OT on cell death in dopaminergic neurons due to rotenone toxicity [79]. In 
the study, immunohistochemical evaluation of the brains showed decreased tyrosine 
hydroxylase immunoreactivity in saline-treated PD animals whereas OT administra-
tion significantly enhanced TH (tyrosine hydroxylase) expression in the striatal 
neurons. Considering that caspase activities play an important role in rotenone-
induced cell death, the results obtained from the study revealed that OT reduces 
apoptosis by affecting mitochondrial caspase pathways and death signals [79]. In vivo 
and in vitro studies demonstrate that OT has a triggering role in cell proliferation and 
neurogenesis [80, 81].

4.5 Hypoxia

The factors that cause brain damage are varied. These factors include inflam-
mation, birth trauma, tumors, stroke, ischemia, and hypoxia, as well as metabolic 
and genetic disorders. Hypoxia is the insufficient oxygen supply of the cell. It leads 
to neurodegeneration by causing mitochondrial dysfunction. Disruption of aerobic 
respiration mechanism causes different degrees of hypoxia in the tissue. As a result 
of damage, neurodegeneration, and brain dysfunction accompanied by cognitive 
impairment are observed [82–84]. Depending on the degree of hypoxia, activa-
tion of potassium channels, increase in perivascular PH, elevated blood and tissue 
concentrations of CO2, variation in intracellular calcium levels may contribute to 
neurodegeneration [85]. Regardless of neuronal damage, another factor underly-
ing hypoxia-induced neonatal seizures may be a decrease in gamma-aminobutyric 
acid (GABA) activity [42, 86]. The cerebral cortex, hippocampus, striatum, and 
cerebellum have been shown to be the primary areas that are significantly affected 
by hypoxia and these regions have been associated with the resultant long-term 
cognitive problems in animal models [87]. In 2018, Panaitescu et al. reported 
that OT showed hippocampal neuroprotective effects and reduced the number 
of cumulative seizures in hypoxia-induced rats [88]. OT suppresses inflamma-
tion in the central nervous system and has another vital role that concerns GABA 

47

Oxytocin and Neuroprotective Effects
DOI: http://dx.doi.org/10.5772/intechopen.96527

(gamma-aminobutyric acid; a neurotransmitter in the brain); it alternates the 
GABAergic neurons from depolarizing to hyperpolarizing in terms of support-
ing normal anoxia associated with labor and delivery [88–90]. In a study, results 
showed that OT treatment given in the acute period of hypoxia had ameliorative 
effects on PTZ (pentylenetetrazol; a GABA(A) receptor antagonist)-induced 
convulsions in the long term. Also, it was observed significantly decreased TNF-α 
level in both of the hypoxia groups that were given OT treatment [91]. Possible 
mechanisms of this effect were hormone suppresses inflammation and reduces 
hippocampal gliosis, and anticonvulsant effect by increasing GABAergic activity. 
That conclusion was exemplified by the significantly decreased TNF-α level in both 
of the hypoxia groups that were given OT treatment. Brain inflammation caused by 
LPS (lipopolysaccharide) is characterized by neuronal loss and microglial activa-
tion. Findings have demonstrated that OT suppressed lipopolysaccharide-induced 
microglial activation [91, 92]. Studies also have shown that OT reduces the release 
of cytokines such as TNF-α, IL-6, IL-1β (interleukin 1 beta), IFN-γ (interferon-
gamma) by suppressing inflammation [93].

4.6 Stroke

Stroke is a sudden decrease or cessation of blood flow to the brain. It can occur 
when one of the brain vessels ruptures and blood bleeds into the brain tissue or 
brain membranes. This is known as “brain hemorrhage”. Depending on the affected 
brain region, speech, muscle strength, coordination-balance, vision, or memory 
loss occur. Technical advances in neuroimaging and neuropathology have facilitated 
the understanding of ischemia, infarction, and hemorrhage in the brain [94]. 
Neuronal injury in stroke is caused by different mechanisms, including excitotoxic-
ity, inflammation, oxidative stress, and apoptosis [95].

Cerebral ischemia induces microglial activation by a strong inflammatory reac-
tion with peripheral leukocyte influx into the cerebral parenchyma. Interruption of 
cerebral blood flow causes necrotic neuron death by affecting energy metabolism. 
In addition, different immune responses occur and inflammatory cell activation 
develops. Inflammatory cells can release a variety of cytotoxic agents including 
more cytokines, matrix metalloproteinases (MMPs), nitric oxide (NO), and more 
ROS (Figure 7) [95, 96].

One of the dramatic events during ischemia is the increase in intracellular 
calcium (Ca + 2), which leads to the activation of calpain proteases [97]. A study 
shows that calpain-1 increases reactive oxygen species levels and inflammatory 
cytokines [98]. Increased oxidative stress followed by calcium influx, mitochon-
drial dysfunction, and the loss of cytoskeletal proteins are phenotypes commonly 
observed in Alzheimer, Huntington, and Parkinson’s diseases, as well as amyo-
trophic lateral sclerosis, stroke, ischemia, spinal cord injury, and TBI (traumatic 
brain injury) [99].

Neuroprotective effects of OT and the underlying molecular mechanisms are 
under discussion after different ischemia–reperfusion models [100, 101]. Jankowski 
et al reported that treatment with OT after cardiac ischemic induction in rats can 
reduce myocardial infarct size and improve heart function [102]. In a study, Etehadi 
et al showed a significant decrease in calpain-1 expression after OT administration 
in the tMCAO (transient middle cerebral artery occlusion) model. This refers to 
the neuroprotective role of OT, which could result in the inhibition of calpain [38]. 
Overall, these findings will add to our knowledge of the positive effects of OT on 
the outcomes of stroke.



Oxytocin and Health

48

5. Summary and discussion

The effect of oxytocin as a neuromodulator is a subject that has been studied in 
many different ways. It effectively provides nerve regeneration in nerve damage is 
a known issue. In addition, its anti-epileptic attack or reducing attack power effect 
in epilepsy models has also been shown in some studies. It plays an important 
role in the regulation of spinal autonomic functions. Although it regulates urina-
tion reflex and uterine motility, it can increase heart rate and renal sympathetic 
activity. Considering the positive effects of OT on the brain, reproductive system, 
immune and autonomic nervous system it shows promise as future treatment 
agents on the spectrum of anxiety, autism, personality disorders, and neurode-
generative disorders. Studies reveal that oxytocin shows its cytoprotective effects 
through its anti-inflammatory, anti-apoptotic and antioxidant properties. In 
chronic inflammation, immune cells constantly attack healthy tissues, resulting in 

Figure 7. 
“Brain ischemia triggers inflammatory responses due to the presence of necrotic cells, generation of reactive 
oxygen species (ROS), and production of inflammatory cytokines even within neurons” (Wang Q et al. 
2007) [95].
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conditions such as obesity, cancer, diabetes, heart disease, autoimmune diseases, 
Alzheimer’s, and some other diseases. Increasing the effectiveness of anti-inflam-
matory agents such as OT will improve the quality of life by changing the course of 
many diseases.
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tion reflex and uterine motility, it can increase heart rate and renal sympathetic 
activity. Considering the positive effects of OT on the brain, reproductive system, 
immune and autonomic nervous system it shows promise as future treatment 
agents on the spectrum of anxiety, autism, personality disorders, and neurode-
generative disorders. Studies reveal that oxytocin shows its cytoprotective effects 
through its anti-inflammatory, anti-apoptotic and antioxidant properties. In 
chronic inflammation, immune cells constantly attack healthy tissues, resulting in 

Figure 7. 
“Brain ischemia triggers inflammatory responses due to the presence of necrotic cells, generation of reactive 
oxygen species (ROS), and production of inflammatory cytokines even within neurons” (Wang Q et al. 
2007) [95].
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Katherine Kuhl Meltzoff Stavropoulos and Elizabeth Baker

Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disorder  
characterized by social-communication deficits and the presence of restricted 
interests and/or repetitive behaviors. There are currently no psychopharmacologi-
cal agents approved to treat core symptoms of ASD. As such, behavioral inter-
ventions are the most effective method for improving symptoms. In the current 
chapter, we propose that administering the neuropeptide oxytocin in conjunction 
with evidence-based behavioral interventions may lead to improved outcomes in 
social-communication for children with ASD. From a mechanistic perspective, 
we hypothesize that oxytocin may “prime” social reward circuitry in the brain, 
thereby allowing behavioral interventions designed to increase social motivation/
initiation to be more effective. Extant literature related to theories of ASD, oxy-
tocin administration in children with ASD, and behavioral intervention outcomes 
are reviewed, and considerations for individual characteristics (e.g., genetics, 
oxytocin availability, age, behavioral profile, etc.) that may affect efficacy are 
discussed.

Keywords: Autism spectrum disorder (ASD), Social Motivation, Oxytocin, 
Intervention, Reward, outcomes, neuroscience

1. Introduction

It is estimated that 1 in 59 children in the United States has a diagnosis of Autism 
Spectrum Disorder (ASD) [1], which is characterized by life-long social communi-
cation deficits and the presence of restricted interests and/or repetitive behaviors 
[2]. Though all individuals with ASD meet common diagnostic criteria, they display 
a wide spectrum of behavioral manifestations, thus producing a wide array of 
heterogeneous phenotypes. As such, a multitude of behavioral interventions exist 
to address common symptoms of ASD, many of which have been tailored to address 
the heterogeneity of the disorder. Behavioral interventions are currently one of the 
most effective methods for improving social-communication skills, as no medica-
tions have been approved to “treat” social communication behaviors in ASD.

In the current chapter, we propose that administering the neuropeptide oxytocin 
in conjunction with evidence-based behavioral interventions may lead to improved 
outcomes in social-communication for children with ASD. Specifically, we propose 
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that oxytocin administration may “prime” social reward circuitry in the brain, 
allowing behavioral interventions designed to increase social motivation/initiation 
to be more effective. This theoretical model draws from the following research: (1) 
the social motivation hypothesis of ASD, (2) animal and human literature related 
to oxytocin, (3) studies of oxytocin levels in children with ASD, (4) behavioral 
changes after oxytocin administration in children with ASD, (5) neural changes 
after oxytocin administration in children with ASD, and (6) neural changes after 
behavioral interventions in children with ASD.

Subsequent sections will briefly review these research areas. We propose that 
taken together, the aforementioned literature provides a theoretical basis for com-
bining oxytocin administration with behavioral interventions to improve social-
communicative outcomes for children with ASD.

2. Social motivation hypothesis of ASD

The social motivation hypothesis posits that early impairments in social atten-
tion (due to social stimuli being less rewarding for individuals with ASD compared 
to their neurotypical peers) set a series of negative developmental consequences in 
motion. Initial impairments in social attention--which often manifest as decreased 
orienting to one’s own name, diminished eye contact, and decreased social initia-
tions in early life--lead to fewer opportunities for social learning, which in turn lead 
to deficits in social communication, social skills, and social-cognitive development 
[3, 4]. The proposed neural mechanisms underlying the social motivation hypothe-
sis are the reward centers in the brain including the amygdala, ventral striatum, and 
orbito-frontal cortex [4]. Importantly, social motivation is thought to involve both 
oxytocin and the dopaminergic reward pathways [5, 6]. Given the hypothesized role 
of oxytocin in social motivation, it is not surprising that oxytocin has been consid-
ered as a potential mechanism for understanding social deficits in ASD--and that 
oxytocin administration has been considered as a potential therapeutic agent.

3. Oxytocin overview

Oxytocin is a neuropeptide produced in the hypothalamus [7]. Colloquially 
referred to as the “love hormone,” oxytocin has been implicated in the formation of 
pair bonds in a variety of species, including rats and prairie voles [8–10]. As such, 
oxytocin has been extensively studied and utilized for its effects on social cognition 
and prosocial behaviors [11–13]. It has been hypothesized that interactions between 
oxytocin and the dopaminergic reward system support social affiliative behaviors 
and social bonds [14]. Further evidence of the connection between oxytocin and 
the dopamine reward system comes from overlap in locations of receptor binding 
sites and neuronal fibers [15]. Furthermore, oxytocin cells in the hypothalamus 
have been found to express dopamine receptors [16]. Importantly for neurodevelop-
mental disorders such as ASD, oxytocin is developmentally regulated and its recep-
tors are malleable, particularly in response to parent-child interactions [17, 18].

In contrast to other conditions in which both behavioral and medical treat-
ments are supported by empirical evidence, no medication is currently approved to 
improve core symptoms of ASD. Although two pharmaceutical medications, risper-
idone and aripiprazole, have been approved by the Federal Drug Administration for 
use in ASD, they do not address core symptoms. Rather, they have been approved to 
treat ancillary symptoms of ASD, such as aggression and irritability [19]. Due to the 
lack of pharmacological interventions to address the core symptoms of ASD, there 
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has been a focus on compounds that directly address social communication symp-
toms. Given oxytocin’s role in prosocial behaviors, exogenous administration of the 
neuropeptide has been considered as a potential therapeutic agent in ASD.

3.1 Oxytocin levels in ASD

Modahl and colleagues [20, 21] were the first to provide evidence of reduced levels 
of oxytocin in children with ASD. Specifically, the authors found that compared to 
their neurotypical peers, oxytocin does not increase prior to the onset of puberty in 
individuals with ASD. This suggests that oxytocin is less available to individuals with 
ASD during development [21]. Our understanding of oxytocin in individuals with 
ASD has since been shaped by research that suggests deficits in oxytocin may reveal 
the pathogenesis of ASD. No known mechanistic pathway exists to form a substantial 
link between the neuropeptide and development of ASD, but studies support the idea 
that lower concentrations of oxytocin are strongly related to social impairments [22].

Early studies of the endocrine system have found that oxytocin release occurs 
differently in children with ASD compared to their neurotypical peers, suggesting 
that oxytocin may be disrupted early in development in children with ASD [23]. 
Oxytocin blood plasma levels increase throughout neurotypical development, while 
children with ASD exhibit lower levels of plasma oxytocin [24] that are stable over 
time [21]. Therefore, disruptions of the oxytocin system may possibly occur early in 
life in individuals with ASD, resulting in cascading consequences.

4. Oxytocin administration in children with ASD

4.1 Behavioral findings

To our knowledge, eight studies have been conducted to measure behavioral 
results of oxytocin administration for children with ASD [22, 24–33]. Though the 
current chapter focuses on children, see the meta-analysis by Ooi and colleagues 
[32] for a review of randomized control trials of oxytocin administration in both 
children and adults. See Table 1.

In 2010, Guastella and colleagues [25] completed a double-blind placebo-
controlled study with 16 adolescent boys with ASD (ages 12-19). 45 minutes after 
oxytocin (or placebo) administration, participants completed the Reading the Mind 
in the Eyes Task, or RMET [33]. Compared to placebo, oxytocin improved per-
formance on the REMET for 60% of participants. When the authors split REMET 
items into “easy” and “hard” categories, the effect of oxytocin was particularly 
significant for “easy” items. This was the first investigation of the results of oxyto-
cin administration to children/adolescents, and suggested that oxytocin improves 
emotion recognition in a group of males with ASD.

Tachibana and colleagues [26] measured behavioral changes associated with 
an open label (participants knew they were receiving oxytocin), single arm (no 
placebo condition) long-term oxytocin administration in 8 boys with ASD (ages 
10-14). Participants received intranasal oxytocin twice a day for approximately 7 
months. Oxytocin dosage was increased in a stepwise fashion every 2 months (from 
an initial dose of 8 IU to 24 IU). Outcome measures were scores on the Autism 
Diagnostic Observation Schedule—Generic (ADOS-G; [34]), Aberrant Behavior 
Checklist (ABC; [35]), and Child Behavior Checklist (CBCL; [36]). ADOS-G scores 
for items comprising the “communication,” and “social interaction” sub-scales and 
the sum of both sub-scales were significantly improved after oxytocin adminis-
tration. No change in ADOS-G scores related to play/imagination of restrictive/
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that oxytocin administration may “prime” social reward circuitry in the brain, 
allowing behavioral interventions designed to increase social motivation/initiation 
to be more effective. This theoretical model draws from the following research: (1) 
the social motivation hypothesis of ASD, (2) animal and human literature related 
to oxytocin, (3) studies of oxytocin levels in children with ASD, (4) behavioral 
changes after oxytocin administration in children with ASD, (5) neural changes 
after oxytocin administration in children with ASD, and (6) neural changes after 
behavioral interventions in children with ASD.

Subsequent sections will briefly review these research areas. We propose that 
taken together, the aforementioned literature provides a theoretical basis for com-
bining oxytocin administration with behavioral interventions to improve social-
communicative outcomes for children with ASD.

2. Social motivation hypothesis of ASD

The social motivation hypothesis posits that early impairments in social atten-
tion (due to social stimuli being less rewarding for individuals with ASD compared 
to their neurotypical peers) set a series of negative developmental consequences in 
motion. Initial impairments in social attention--which often manifest as decreased 
orienting to one’s own name, diminished eye contact, and decreased social initia-
tions in early life--lead to fewer opportunities for social learning, which in turn lead 
to deficits in social communication, social skills, and social-cognitive development 
[3, 4]. The proposed neural mechanisms underlying the social motivation hypothe-
sis are the reward centers in the brain including the amygdala, ventral striatum, and 
orbito-frontal cortex [4]. Importantly, social motivation is thought to involve both 
oxytocin and the dopaminergic reward pathways [5, 6]. Given the hypothesized role 
of oxytocin in social motivation, it is not surprising that oxytocin has been consid-
ered as a potential mechanism for understanding social deficits in ASD--and that 
oxytocin administration has been considered as a potential therapeutic agent.

3. Oxytocin overview

Oxytocin is a neuropeptide produced in the hypothalamus [7]. Colloquially 
referred to as the “love hormone,” oxytocin has been implicated in the formation of 
pair bonds in a variety of species, including rats and prairie voles [8–10]. As such, 
oxytocin has been extensively studied and utilized for its effects on social cognition 
and prosocial behaviors [11–13]. It has been hypothesized that interactions between 
oxytocin and the dopaminergic reward system support social affiliative behaviors 
and social bonds [14]. Further evidence of the connection between oxytocin and 
the dopamine reward system comes from overlap in locations of receptor binding 
sites and neuronal fibers [15]. Furthermore, oxytocin cells in the hypothalamus 
have been found to express dopamine receptors [16]. Importantly for neurodevelop-
mental disorders such as ASD, oxytocin is developmentally regulated and its recep-
tors are malleable, particularly in response to parent-child interactions [17, 18].

In contrast to other conditions in which both behavioral and medical treat-
ments are supported by empirical evidence, no medication is currently approved to 
improve core symptoms of ASD. Although two pharmaceutical medications, risper-
idone and aripiprazole, have been approved by the Federal Drug Administration for 
use in ASD, they do not address core symptoms. Rather, they have been approved to 
treat ancillary symptoms of ASD, such as aggression and irritability [19]. Due to the 
lack of pharmacological interventions to address the core symptoms of ASD, there 
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has been a focus on compounds that directly address social communication symp-
toms. Given oxytocin’s role in prosocial behaviors, exogenous administration of the 
neuropeptide has been considered as a potential therapeutic agent in ASD.

3.1 Oxytocin levels in ASD

Modahl and colleagues [20, 21] were the first to provide evidence of reduced levels 
of oxytocin in children with ASD. Specifically, the authors found that compared to 
their neurotypical peers, oxytocin does not increase prior to the onset of puberty in 
individuals with ASD. This suggests that oxytocin is less available to individuals with 
ASD during development [21]. Our understanding of oxytocin in individuals with 
ASD has since been shaped by research that suggests deficits in oxytocin may reveal 
the pathogenesis of ASD. No known mechanistic pathway exists to form a substantial 
link between the neuropeptide and development of ASD, but studies support the idea 
that lower concentrations of oxytocin are strongly related to social impairments [22].

Early studies of the endocrine system have found that oxytocin release occurs 
differently in children with ASD compared to their neurotypical peers, suggesting 
that oxytocin may be disrupted early in development in children with ASD [23]. 
Oxytocin blood plasma levels increase throughout neurotypical development, while 
children with ASD exhibit lower levels of plasma oxytocin [24] that are stable over 
time [21]. Therefore, disruptions of the oxytocin system may possibly occur early in 
life in individuals with ASD, resulting in cascading consequences.

4. Oxytocin administration in children with ASD

4.1 Behavioral findings

To our knowledge, eight studies have been conducted to measure behavioral 
results of oxytocin administration for children with ASD [22, 24–33]. Though the 
current chapter focuses on children, see the meta-analysis by Ooi and colleagues 
[32] for a review of randomized control trials of oxytocin administration in both 
children and adults. See Table 1.

In 2010, Guastella and colleagues [25] completed a double-blind placebo-
controlled study with 16 adolescent boys with ASD (ages 12-19). 45 minutes after 
oxytocin (or placebo) administration, participants completed the Reading the Mind 
in the Eyes Task, or RMET [33]. Compared to placebo, oxytocin improved per-
formance on the REMET for 60% of participants. When the authors split REMET 
items into “easy” and “hard” categories, the effect of oxytocin was particularly 
significant for “easy” items. This was the first investigation of the results of oxyto-
cin administration to children/adolescents, and suggested that oxytocin improves 
emotion recognition in a group of males with ASD.

Tachibana and colleagues [26] measured behavioral changes associated with 
an open label (participants knew they were receiving oxytocin), single arm (no 
placebo condition) long-term oxytocin administration in 8 boys with ASD (ages 
10-14). Participants received intranasal oxytocin twice a day for approximately 7 
months. Oxytocin dosage was increased in a stepwise fashion every 2 months (from 
an initial dose of 8 IU to 24 IU). Outcome measures were scores on the Autism 
Diagnostic Observation Schedule—Generic (ADOS-G; [34]), Aberrant Behavior 
Checklist (ABC; [35]), and Child Behavior Checklist (CBCL; [36]). ADOS-G scores 
for items comprising the “communication,” and “social interaction” sub-scales and 
the sum of both sub-scales were significantly improved after oxytocin adminis-
tration. No change in ADOS-G scores related to play/imagination of restrictive/
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Authors Study Design & 
Participants

Oxytocin 
Administration and 
Dosage

Primary Outcomes

Guastella 
et al. [25]

Double-blind placebo-
controlled design.
16 ASD (all male)

• Mage = 14.88 yrs., SDage 
= 2.42 yrs.

A single dose of oxytocin 
and a placebo nasal spray 
1 week apart.  
(a) OXT nasal spray and 
(b) placebo containing 
all ingredients except 
active oxytocin puff per 
nostril contained 3 IU. 
Older participants (aged 
16 –19, n = 5) received a 
dose of 24 IU (4 puffs per 
nostril, 3 IU per puff). 
Those aged 12 to 15 years 
n = 11 received 75% dose 
of the adult dose at 18 IU 
(3 puffs per nostril, 3 IU 
per puff).

Oxytocin improved 
performance on the REMET 
(particularly on “easy” 
items) compared to placebo.

Tachibana 
et al. [26]

Open label, single arm 
long-term design.
8 ASD (all male)

• Mage = 11.93 yrs., SDage 
= 1.32 yrs.

Intranasal oxytocin twice 
a day for approximately 
7 months; dosage was 
increased in a stepwise 
fashion every 2 months 
(from an initial dose of 
8 IU to 24 IU). Placebo 
was inserted between the 
dosing steps as a washout 
period. Concentration 
of OXT in the nasal 
spray was changed so 
that a total of 6 puffs/
dose twice a day was 
maintained throughout 
the protocol.

Communication and 
social interaction scores on 
ADOS-G were significantly 
improved after oxytocin 
administration.

Anagnostou 
et al. [27]

Single arm, open label 
design.
15 ASD (11 male, 4 
female)

• Mage = 13.8 yrs., SDage = 
2.4 yrs.

Twice per day (morning 
and night) for 12 weeks; 
24 IU total a day

Improvements on the 
following measures: ABC; 
SRS, BASC social skills and 
functional communication 
subscales, Let’s Face It! Skills 
Battery, Irony and Empathy 
Task, Strange Stories Task, 
CASI, RBS-R, and C-YBOCS

Dadds et al. 
[28]

Double-blind, placebo 
controlled randomized 
controlled design.
38 ASD (all male). 19 
in OXT group; 19 in 
placebo group

• OXT: Mage = 10.74 yrs., 
SDage = 2.38 yrs.

• PLACEBO: Mage = 11.79 
yrs., SDage = 2.82 yrs.

Treatment group: 
intranasal spray 
contained: oxytocin, 
mannitol, glycerine, 
methyl parraben, propyl, 
parraben and purified 
water. Placebo contained 
all ingredients except 
the active oxytocin and 
mannitol. 5-day trial. 
Each nostril received a 12 
IU dose (6 IU per puff) 
for a total of 24 IU/day.

No significant benefit of 
oxytocin versus placebo on 
SSRS, SRS, or an emotion 
recognition task.
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Authors Study Design & 
Participants

Oxytocin 
Administration and 
Dosage

Primary Outcomes

Guastella 
et al. [29]

Double-blind placebo-
controlled design.
50 ASD (all male); 26 
in OXT group, 24 in 
placebo

• OXT: Mage = 13.85 yrs., 
SDage = 1.54 yrs.

• PLACEBO: Mage = 14.00 
yrs., SDage = 2.04 yrs.

Intranasal oxytocin or 
placebo, 2 times per 
day for 8 weeks. Older 
participants (aged 16 
–19, n = 5 in each group) 
received a dose of 24 IU. 
Those aged 12 to 15 years 
received 75% of the adult 
dose at 18 IU.

No improvements related to 
oxytocin were observed on 
primary outcome measures 
(SRS or CGI-Improvement 
scale).

Yatawara 
et al. [30]

Double-blind, 
randomized, placebo-
controlled crossover 
(A/B, B/A) design.
31 ASD (27 male, 4 
female).15 in OXT then 
placebo group; 16 in 
placebo then OXT group

• OXT first: Mage = 5.7 
yrs., SDage = 1.5 yrs.

• PLACEBO first: Mage = 
6.7 yrs., SDage = 1.8 yrs.

Intranasal oxytocin or 
placebo twice per day for 
5 weeks, followed by a 4 
week wash-out period, 
and then received either 
oxytocin or placebo 
(whichever they did not 
receive in the first phase) 
twice per day for 5 weeks. 
24 IU total per day; 12 IU 
in morning and 12 IU at 
night.

Social-communication 
skills (SRS) improved 
significantly after oxytocin 
versus placebo. Ratings on 
the CGI were significantly 
better after oxytocin versus 
placebo.

Parker et al. 
[22]

Double-blind, 
randomized, placebo-
controlled design.
32 ASD (27 males, 5 
females). 13 in OXT 
group; 14 in placebo 
group

• OXT: Mage = 9.35 yrs., 
SDage = 2.34 yrs.

• PLACEBO: Mage = 8.13 
yrs., SDage = 1.87 yrs.

Treatment group: 
Syntocinon nasal spray; 
Placebo group: placebo 
solution consisted of all 
the ingredients used in 
the active solution except 
the oxytocin compound. 
Participants’ parents then 
were provided with a 
4-week drug supply and 
were responsible for their 
child’s continued twice 
daily dosing (24 IU per 
dose, 4 IU per puff, 48 
IU/day) at home.

ASD participants who 
received oxytocin had 
greater improvements on 
the SRS compared to ASD 
participants who received 
the placebo. Pre-treatment 
plasma oxytocin negatively 
predicted the magnitude 
of improvement on the 
SRS (i.e., participants who 
had lower concentrations 
of oxytocin pre-treatment 
demonstrated the largest 
improvements in SRS 
scores).

Strathearn  
et al. [31]

Randomized, 
double-blind, placebo-
controlled crossover 
design.
16 ASD

• Mage = 12.8 yrs., SDage 
= 3.4 yrs.

• 16 TD

• Mage = 13.2 yrs., SDage = 
3.2 yrs.

One nasal solution 
(oxytocin or placebo) 
on Visit 1 and the 
alternate solution on 
Visit 2. Participants 
16 years and older 
received 24 IU oxytocin 
(10 puffs alternating 
between nostrils 2.4 
IU). Participants aged 
12–15 years received 
7 puffs (16.8 IU), and 
participants aged 8–11 
years received 5 puffs (12 
IU total).

After nasal oxytocin was 
administered to ASD 
participants, differences 
in visual preference for 
structured/systemized 
images between ASD 
and TD participants was 
eliminated.

Table 1. 
Behavioral results of oxytocin administration in children with ASD.
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Authors Study Design & 
Participants

Oxytocin 
Administration and 
Dosage

Primary Outcomes

Guastella 
et al. [25]

Double-blind placebo-
controlled design.
16 ASD (all male)

• Mage = 14.88 yrs., SDage 
= 2.42 yrs.

A single dose of oxytocin 
and a placebo nasal spray 
1 week apart.  
(a) OXT nasal spray and 
(b) placebo containing 
all ingredients except 
active oxytocin puff per 
nostril contained 3 IU. 
Older participants (aged 
16 –19, n = 5) received a 
dose of 24 IU (4 puffs per 
nostril, 3 IU per puff). 
Those aged 12 to 15 years 
n = 11 received 75% dose 
of the adult dose at 18 IU 
(3 puffs per nostril, 3 IU 
per puff).

Oxytocin improved 
performance on the REMET 
(particularly on “easy” 
items) compared to placebo.

Tachibana 
et al. [26]

Open label, single arm 
long-term design.
8 ASD (all male)

• Mage = 11.93 yrs., SDage 
= 1.32 yrs.

Intranasal oxytocin twice 
a day for approximately 
7 months; dosage was 
increased in a stepwise 
fashion every 2 months 
(from an initial dose of 
8 IU to 24 IU). Placebo 
was inserted between the 
dosing steps as a washout 
period. Concentration 
of OXT in the nasal 
spray was changed so 
that a total of 6 puffs/
dose twice a day was 
maintained throughout 
the protocol.

Communication and 
social interaction scores on 
ADOS-G were significantly 
improved after oxytocin 
administration.

Anagnostou 
et al. [27]

Single arm, open label 
design.
15 ASD (11 male, 4 
female)

• Mage = 13.8 yrs., SDage = 
2.4 yrs.

Twice per day (morning 
and night) for 12 weeks; 
24 IU total a day

Improvements on the 
following measures: ABC; 
SRS, BASC social skills and 
functional communication 
subscales, Let’s Face It! Skills 
Battery, Irony and Empathy 
Task, Strange Stories Task, 
CASI, RBS-R, and C-YBOCS

Dadds et al. 
[28]

Double-blind, placebo 
controlled randomized 
controlled design.
38 ASD (all male). 19 
in OXT group; 19 in 
placebo group

• OXT: Mage = 10.74 yrs., 
SDage = 2.38 yrs.

• PLACEBO: Mage = 11.79 
yrs., SDage = 2.82 yrs.

Treatment group: 
intranasal spray 
contained: oxytocin, 
mannitol, glycerine, 
methyl parraben, propyl, 
parraben and purified 
water. Placebo contained 
all ingredients except 
the active oxytocin and 
mannitol. 5-day trial. 
Each nostril received a 12 
IU dose (6 IU per puff) 
for a total of 24 IU/day.

No significant benefit of 
oxytocin versus placebo on 
SSRS, SRS, or an emotion 
recognition task.
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Authors Study Design & 
Participants

Oxytocin 
Administration and 
Dosage

Primary Outcomes

Guastella 
et al. [29]

Double-blind placebo-
controlled design.
50 ASD (all male); 26 
in OXT group, 24 in 
placebo

• OXT: Mage = 13.85 yrs., 
SDage = 1.54 yrs.

• PLACEBO: Mage = 14.00 
yrs., SDage = 2.04 yrs.

Intranasal oxytocin or 
placebo, 2 times per 
day for 8 weeks. Older 
participants (aged 16 
–19, n = 5 in each group) 
received a dose of 24 IU. 
Those aged 12 to 15 years 
received 75% of the adult 
dose at 18 IU.

No improvements related to 
oxytocin were observed on 
primary outcome measures 
(SRS or CGI-Improvement 
scale).

Yatawara 
et al. [30]

Double-blind, 
randomized, placebo-
controlled crossover 
(A/B, B/A) design.
31 ASD (27 male, 4 
female).15 in OXT then 
placebo group; 16 in 
placebo then OXT group

• OXT first: Mage = 5.7 
yrs., SDage = 1.5 yrs.

• PLACEBO first: Mage = 
6.7 yrs., SDage = 1.8 yrs.

Intranasal oxytocin or 
placebo twice per day for 
5 weeks, followed by a 4 
week wash-out period, 
and then received either 
oxytocin or placebo 
(whichever they did not 
receive in the first phase) 
twice per day for 5 weeks. 
24 IU total per day; 12 IU 
in morning and 12 IU at 
night.

Social-communication 
skills (SRS) improved 
significantly after oxytocin 
versus placebo. Ratings on 
the CGI were significantly 
better after oxytocin versus 
placebo.

Parker et al. 
[22]

Double-blind, 
randomized, placebo-
controlled design.
32 ASD (27 males, 5 
females). 13 in OXT 
group; 14 in placebo 
group

• OXT: Mage = 9.35 yrs., 
SDage = 2.34 yrs.

• PLACEBO: Mage = 8.13 
yrs., SDage = 1.87 yrs.

Treatment group: 
Syntocinon nasal spray; 
Placebo group: placebo 
solution consisted of all 
the ingredients used in 
the active solution except 
the oxytocin compound. 
Participants’ parents then 
were provided with a 
4-week drug supply and 
were responsible for their 
child’s continued twice 
daily dosing (24 IU per 
dose, 4 IU per puff, 48 
IU/day) at home.

ASD participants who 
received oxytocin had 
greater improvements on 
the SRS compared to ASD 
participants who received 
the placebo. Pre-treatment 
plasma oxytocin negatively 
predicted the magnitude 
of improvement on the 
SRS (i.e., participants who 
had lower concentrations 
of oxytocin pre-treatment 
demonstrated the largest 
improvements in SRS 
scores).

Strathearn  
et al. [31]

Randomized, 
double-blind, placebo-
controlled crossover 
design.
16 ASD

• Mage = 12.8 yrs., SDage 
= 3.4 yrs.

• 16 TD

• Mage = 13.2 yrs., SDage = 
3.2 yrs.

One nasal solution 
(oxytocin or placebo) 
on Visit 1 and the 
alternate solution on 
Visit 2. Participants 
16 years and older 
received 24 IU oxytocin 
(10 puffs alternating 
between nostrils 2.4 
IU). Participants aged 
12–15 years received 
7 puffs (16.8 IU), and 
participants aged 8–11 
years received 5 puffs (12 
IU total).

After nasal oxytocin was 
administered to ASD 
participants, differences 
in visual preference for 
structured/systemized 
images between ASD 
and TD participants was 
eliminated.

Table 1. 
Behavioral results of oxytocin administration in children with ASD.
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repetitive behaviors (RRBs) were observed. No significant changes were observed 
for the ABC or CBCL after oxytocin administration though some scores improved 
at a trend level. The authors note that oxytocin administration appeared to specifi-
cally affect social communication and interaction, but did not affect RRBs or play. 
However, the study was open label, single arm. Therefore, caution is needed when 
interpreting these findings.

Anagnostou and colleagues [27] administered intranasal oxytocin to 15 male 
and female adolescents (ages 10-17) twice per day for 12 weeks in a single arm, open 
label design. Participants completed a follow-up session 12 weeks after discontinu-
ation of oxytocin administration. Though the authors measured change on a variety 
of behavioral measures related to social function, social cognition, anxiety, and 
repetitive behaviors, the aim of the study was to measure the safety of varying 
dose levels of oxytocin in this population. Safety results suggested that .4 IU/kg 
twice per day for 12 weeks produced no serious or severe adverse events. Using the 
Clinical Global Improvement-Social (CGI), almost half of the sample were clas-
sified as “responders” at 12 weeks, and most responders at 12 weeks maintained 
improvements 12 weeks after the end of the study (e.g. 24 weeks from the begin-
ning of the study). At 12 weeks, significant improvements were observed for the 
following measures: ABC [35], Social Responsiveness Scale (SRS; [37]), Behavioral 
Assessment System for Children (BASC; [38]) social skills and functional com-
munication subscales, Let’s Face It! Skills Battery (LFI; [39]), Irony and Empathy 
Task [40], Strange Stories Task [41], Child and Adolescent Symptom Inventory 
(CASI; [42]), Repetitive Behavior Scale-Revised (RBS-R; [43]), Child Yale-Brown 
Obsessive-Compulsive Scale (C-YBOCS; [44]). At 24 weeks, significant improve-
ments were observed for the following measures: BASC functional communication 
T-Score, RMET [33]--difficult items, Irony and Empathy Task, and C-YBOCS. 
The authors note that not all children demonstrated behavioral improvements in 
response to oxytocin administration, and that more information is needed about 
individual differences in response to oxytocin. Nevertheless, a broad array of 
measures was, on average, shown to increase after oxytocin administration.

Dadds and colleagues [28] completed a 5-day double-blind, placebo controlled, 
randomized controlled trial with 38 boys with ASD (ages 7-16). This study is unique 
as it combined oxytocin administration with consecutive parent-child interac-
tion training sessions over a period of 4 days. The authors did follow-up testing 3 
months after the completion of the 5-day intervention. The parent-child interaction 
training consisted of emotion recognition training using the Mindreading (MR) 
program [45], and short video clips demonstrating successful client interactions 
(e.g. eye contact, body language, responsiveness). Outcomes included parent-child 
interaction tasks (free play, emotion talk, and an “I love you” task in which a parent 
expresses positive emotions and the child’s response is recorded), and parent-
questionnaire measures (Social Skills Rating Scale, or SSRS, [46]; SRS, [37]), and 
an emotion recognition task (UNSW Facial Emotion Task, [28]). Analysis of the 
parent-child interaction tasks, parent rating scales, and emotion recognition tasks 
indicated behavioral improvements over time in both the placebo and oxytocin 
groups, but no significant benefit of oxytocin versus placebo. We note that although 
this study combined oxytocin and behavioral intervention, the intervention was 
not one previously validated for improving core symptoms of ASD, and the study 
timeline was short (5 days).

Guastella and colleagues [29] completed a double-blind placebo-controlled trial 
with 50 male participants with ASD (ages 12-18). Participants received either placebo 
or oxytocin nasal spray twice a day for 8 weeks. Participants were assessed again 
3 months after completion of the study. Primary outcome measures were the SRS 
[37] and clinician ratings on the Clinical Global Impressions--Improvement scale 
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(CGI-Improvement). Secondary outcome measures included the Developmental 
Behaviour Checklist, or DBC [47] and Repetitive Behavior Scale-Revised, or RBS 
[43], RMET [33], the Diagnostic analysis of nonverbal accuracy, or DANVA [48], and 
Biological Motion [49]. No improvements related to oxytocin were observed on the 
primary or secondary outcome measures.

Yatawara and colleagues [30] completed a double-blind, randomized, placebo-
controlled crossover (A/B, B/A) design trial in 31 children with ASD (ages 3-8). 
Children received intranasal oxytocin or placebo twice per day for 5 weeks, com-
pleted a 4-week wash-out period, and then received either oxytocin or placebo 
(whichever they did not receive in the first phase) twice per day for 5 weeks. Primary 
outcome measures were scores on the SRS [37], and scores on the RBS-R [43]. 
Secondary outcome measures were changes in ADOS scores, scores on the DBC [50], 
clinician-rated clinical global impressions-improvement scale [51], and the Caregiver 
Strain Questionnaire [52]. Results indicated that parent-rated social-communication 
skills (SRS) improved significantly after oxytocin versus placebo. Ratings on the 
CGI were significantly better after oxytocin versus placebo. To our knowledge, this 
study includes the youngest sample of children with ASD to receive oxytocin versus 
placebo in a randomized, double-blind trial. This work provides behavioral evidence 
of symptom reduction in ASD in response to prolonged oxytocin administration.

Parker and colleagues [22] completed a double-blind, randomized, placebo-
controlled trial with 32 children with ASD (ages 6-12). Children received either 
intranasal oxytocin or placebo twice per day for 4 weeks. The primary outcome 
measure was scores on the SRS [37]. Secondary outcome measures included scores 
on the RBS-R [43] and Spence Children’s Anxiety Scale [53]. Additionally, authors 
measured plasma oxytocin concentrations both before and after participation in 
the trial, as well as expression of genes related to oxytocin receptors (Oxytocin 
Receptor Gene, OXTR, and Vasopressin Receptor 1a; V1AR). Results suggested that 
children who received oxytocin demonstrated greater improvements on the SRS 
compared to those receiving placebo. Additionally, pre-treatment plasma oxytocin 
negatively predicted the magnitude of improvement on the SRS. That is, individuals 
who had the lowest concentrations of oxytocin pre-treatment demonstrated the 
largest improvements. The authors hypothesized conflicting findings of previous 
oxytocin trials may be attributable to variability in pre-treatment concentrations of 
oxytocin. That is, previous trials did not measure pre-treatment oxytocin concen-
trations which may have reduced their ability to accurately measure improvement. 
When the authors did not include pre-treatment oxytocin, concentration find-
ings were non-significant. In fact, inclusion of these pre-treatment “biomarkers” 
improved the statistical models by 43%, which underscores the importance of 
measuring individual variability in pre-post measurement designs.

Strathearn and colleagues [31] completed a double-blind, placebo-controlled 
crossover study with 16 children with ASD and 16 neurotypical children (ages 
8-19). Participants completed an eye tracking paradigm on two occasions: once after 
receiving oxytocin and the other after receiving a placebo nasal spray. The authors 
measured participants’ eye gaze while viewing images that varied on how organized 
or structured they were. The authors’ primary focus was whether or not oxytocin 
affected eye gaze patterns when viewing stimuli that varied on levels of systemiza-
tion. Results demonstrated that after oxytocin administration, children and ado-
lescents with ASD displayed a decreased preference for highly systemized stimuli, 
whereas neurotypical children and adolescents displayed increased preference for 
systemized images. Overall, when participants received placebo, children and ado-
lescents with ASD displayed more of a preference for systemized stimuli compared 
to their neurotypical peers. After both groups received oxytocin this difference 
was no longer significant (e.g. participants with ASD looked more similar to their 
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repetitive behaviors (RRBs) were observed. No significant changes were observed 
for the ABC or CBCL after oxytocin administration though some scores improved 
at a trend level. The authors note that oxytocin administration appeared to specifi-
cally affect social communication and interaction, but did not affect RRBs or play. 
However, the study was open label, single arm. Therefore, caution is needed when 
interpreting these findings.

Anagnostou and colleagues [27] administered intranasal oxytocin to 15 male 
and female adolescents (ages 10-17) twice per day for 12 weeks in a single arm, open 
label design. Participants completed a follow-up session 12 weeks after discontinu-
ation of oxytocin administration. Though the authors measured change on a variety 
of behavioral measures related to social function, social cognition, anxiety, and 
repetitive behaviors, the aim of the study was to measure the safety of varying 
dose levels of oxytocin in this population. Safety results suggested that .4 IU/kg 
twice per day for 12 weeks produced no serious or severe adverse events. Using the 
Clinical Global Improvement-Social (CGI), almost half of the sample were clas-
sified as “responders” at 12 weeks, and most responders at 12 weeks maintained 
improvements 12 weeks after the end of the study (e.g. 24 weeks from the begin-
ning of the study). At 12 weeks, significant improvements were observed for the 
following measures: ABC [35], Social Responsiveness Scale (SRS; [37]), Behavioral 
Assessment System for Children (BASC; [38]) social skills and functional com-
munication subscales, Let’s Face It! Skills Battery (LFI; [39]), Irony and Empathy 
Task [40], Strange Stories Task [41], Child and Adolescent Symptom Inventory 
(CASI; [42]), Repetitive Behavior Scale-Revised (RBS-R; [43]), Child Yale-Brown 
Obsessive-Compulsive Scale (C-YBOCS; [44]). At 24 weeks, significant improve-
ments were observed for the following measures: BASC functional communication 
T-Score, RMET [33]--difficult items, Irony and Empathy Task, and C-YBOCS. 
The authors note that not all children demonstrated behavioral improvements in 
response to oxytocin administration, and that more information is needed about 
individual differences in response to oxytocin. Nevertheless, a broad array of 
measures was, on average, shown to increase after oxytocin administration.

Dadds and colleagues [28] completed a 5-day double-blind, placebo controlled, 
randomized controlled trial with 38 boys with ASD (ages 7-16). This study is unique 
as it combined oxytocin administration with consecutive parent-child interac-
tion training sessions over a period of 4 days. The authors did follow-up testing 3 
months after the completion of the 5-day intervention. The parent-child interaction 
training consisted of emotion recognition training using the Mindreading (MR) 
program [45], and short video clips demonstrating successful client interactions 
(e.g. eye contact, body language, responsiveness). Outcomes included parent-child 
interaction tasks (free play, emotion talk, and an “I love you” task in which a parent 
expresses positive emotions and the child’s response is recorded), and parent-
questionnaire measures (Social Skills Rating Scale, or SSRS, [46]; SRS, [37]), and 
an emotion recognition task (UNSW Facial Emotion Task, [28]). Analysis of the 
parent-child interaction tasks, parent rating scales, and emotion recognition tasks 
indicated behavioral improvements over time in both the placebo and oxytocin 
groups, but no significant benefit of oxytocin versus placebo. We note that although 
this study combined oxytocin and behavioral intervention, the intervention was 
not one previously validated for improving core symptoms of ASD, and the study 
timeline was short (5 days).

Guastella and colleagues [29] completed a double-blind placebo-controlled trial 
with 50 male participants with ASD (ages 12-18). Participants received either placebo 
or oxytocin nasal spray twice a day for 8 weeks. Participants were assessed again 
3 months after completion of the study. Primary outcome measures were the SRS 
[37] and clinician ratings on the Clinical Global Impressions--Improvement scale 
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(CGI-Improvement). Secondary outcome measures included the Developmental 
Behaviour Checklist, or DBC [47] and Repetitive Behavior Scale-Revised, or RBS 
[43], RMET [33], the Diagnostic analysis of nonverbal accuracy, or DANVA [48], and 
Biological Motion [49]. No improvements related to oxytocin were observed on the 
primary or secondary outcome measures.

Yatawara and colleagues [30] completed a double-blind, randomized, placebo-
controlled crossover (A/B, B/A) design trial in 31 children with ASD (ages 3-8). 
Children received intranasal oxytocin or placebo twice per day for 5 weeks, com-
pleted a 4-week wash-out period, and then received either oxytocin or placebo 
(whichever they did not receive in the first phase) twice per day for 5 weeks. Primary 
outcome measures were scores on the SRS [37], and scores on the RBS-R [43]. 
Secondary outcome measures were changes in ADOS scores, scores on the DBC [50], 
clinician-rated clinical global impressions-improvement scale [51], and the Caregiver 
Strain Questionnaire [52]. Results indicated that parent-rated social-communication 
skills (SRS) improved significantly after oxytocin versus placebo. Ratings on the 
CGI were significantly better after oxytocin versus placebo. To our knowledge, this 
study includes the youngest sample of children with ASD to receive oxytocin versus 
placebo in a randomized, double-blind trial. This work provides behavioral evidence 
of symptom reduction in ASD in response to prolonged oxytocin administration.

Parker and colleagues [22] completed a double-blind, randomized, placebo-
controlled trial with 32 children with ASD (ages 6-12). Children received either 
intranasal oxytocin or placebo twice per day for 4 weeks. The primary outcome 
measure was scores on the SRS [37]. Secondary outcome measures included scores 
on the RBS-R [43] and Spence Children’s Anxiety Scale [53]. Additionally, authors 
measured plasma oxytocin concentrations both before and after participation in 
the trial, as well as expression of genes related to oxytocin receptors (Oxytocin 
Receptor Gene, OXTR, and Vasopressin Receptor 1a; V1AR). Results suggested that 
children who received oxytocin demonstrated greater improvements on the SRS 
compared to those receiving placebo. Additionally, pre-treatment plasma oxytocin 
negatively predicted the magnitude of improvement on the SRS. That is, individuals 
who had the lowest concentrations of oxytocin pre-treatment demonstrated the 
largest improvements. The authors hypothesized conflicting findings of previous 
oxytocin trials may be attributable to variability in pre-treatment concentrations of 
oxytocin. That is, previous trials did not measure pre-treatment oxytocin concen-
trations which may have reduced their ability to accurately measure improvement. 
When the authors did not include pre-treatment oxytocin, concentration find-
ings were non-significant. In fact, inclusion of these pre-treatment “biomarkers” 
improved the statistical models by 43%, which underscores the importance of 
measuring individual variability in pre-post measurement designs.

Strathearn and colleagues [31] completed a double-blind, placebo-controlled 
crossover study with 16 children with ASD and 16 neurotypical children (ages 
8-19). Participants completed an eye tracking paradigm on two occasions: once after 
receiving oxytocin and the other after receiving a placebo nasal spray. The authors 
measured participants’ eye gaze while viewing images that varied on how organized 
or structured they were. The authors’ primary focus was whether or not oxytocin 
affected eye gaze patterns when viewing stimuli that varied on levels of systemiza-
tion. Results demonstrated that after oxytocin administration, children and ado-
lescents with ASD displayed a decreased preference for highly systemized stimuli, 
whereas neurotypical children and adolescents displayed increased preference for 
systemized images. Overall, when participants received placebo, children and ado-
lescents with ASD displayed more of a preference for systemized stimuli compared 
to their neurotypical peers. After both groups received oxytocin this difference 
was no longer significant (e.g. participants with ASD looked more similar to their 
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neurotypical peers, and neurotypical children and teens looked more similar to their 
peers with ASD). The authors concluded that oxytocin administration may have 
differential effects on individuals with and without ASD, but that oxytocin appears 
to decrease preference for highly organized (e.g. systemized) stimuli in ASD.

Overall, studies of the behavioral effects of oxytocin in children in ASD are 
mixed, with some investigations observing significant behavioral changes  
[22, 25–27, 30, 31], whereas others find no evidence for change as a function of 
oxytocin versus placebo administration [28, 29]. A likely explanation for these 
disparate findings is outlined by Parker and colleagues [22]. The authors noted that 
measuring participant’s plasma oxytocin levels provided a critical “biomarker” for 
predicting a given individual’s response to oxytocin administration. Most studies do 
not measure oxytocin concentration prior to administration and therefore may miss 
individual differences which significantly impact outcomes. Parker and colleagues 
[22] noted that without the addition of pre-administration plasma oxytocin concen-
tration into their predictive models, their results would have indicated no difference 
between oxytocin and placebo. When pre-administration oxytocin levels were 
included, their models were improved by 43%. This underscores why it is critical 
to consider biological differences in individuals prior to administration of oxytocin 
in order to more accurately understand variability within samples of children 
with ASD. When such individual differences are considered, behavioral effects of 
oxytocin may be more detectable, and/or may help us understand which children 
are most likely to benefit from oxytocin.

4.2 Neuroscience findings

To our knowledge, only 3 studies have investigated the effects of oxytocin on 
brain activity in children with ASD [54–56]; see [57] for a review. See Table 2.

Gordon and colleagues [54] used functional magnetic resonance imaging (fMRI) 
to measure brain activity after oxytocin versus placebo in 17 children and adolescents 
with ASD (ages 8-16.5) using a randomized, double-blind, crossover design. Forty-
five minutes after administration of either oxytocin or placebo, participants com-
pleted an fMRI emotion recognition task based on the RMET [33]. In a control fMRI 
condition, participants were asked to label the category of automobile presented in 
pictures. Findings suggested enhanced brain activity after oxytocin administration 
in brain areas hypothesized to be critical to reward (dorsal and ventral striatum), 
social attention and cognition (posterior cingulate, inferior parietal lobule, posterior 
superior temporal sulcus), and reasoning about mental states (medial prefrontal 
cortex). In addition, several brain regions were less active during nonsocial judge-
ments after oxytocin administration. Interestingly, the effect of oxytocin on brain 
activity in response to social judgements differed as a function of symptom severity. 
Children with ASD with less severe symptoms (measured with the SRS) exhibited 
more ‘typical’ brain activity after oxytocin administration compared to children with 
ASD with more severe symptoms. Taken together, the authors hypothesized that 
oxytocin may increase the reward value and/or salience of social stimuli for children 
with ASD while simultaneously decreasing the salience of nonsocial information.

Gordon and colleagues [55] employed a randomized, double-blind, 
placebo-controlled crossover design with 20 children with ASD (ages 8-16.5). 
Participants completed an fMRI scan twice: once receiving oxytocin and 
the other after receiving placebo nasal spray. The authors measured partici-
pants’ brain activity in response to two social perception tasks: a biological 
motion task and an affective voices task. The authors’ primary aim was to 
measure whether oxytocin increased brain activity in areas related to the 
reward system and the connections between reward and social brain regions 
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Authors Participants and Oxytocin 
Administration

Design and Stimuli/
Paradigm

Major Findings

Gordon  
et al. [54]

21 ASD (3 females; 18 males)

• Mage = 13.2 yrs., SDage = 2.7 
yrs.

Intranasally.
Older participants (16 – 19 yrs.) 
received a dose of 24 IU (4 puffs 
per nostril); 15 yr olds received 
18 IU (3 puffs per nostril);
Younger participants (7 - 11 
yrs.) received 12 IUs, (1 puff per 
nostril); or placebo.
Testing was repeated on 
consecutive study visits. Order 
was randomized.

Randomized, 
double-blind, cross-
over design.
fMRI.
Reading the 
Mind in the Eyes 
Test (RMET). 
Participants were 
instructed to label 
the mental state of 
each facial picture, 
or label the category 
of automobile 
images.

Social condition: Enhanced 
activity in the dorsal and 
ventral striatum, premotor 
cortex, posterior cingulate, 
inferior parietal lobule, and 
posterior STS in response 
to oxytocin compared to 
placebo.

Gordon  
et al. [55]

20 ASD (3 females)

• Mage = 13.2 yrs., SDage = 2.8 
yrs.

Intranasally.
Older participants (16 – 19 yrs.) 
received a dose of 24 IU (4 puffs 
per nostril); 15 yr olds received 
18 IU (3 puffs per nostril).
Younger participants (7 - 11 
yrs.) received 12 IUs, (1 puff per 
nostril); or placebo.
Testing was repeated on 
consecutive study visits. Placebo 
or oxytocin was randomized at 
the first visit and participants 
received the opposite nasal 
spray at the second visit.

Randomized, double 
blind, placebo-
controlled crossover 
design.
fMRI.
Participants 
passively viewed 
a biological 
motion paradigm 
(human motion 
and scrambled 
motion) and listened 
to a vocal affect 
perception paradigm 
(angry voices and 
happy voices).

Biological motion condition: 
enhanced response in the 
right posterior superior 
temporal sulcus (pSTS) after 
oxytocin compared to placebo 
administration.
Negative vocal affect 
condition: Enhanced 
activation in right brainstem 
and right amygdala after 
oxytocin versus placebo 
administration.

Greene  
et al. [56]

28 ASD (2 females, 26 males)

• Mage = 13.4 yrs.,  
SDage = 2.4 yrs.

Intranasally.
3 puffs per nostril 
(Syntocinon), each puff 
contained 4 IU of oxytocin, 
for a total of 24 IU, or placebo 
containing the same inactive 
ingredients. Nostrils were 
alternated between puffs over 
the course of several minutes.
Two scan sessions were 
scheduled at least 72 hours 
apart from one another. Order 
of oxytocin and placebo were 
counter-balanced.

Placebo-controlled 
double-blind design.
fMRI.
Participants 
completed an 
incentive delay 
task with nonsocial 
(money) or social 
rewards (smiling 
face).

Anticipation of nonsocial 
reward:
Increased activity in right 
nucleus accumbens (NAcc), 
right frontal pole, left ACC, 
left superior frontal cortex, 
bilateral orbital frontal cortex 
(OFC) after oxytocin versus 
placebo administration. 
Increased functional 
connectivity during nonsocial 
reward anticipation (between 
the right NAcc and the right 
FP) after oxytocin versus 
placebo.
Nonsocial reward outcome: 
Decreased frontostriatal 
functional connectivity 
between left ACC, bilateral 
postcentral gyrus, left inferior 
front gyrus, left precentral 
gyrus, and left medial frontal 
gyrus after oxytocin vs 
placebo administration.

Table 2. 
Neuroscience results after oxytocin administration in children with ASD.
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neurotypical peers, and neurotypical children and teens looked more similar to their 
peers with ASD). The authors concluded that oxytocin administration may have 
differential effects on individuals with and without ASD, but that oxytocin appears 
to decrease preference for highly organized (e.g. systemized) stimuli in ASD.

Overall, studies of the behavioral effects of oxytocin in children in ASD are 
mixed, with some investigations observing significant behavioral changes  
[22, 25–27, 30, 31], whereas others find no evidence for change as a function of 
oxytocin versus placebo administration [28, 29]. A likely explanation for these 
disparate findings is outlined by Parker and colleagues [22]. The authors noted that 
measuring participant’s plasma oxytocin levels provided a critical “biomarker” for 
predicting a given individual’s response to oxytocin administration. Most studies do 
not measure oxytocin concentration prior to administration and therefore may miss 
individual differences which significantly impact outcomes. Parker and colleagues 
[22] noted that without the addition of pre-administration plasma oxytocin concen-
tration into their predictive models, their results would have indicated no difference 
between oxytocin and placebo. When pre-administration oxytocin levels were 
included, their models were improved by 43%. This underscores why it is critical 
to consider biological differences in individuals prior to administration of oxytocin 
in order to more accurately understand variability within samples of children 
with ASD. When such individual differences are considered, behavioral effects of 
oxytocin may be more detectable, and/or may help us understand which children 
are most likely to benefit from oxytocin.

4.2 Neuroscience findings

To our knowledge, only 3 studies have investigated the effects of oxytocin on 
brain activity in children with ASD [54–56]; see [57] for a review. See Table 2.

Gordon and colleagues [54] used functional magnetic resonance imaging (fMRI) 
to measure brain activity after oxytocin versus placebo in 17 children and adolescents 
with ASD (ages 8-16.5) using a randomized, double-blind, crossover design. Forty-
five minutes after administration of either oxytocin or placebo, participants com-
pleted an fMRI emotion recognition task based on the RMET [33]. In a control fMRI 
condition, participants were asked to label the category of automobile presented in 
pictures. Findings suggested enhanced brain activity after oxytocin administration 
in brain areas hypothesized to be critical to reward (dorsal and ventral striatum), 
social attention and cognition (posterior cingulate, inferior parietal lobule, posterior 
superior temporal sulcus), and reasoning about mental states (medial prefrontal 
cortex). In addition, several brain regions were less active during nonsocial judge-
ments after oxytocin administration. Interestingly, the effect of oxytocin on brain 
activity in response to social judgements differed as a function of symptom severity. 
Children with ASD with less severe symptoms (measured with the SRS) exhibited 
more ‘typical’ brain activity after oxytocin administration compared to children with 
ASD with more severe symptoms. Taken together, the authors hypothesized that 
oxytocin may increase the reward value and/or salience of social stimuli for children 
with ASD while simultaneously decreasing the salience of nonsocial information.

Gordon and colleagues [55] employed a randomized, double-blind, 
placebo-controlled crossover design with 20 children with ASD (ages 8-16.5). 
Participants completed an fMRI scan twice: once receiving oxytocin and 
the other after receiving placebo nasal spray. The authors measured partici-
pants’ brain activity in response to two social perception tasks: a biological 
motion task and an affective voices task. The authors’ primary aim was to 
measure whether oxytocin increased brain activity in areas related to the 
reward system and the connections between reward and social brain regions 
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Authors Participants and Oxytocin 
Administration

Design and Stimuli/
Paradigm

Major Findings

Gordon  
et al. [54]

21 ASD (3 females; 18 males)

• Mage = 13.2 yrs., SDage = 2.7 
yrs.

Intranasally.
Older participants (16 – 19 yrs.) 
received a dose of 24 IU (4 puffs 
per nostril); 15 yr olds received 
18 IU (3 puffs per nostril);
Younger participants (7 - 11 
yrs.) received 12 IUs, (1 puff per 
nostril); or placebo.
Testing was repeated on 
consecutive study visits. Order 
was randomized.

Randomized, 
double-blind, cross-
over design.
fMRI.
Reading the 
Mind in the Eyes 
Test (RMET). 
Participants were 
instructed to label 
the mental state of 
each facial picture, 
or label the category 
of automobile 
images.

Social condition: Enhanced 
activity in the dorsal and 
ventral striatum, premotor 
cortex, posterior cingulate, 
inferior parietal lobule, and 
posterior STS in response 
to oxytocin compared to 
placebo.

Gordon  
et al. [55]

20 ASD (3 females)

• Mage = 13.2 yrs., SDage = 2.8 
yrs.

Intranasally.
Older participants (16 – 19 yrs.) 
received a dose of 24 IU (4 puffs 
per nostril); 15 yr olds received 
18 IU (3 puffs per nostril).
Younger participants (7 - 11 
yrs.) received 12 IUs, (1 puff per 
nostril); or placebo.
Testing was repeated on 
consecutive study visits. Placebo 
or oxytocin was randomized at 
the first visit and participants 
received the opposite nasal 
spray at the second visit.

Randomized, double 
blind, placebo-
controlled crossover 
design.
fMRI.
Participants 
passively viewed 
a biological 
motion paradigm 
(human motion 
and scrambled 
motion) and listened 
to a vocal affect 
perception paradigm 
(angry voices and 
happy voices).

Biological motion condition: 
enhanced response in the 
right posterior superior 
temporal sulcus (pSTS) after 
oxytocin compared to placebo 
administration.
Negative vocal affect 
condition: Enhanced 
activation in right brainstem 
and right amygdala after 
oxytocin versus placebo 
administration.

Greene  
et al. [56]

28 ASD (2 females, 26 males)

• Mage = 13.4 yrs.,  
SDage = 2.4 yrs.

Intranasally.
3 puffs per nostril 
(Syntocinon), each puff 
contained 4 IU of oxytocin, 
for a total of 24 IU, or placebo 
containing the same inactive 
ingredients. Nostrils were 
alternated between puffs over 
the course of several minutes.
Two scan sessions were 
scheduled at least 72 hours 
apart from one another. Order 
of oxytocin and placebo were 
counter-balanced.

Placebo-controlled 
double-blind design.
fMRI.
Participants 
completed an 
incentive delay 
task with nonsocial 
(money) or social 
rewards (smiling 
face).

Anticipation of nonsocial 
reward:
Increased activity in right 
nucleus accumbens (NAcc), 
right frontal pole, left ACC, 
left superior frontal cortex, 
bilateral orbital frontal cortex 
(OFC) after oxytocin versus 
placebo administration. 
Increased functional 
connectivity during nonsocial 
reward anticipation (between 
the right NAcc and the right 
FP) after oxytocin versus 
placebo.
Nonsocial reward outcome: 
Decreased frontostriatal 
functional connectivity 
between left ACC, bilateral 
postcentral gyrus, left inferior 
front gyrus, left precentral 
gyrus, and left medial frontal 
gyrus after oxytocin vs 
placebo administration.

Table 2. 
Neuroscience results after oxytocin administration in children with ASD.
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(e.g. mesocorticolimbic pathways and communication between this pathway 
and socially-relevant brain regions) compared to placebo. Results were con-
sistent with the author’s hypotheses: oxytocin enhanced neural responses to 
biological versus random motion in the posterior superior temporal sulcus 
(pSTS), and in the amygdala and hippocampus in response to angry versus 
happy voices. Across both fMRI tasks, oxytocin increased neural connectiv-
ity both within reward regions and between the reward pathway and regions 
associated with social perception. The authors concluded that oxytocin admin-
istration appeared to enhance salience/reward of social stimuli (as measured 
in the biological motion task), but also increased the salience of negative social 
stimuli (as measured by the affective voices task).

Greene and colleagues [56] conducted a placebo-controlled, double-blind study 
with 28 children and adolescents with ASD (ages 10-17). Participants completed 
an fMRI incentive delay task on two occasions: once after receiving oxytocin, and 
once after receiving a placebo nasal spray. The fMRI task involved both social and 
non-social reward conditions so the authors could compare the effects of oxytocin 
versus placebo on brain activity related to both social and nonsocial rewards. 
Results demonstrated that compared to placebo, oxytocin increased brain activity 
in the caudate nucleus, left anterior cingulate cortex, frontal pole, insular cortex, 
and orbito-frontal cortex in the nonsocial reward versus social reward condition. 
Additionally, the authors found a positive relationship between symptom sever-
ity (measured using the SRS; [37]) and activation in the frontal pole and anterior 
cingulate during nonsocial reward anticipation, and between symptom severity 
and activation in the precentral gyrus and left caudate during nonsocial reward 
processing. Interestingly, these findings do not support the hypothesis that oxytocin 
selectively enhances reward-related brain activity to social stimuli, but rather may 
be associated with increased reward anticipation and processing for nonsocial 
stimuli. The authors hypothesize that reward-related effects of oxytocin may be 
sensitive to task-specific features, and noted that their findings strengthen the body 
of evidence that oxytocin acts on the brain’s reward system.

Taken together, these findings provide further evidence that intranasal oxytocin 
administration appears to act on the neural reward system. However, evidence is 
mixed regarding whether oxytocin specifically acts on the social reward system 
[54, 55] or the reward system more broadly [56]. It is likely that differences in 
neuroscience tasks, as well as differences in regions of interest, and participant 
sample characteristics may explain disparate findings. Importantly for our theoreti-
cal framework, intranasal oxytocin administration appears to impact the reward 
system in children with ASD. This provides an empirical basis for our hypothesis 
that combining a pharmacological agent with behavioral interventions that act on 
similar brain regions/networks may improve outcomes related to social initiation 
and communication.

5. Behavioral Interventions in ASD

Given the heterogeneous behavioral manifestations of ASD, it is not surpris-
ing that multiple behavioral interventions have been developed to improve social 
communication and decrease challenging behaviors [58–60]. Multiple systematic 
reviews have been published on the success of behavioral interventions for children 
with ASD (e.g. [61–64]), and an extensive review is beyond the scope of the current 
chapter. Of primary relevance to the current chapter are behavioral interventions 
designed to increase the salience, relevance, and reward value of social interactions 
in order to improve social-communicative symptoms.
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This section will briefly review two of these behavioral interventions, specifi-
cally the Early Start Denver Model (ESDM) and Pivotal Response Training (PRT) as 
both of these interventions are based on principles of Applied Behavioral Analysis 
(ABA) but emphasize naturalistic teaching strategies to promote generalization. 
Note, however, that there are other naturalistic interventions grounded in ABA 
principles (e.g. Incidental Teaching [65]; Reciprocal Imitation Training, or RIT 
[66, 67]; Parent-training programs, such as Project ImPACT [68]; Joint attention 
Interventions, such as JASPER [69, 70], and others).

5.1 Early start denver model (ESDM)

ESDM is an empirically validated, manualized intensive early intervention 
program designed for children between the ages of 1-4 [60, 71]. ESDM uses 
teaching strategies including: interpersonal exchange and positive affect, engage-
ment with real-world activities and materials, adult responsivity and sensitivity, 
and focus on both verbal and nonverbal communication. These strategies are 
grounded in ABA principles including operant conditioning, shaping, and chaining. 
Importantly, ESDM is not conceptualized as a behavioral intervention that must 
occur in a table-top or structured situation, nor is it a “one size fits all” approach. 
Each child’s program is individualized, and parent’s roles are emphasized. Parents 
are taught ESDM strategies and encouraged to utilize them during daily activities 
(e.g. feeding, bath time, play). In a 2010 randomized controlled trial, Dawson and 
colleagues compared the efficacy of ESDM versus treatment as usual (TAU) over 
a 2-year period [60]. Results found significant improvements in cognitive abilities 
in the ESDM group compared to TAU. These group differences appeared driven 
by improvements in both expressive and receptive language in the ESDM group. 
Additionally, significant group differences were observed in adaptive behaviors. 
Whereas children in the ESDM group remained steady in their adaptive behaviors 
across time, children in the TAU group exhibited lower scores across time when 
compared to their neurotypical peers. This difference appeared driven by increasing 
gaps between the TAU group and their neurotypical peers in a variety of adaptive 
skills, whereas children in the ESDM group displayed improvement in their com-
munication abilities. A recent meta-analysis corroborates the efficacy of ESDM in 
improving cognition and language for children with ASD [72].

5.2 Pivotal response training (PRT)

Pivotal response training (PRT), sometimes referred to as Pivotal Response 
Teaching or Pivotal Response Therapy, is a naturalistic behavior intervention 
based on principles of ABA. The underlying assumption of PRT is that children’s 
challenges can be improved with behavioral and environmental manipulations 
including reinforcement, contingencies, consequences, and extinction [73]. The 
term “pivotal” is important as it refers to pivotal behaviors that, when targeted, 
can lead to improvements in other areas of behavior not specifically targeted. 
The behaviors/function areas most commonly targeted in PRT are: motivation, 
initiation, responding to multiple cues, and self-management [74, 75]. To increase 
motivation, teaching strategies include: following the child’s lead, offering choices, 
providing clear opportunities for response, varying tasks, including both mainte-
nance and acquisition tasks, contingent and natural reinforcement, and reinforcing 
all attempts at target skills [73, 74]. Similar to ESDM, PRT emphasizes the impor-
tance of implementing the intervention in the child’s natural environment and the 
involvement of parents and other caregivers in the intervention [73]. Results of a 
systematic review indicate that PRT is largely effective at increasing self-initiation 
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(e.g. mesocorticolimbic pathways and communication between this pathway 
and socially-relevant brain regions) compared to placebo. Results were con-
sistent with the author’s hypotheses: oxytocin enhanced neural responses to 
biological versus random motion in the posterior superior temporal sulcus 
(pSTS), and in the amygdala and hippocampus in response to angry versus 
happy voices. Across both fMRI tasks, oxytocin increased neural connectiv-
ity both within reward regions and between the reward pathway and regions 
associated with social perception. The authors concluded that oxytocin admin-
istration appeared to enhance salience/reward of social stimuli (as measured 
in the biological motion task), but also increased the salience of negative social 
stimuli (as measured by the affective voices task).

Greene and colleagues [56] conducted a placebo-controlled, double-blind study 
with 28 children and adolescents with ASD (ages 10-17). Participants completed 
an fMRI incentive delay task on two occasions: once after receiving oxytocin, and 
once after receiving a placebo nasal spray. The fMRI task involved both social and 
non-social reward conditions so the authors could compare the effects of oxytocin 
versus placebo on brain activity related to both social and nonsocial rewards. 
Results demonstrated that compared to placebo, oxytocin increased brain activity 
in the caudate nucleus, left anterior cingulate cortex, frontal pole, insular cortex, 
and orbito-frontal cortex in the nonsocial reward versus social reward condition. 
Additionally, the authors found a positive relationship between symptom sever-
ity (measured using the SRS; [37]) and activation in the frontal pole and anterior 
cingulate during nonsocial reward anticipation, and between symptom severity 
and activation in the precentral gyrus and left caudate during nonsocial reward 
processing. Interestingly, these findings do not support the hypothesis that oxytocin 
selectively enhances reward-related brain activity to social stimuli, but rather may 
be associated with increased reward anticipation and processing for nonsocial 
stimuli. The authors hypothesize that reward-related effects of oxytocin may be 
sensitive to task-specific features, and noted that their findings strengthen the body 
of evidence that oxytocin acts on the brain’s reward system.

Taken together, these findings provide further evidence that intranasal oxytocin 
administration appears to act on the neural reward system. However, evidence is 
mixed regarding whether oxytocin specifically acts on the social reward system 
[54, 55] or the reward system more broadly [56]. It is likely that differences in 
neuroscience tasks, as well as differences in regions of interest, and participant 
sample characteristics may explain disparate findings. Importantly for our theoreti-
cal framework, intranasal oxytocin administration appears to impact the reward 
system in children with ASD. This provides an empirical basis for our hypothesis 
that combining a pharmacological agent with behavioral interventions that act on 
similar brain regions/networks may improve outcomes related to social initiation 
and communication.

5. Behavioral Interventions in ASD

Given the heterogeneous behavioral manifestations of ASD, it is not surpris-
ing that multiple behavioral interventions have been developed to improve social 
communication and decrease challenging behaviors [58–60]. Multiple systematic 
reviews have been published on the success of behavioral interventions for children 
with ASD (e.g. [61–64]), and an extensive review is beyond the scope of the current 
chapter. Of primary relevance to the current chapter are behavioral interventions 
designed to increase the salience, relevance, and reward value of social interactions 
in order to improve social-communicative symptoms.
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This section will briefly review two of these behavioral interventions, specifi-
cally the Early Start Denver Model (ESDM) and Pivotal Response Training (PRT) as 
both of these interventions are based on principles of Applied Behavioral Analysis 
(ABA) but emphasize naturalistic teaching strategies to promote generalization. 
Note, however, that there are other naturalistic interventions grounded in ABA 
principles (e.g. Incidental Teaching [65]; Reciprocal Imitation Training, or RIT 
[66, 67]; Parent-training programs, such as Project ImPACT [68]; Joint attention 
Interventions, such as JASPER [69, 70], and others).

5.1 Early start denver model (ESDM)

ESDM is an empirically validated, manualized intensive early intervention 
program designed for children between the ages of 1-4 [60, 71]. ESDM uses 
teaching strategies including: interpersonal exchange and positive affect, engage-
ment with real-world activities and materials, adult responsivity and sensitivity, 
and focus on both verbal and nonverbal communication. These strategies are 
grounded in ABA principles including operant conditioning, shaping, and chaining. 
Importantly, ESDM is not conceptualized as a behavioral intervention that must 
occur in a table-top or structured situation, nor is it a “one size fits all” approach. 
Each child’s program is individualized, and parent’s roles are emphasized. Parents 
are taught ESDM strategies and encouraged to utilize them during daily activities 
(e.g. feeding, bath time, play). In a 2010 randomized controlled trial, Dawson and 
colleagues compared the efficacy of ESDM versus treatment as usual (TAU) over 
a 2-year period [60]. Results found significant improvements in cognitive abilities 
in the ESDM group compared to TAU. These group differences appeared driven 
by improvements in both expressive and receptive language in the ESDM group. 
Additionally, significant group differences were observed in adaptive behaviors. 
Whereas children in the ESDM group remained steady in their adaptive behaviors 
across time, children in the TAU group exhibited lower scores across time when 
compared to their neurotypical peers. This difference appeared driven by increasing 
gaps between the TAU group and their neurotypical peers in a variety of adaptive 
skills, whereas children in the ESDM group displayed improvement in their com-
munication abilities. A recent meta-analysis corroborates the efficacy of ESDM in 
improving cognition and language for children with ASD [72].

5.2 Pivotal response training (PRT)

Pivotal response training (PRT), sometimes referred to as Pivotal Response 
Teaching or Pivotal Response Therapy, is a naturalistic behavior intervention 
based on principles of ABA. The underlying assumption of PRT is that children’s 
challenges can be improved with behavioral and environmental manipulations 
including reinforcement, contingencies, consequences, and extinction [73]. The 
term “pivotal” is important as it refers to pivotal behaviors that, when targeted, 
can lead to improvements in other areas of behavior not specifically targeted. 
The behaviors/function areas most commonly targeted in PRT are: motivation, 
initiation, responding to multiple cues, and self-management [74, 75]. To increase 
motivation, teaching strategies include: following the child’s lead, offering choices, 
providing clear opportunities for response, varying tasks, including both mainte-
nance and acquisition tasks, contingent and natural reinforcement, and reinforcing 
all attempts at target skills [73, 74]. Similar to ESDM, PRT emphasizes the impor-
tance of implementing the intervention in the child’s natural environment and the 
involvement of parents and other caregivers in the intervention [73]. Results of a 
systematic review indicate that PRT is largely effective at increasing self-initiation 
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and improving language, communication, and play skills in children with ASD 
[76]. A 2016 meta-analysis concluded that PRT is effective at teaching behaviors to 
children with ASD [77].

6. Neuroscience findings after behavioral intervention in ASD

Despite a wealth of research examining the behavioral utility of empirically-
based interventions for children with ASD, there is a relative paucity of literature 
utilizing neuroscience as an outcome measure or predictor of behavioral inter-
vention response (see [78] for a review). To our knowledge, seven studies have 
been published using neuroscience as either an outcome measure or predictor of 
response for an empirically supported behavioral intervention designed to help 
with core symptoms of ASD. See Table 3.

The first published paper using neuroscience as an outcome measure was 
Dawson and colleagues in 2012 [79]. 29 children with ASD (ages 48-77 months) 
participated in the study and were randomly assigned to either receive two years 
of ESDM intervention or two years of treatment as usual, TAU. Compared to 
toddlers in the community intervention, those who received ESDM demonstrated 
faster neural signatures of attention (the Nc ERP component) when viewing faces 
versus objects. Interestingly, when brain activity patterns of the two groups of 
toddlers with ASD were compared to brain activity of neurotypical (TD) toddlers, 
the ESDM and TD groups exhibited increased cortical activation when viewing 
faces versus objects, whereas toddlers in the TAU group evidenced more cortical 
activation when viewing objects vs. faces. The authors concluded that participation 
in ESDM appeared to lead to “normalization” of attention to faces. However, the 
authors did not include measures of brain activity prior to intervention, so they 
were unable to directly infer whether participation in ESDM significantly changed 
brain activity from pre to post intervention.

Voos and colleagues [80] used fMRI to measure brain activity in two five-year-
olds with ASD before and after four months of PRT. The fMRI paradigm involved 
watching point-light displays that were either attached to an adult who performed 
actions (e.g. biological motion) or scrambled light displays created with random 
selections of light points (scrambled motion). When measuring brain activity from 
brain areas implicated in ASD from previous research [81], the authors found that 
one participant had increased brain activity after intervention in the left fusiform 
gyrus and left dorsal prefrontal cortex, and the other participant had greater activa-
tion in the left ventrolateral prefrontal cortex, right posterior superior temporal sul-
cus, and fusiform gyrus. All of these brain regions have been previously implicated 
as relevant to processing social stimuli and biological motion. Despite the small 
sample size, the results suggest that PRT can increase brain activity in important 
regions associated with social stimuli.

Ventola and colleagues [82] also measured brain activity before and after 
participation in PRT. 10 children with ASD (aged 4-7) completed an fMRI bio-
logical motion task both before and after 16 weeks of PRT. 5 neurotypical children 
were tested twice (once at “baseline” and once 16 weeks later) but they did not 
receive PRT. Based on activity in the parietal temporal sulcus (pSTS) at baseline 
compared to neurotypical participants, children with ASD were separated into 
two groups: hypo- and hyper-active. Children with hypo-activation were hypoth-
esized to have decreased social motivation (evidenced by hypoactivity in the pSTS 
compared to neurotypical children), and children with hyper-activation were 
hypothesized to be hypersensitive to stimuli (evidenced by hyperactivity in the 
pSTS compared to neurotypical children). After PRT, children in the hypo-active 

69

Priming the Pathway: Combining Oxytocin and Behavioral Intervention to Improve Outcomes…
DOI: http://dx.doi.org/10.5772/intechopen.96859

Authors Participants Intervention, 
Neuroscience 
Methodology, 
& Task

Neuroscientific Findings

Dawson et al. 
[79]

15 ASD in ESDM group

• Mage = 54.1 mo., SDage 
= 4.9 mo.

14 ASD in the TAU 
group

• Mage = 54.1 mo., SDage 
= 7.8 mo.

17 TD participants

• Mage = 55.7 mo., SDage 
= 4.5 mo.

ESDM; 2 for 
years; 20 hours/
week
ERP
Participants 
viewed images 
of faces and 
toys.

Faster Nc and increased cortical 
activation to faces vs. objects in 
the EDSM group. Faster Nc and 
increased cortical activation to 
objects vs. faces in the TAU group.

Voos et al. [80] 2 ASD (1 male, 1 
female), each 5 years old

PRT; 16 weeks; 
8– 10 hours/
week
fMRI
Participants 
viewed 
biological 
motion clips 
and scrambled 
motion clips.

During biological motion:
Participant 1 (female): Increased 
activity in the fusiform gyrus (FG) 
and dorsolateral prefrontal cortex 
(dlPFC).
Participant 2 (male): Increased 
activity in the posterior superior 
temporal sulcus (pSTS), 
ventrolateral prefrontal cortex 
(vlPFC), and FG.

Ventola et al. [82] 10 ASD (8 male, 2 
female)
Hypoactive group (3 
male, 2 female):

• Mage = 5.3 yrs., SDage = 
.27 yrs.

Hyperactive group (5 
male):

• Mage = 5.66 yrs., SDage 
= 1.02 yrs.

PRT; 16 weeks; 7 
hours/week
fMRI
Participants 
viewed 
biological 
motion clips 
and scrambled 
motion clips.

During biological motion:
Initially hypoactive group: 
increased activation in the ventral 
striatum (VS) and right posterior 
superior temporal sulcus (pSTS)
Initially hyperactive group: 
decreased activation in right 
pSTS, amygdala, thalamus, and 
hippocampus.

Van Hecke et al. 
[83]

28 ASD in the immediate 
treatment group (22 
male, 6 female)

• Mage = 14.1 yrs., SDage 
= 1.3 yrs.

29 ASD in the waitlist 
control (WLC) group 
(23 male, 6 female)

• Mage = 13.3 yrs., SDage 
= 1.7 yrs.

30 TD (28 male, 2 
female)

• Mage = 13.3 yrs., SDage 
= 1.3 yrs.

PEERS; 14 
weeks; 1.5 
hours/week
EEG
Continuous 
resting EEG

Immediate treatment: Increased 
left-dominant gamma asymmetry 
during resting state EEG after 
intervention vs. pre-intervention 
(more similar to TD). WLC: no 
change.

Venkataraman 
et al. [88]

19 ASD (13 males, 6 
females)

• Mage = 5.87 yrs., SDage = 
1.09 yrs.

PRT; 16 weeks; 7 
hours/week
fMRI
Participants 
viewed 
biological 
motion clips 
and scrambled 
motion clips.

During biological motion, 
reduction in connectivity between 
the posterior cingulate cortex 
(PCC) and orbital frontal cortex 
and an increase in connectivity 
between the PCC and regions 
of ventral occipital temporal 
extrastriate cortex.
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and improving language, communication, and play skills in children with ASD 
[76]. A 2016 meta-analysis concluded that PRT is effective at teaching behaviors to 
children with ASD [77].

6. Neuroscience findings after behavioral intervention in ASD

Despite a wealth of research examining the behavioral utility of empirically-
based interventions for children with ASD, there is a relative paucity of literature 
utilizing neuroscience as an outcome measure or predictor of behavioral inter-
vention response (see [78] for a review). To our knowledge, seven studies have 
been published using neuroscience as either an outcome measure or predictor of 
response for an empirically supported behavioral intervention designed to help 
with core symptoms of ASD. See Table 3.

The first published paper using neuroscience as an outcome measure was 
Dawson and colleagues in 2012 [79]. 29 children with ASD (ages 48-77 months) 
participated in the study and were randomly assigned to either receive two years 
of ESDM intervention or two years of treatment as usual, TAU. Compared to 
toddlers in the community intervention, those who received ESDM demonstrated 
faster neural signatures of attention (the Nc ERP component) when viewing faces 
versus objects. Interestingly, when brain activity patterns of the two groups of 
toddlers with ASD were compared to brain activity of neurotypical (TD) toddlers, 
the ESDM and TD groups exhibited increased cortical activation when viewing 
faces versus objects, whereas toddlers in the TAU group evidenced more cortical 
activation when viewing objects vs. faces. The authors concluded that participation 
in ESDM appeared to lead to “normalization” of attention to faces. However, the 
authors did not include measures of brain activity prior to intervention, so they 
were unable to directly infer whether participation in ESDM significantly changed 
brain activity from pre to post intervention.

Voos and colleagues [80] used fMRI to measure brain activity in two five-year-
olds with ASD before and after four months of PRT. The fMRI paradigm involved 
watching point-light displays that were either attached to an adult who performed 
actions (e.g. biological motion) or scrambled light displays created with random 
selections of light points (scrambled motion). When measuring brain activity from 
brain areas implicated in ASD from previous research [81], the authors found that 
one participant had increased brain activity after intervention in the left fusiform 
gyrus and left dorsal prefrontal cortex, and the other participant had greater activa-
tion in the left ventrolateral prefrontal cortex, right posterior superior temporal sul-
cus, and fusiform gyrus. All of these brain regions have been previously implicated 
as relevant to processing social stimuli and biological motion. Despite the small 
sample size, the results suggest that PRT can increase brain activity in important 
regions associated with social stimuli.

Ventola and colleagues [82] also measured brain activity before and after 
participation in PRT. 10 children with ASD (aged 4-7) completed an fMRI bio-
logical motion task both before and after 16 weeks of PRT. 5 neurotypical children 
were tested twice (once at “baseline” and once 16 weeks later) but they did not 
receive PRT. Based on activity in the parietal temporal sulcus (pSTS) at baseline 
compared to neurotypical participants, children with ASD were separated into 
two groups: hypo- and hyper-active. Children with hypo-activation were hypoth-
esized to have decreased social motivation (evidenced by hypoactivity in the pSTS 
compared to neurotypical children), and children with hyper-activation were 
hypothesized to be hypersensitive to stimuli (evidenced by hyperactivity in the 
pSTS compared to neurotypical children). After PRT, children in the hypo-active 
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Methodology, 
& Task

Neuroscientific Findings

Dawson et al. 
[79]

15 ASD in ESDM group

• Mage = 54.1 mo., SDage 
= 4.9 mo.

14 ASD in the TAU 
group

• Mage = 54.1 mo., SDage 
= 7.8 mo.

17 TD participants

• Mage = 55.7 mo., SDage 
= 4.5 mo.

ESDM; 2 for 
years; 20 hours/
week
ERP
Participants 
viewed images 
of faces and 
toys.

Faster Nc and increased cortical 
activation to faces vs. objects in 
the EDSM group. Faster Nc and 
increased cortical activation to 
objects vs. faces in the TAU group.

Voos et al. [80] 2 ASD (1 male, 1 
female), each 5 years old

PRT; 16 weeks; 
8– 10 hours/
week
fMRI
Participants 
viewed 
biological 
motion clips 
and scrambled 
motion clips.

During biological motion:
Participant 1 (female): Increased 
activity in the fusiform gyrus (FG) 
and dorsolateral prefrontal cortex 
(dlPFC).
Participant 2 (male): Increased 
activity in the posterior superior 
temporal sulcus (pSTS), 
ventrolateral prefrontal cortex 
(vlPFC), and FG.

Ventola et al. [82] 10 ASD (8 male, 2 
female)
Hypoactive group (3 
male, 2 female):

• Mage = 5.3 yrs., SDage = 
.27 yrs.

Hyperactive group (5 
male):

• Mage = 5.66 yrs., SDage 
= 1.02 yrs.

PRT; 16 weeks; 7 
hours/week
fMRI
Participants 
viewed 
biological 
motion clips 
and scrambled 
motion clips.

During biological motion:
Initially hypoactive group: 
increased activation in the ventral 
striatum (VS) and right posterior 
superior temporal sulcus (pSTS)
Initially hyperactive group: 
decreased activation in right 
pSTS, amygdala, thalamus, and 
hippocampus.

Van Hecke et al. 
[83]

28 ASD in the immediate 
treatment group (22 
male, 6 female)

• Mage = 14.1 yrs., SDage 
= 1.3 yrs.

29 ASD in the waitlist 
control (WLC) group 
(23 male, 6 female)

• Mage = 13.3 yrs., SDage 
= 1.7 yrs.

30 TD (28 male, 2 
female)

• Mage = 13.3 yrs., SDage 
= 1.3 yrs.

PEERS; 14 
weeks; 1.5 
hours/week
EEG
Continuous 
resting EEG

Immediate treatment: Increased 
left-dominant gamma asymmetry 
during resting state EEG after 
intervention vs. pre-intervention 
(more similar to TD). WLC: no 
change.

Venkataraman 
et al. [88]

19 ASD (13 males, 6 
females)

• Mage = 5.87 yrs., SDage = 
1.09 yrs.

PRT; 16 weeks; 7 
hours/week
fMRI
Participants 
viewed 
biological 
motion clips 
and scrambled 
motion clips.

During biological motion, 
reduction in connectivity between 
the posterior cingulate cortex 
(PCC) and orbital frontal cortex 
and an increase in connectivity 
between the PCC and regions 
of ventral occipital temporal 
extrastriate cortex.
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group had increased brain activity in the pSTS and ventral striatum when view-
ing biological motion, and decreased ventral striatum activity in response to 
scrambled motion. Children in the hyperactive group evidenced decreased brain 
activity in the pSTS, amygdala, thalamus, and hippocampus when viewing bio-
logical motion. The authors’ hypothesized that participation in PRT differentially 
affected brain activity of children depending on their baseline characteristics 
(e.g. children who displayed too little brain activity in response to social stimuli 
evidenced increased brain activity after intervention, whereas children who dis-
played too much brain activity in response to social stimuli evidenced decreased 
activity after intervention).

Van Hecke and colleagues [83] used electrophysiology (EEG) to measure brain 
activity before and after participation in a randomized control trial of the Program for 
the Education and Enrichment of Relational Skills (PEERS; [84, 85]) versus a waitlist 
control (WLC) condition. PEERS is an empirically validated, manualized program 
which focuses on making and keeping friends for adolescents with ASD [86].  

Authors Participants Intervention, 
Neuroscience 
Methodology, 
& Task

Neuroscientific Findings

Yang et al. [89] 20 ASD (13 male, 7 
female)

• Mage = 5.90 yrs., SDage 
= 1.07 yrs.

PRT; 16 weeks; 7 
hours/week
fMRI
Participants 
viewed 
biological 
motion clips 
and scrambled 
motion clips.

Pre-intervention brain activity in 
the following areas while viewing 
biological motion predicted 
behavioral improvements on 
the SRS from pre- to post-
intervention. (1) social perception 
(fusiform gyrus, inferior temporal 
gyrus, middle temporal gyrus), 
(2) social attention (inferior 
parietal gyrus, superior parietal 
lobule), (3) emotion regulation 
and reward (orbitofrontal cortex, 
ventrolateral prefrontal cortex, 
anterior insula), and (4) social 
reward (putamen, pallidum, 
amygdala, hippocampus, ventral 
striatum)

Baker et al., [90] 7 ASD (6 male, 1 female)

• Mage = 13.88 yrs., SDage 
= 2.21 yrs.

7 TD (6 male, 1 female)

• Mage = 13.46 yrs., SDage 
= 2.29 yrs.

PEERS; 16 
weeks; 1.5 
hours/week
ERP
Participants 
completed a 
reward task with 
feedback that 
was social (face) 
or nonsocial 
(arrow) with 
correct or 
incorrect 
feedback (face: 
smile vs frown; 
arrow: upward 
vs downward).

Increased neural sensitivity to 
both social and nonsocial rewards 
(RewP amplitude) after versus 
before intervention.

Table 3. 
Neuroscience outcome measures of behavioral interventions in children with ASD.
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35 adolescents (13-14 years old) with ASD were randomly assigned to receive 
PEERS, 31 were randomly assigned to WLC, and 30 neurotypical (TD) adolescents 
were assessed prior to the intervention for comparison purposes. The authors mea-
sured brain activity patterns during “resting state” during which adolescents were 
instructed to focus on a fixation point for three minutes. Of particular interest was 
patterns of brain activity in the right versus left hemispheres as previous research 
suggests that individuals who have left-hemisphere dominance have higher approach 
motivation and positive affect compared to those with right-hemisphere dominance 
who are often characterized as withdrawn [87]. Prior to intervention, the two groups 
of teens with ASD evidenced less left-dominant asymmetry compared to the TD 
group. When comparing post-intervention brain activity of teens who received 
PEERS to brain activity in the TD group, differences in left-hemispheric dominance 
were no longer observed. Differences between the WLC group and the TD group were 
still observed after the 14-week intervention period (during which the WLC group 
did not receive intervention). These findings suggest that participation in PEERS 
(compared to a waitlist condition) significantly changed patterns of brain activity to 
be increasingly left-hemisphere dominant, which is more similar to patterns observed 
in neurotypical teens.

Venkataraman and colleagues [88] used a Bayesian probabilistic model to char-
acterize fMRI activity in 19 children with ASD (mean age 5.87 years) before and 
after 16 weeks of PRT. Similar to Ventola et al. [82], the fMRI paradigm involved 
watching two types of light displays: biological motion and scrambled motion. The 
probabilistic model allowed the authors to measure PRT-induced changes in neural 
connectivity between neural regions of interest. Results indicated both reduced 
connectivity between the posterior cingulate cortex (PCC) and orbitofrontal cortex 
and increased connectivity between the PCC and areas of the ventral occipital tem-
poral extrastriate cortex. These results are interesting given that the PCC is known 
for its role in social cognitive processes, the orbitofrontal cortex has been implicated 
in reward processes, and the ventral occipital and temporal cortices play a role 
in processing socially meaningful stimuli (including biological motion). These 
findings suggest that PRT causes a shift, in which connectivity between the PCC 
and orbitofrontal cortex is decreased while PCC and the ventral occipital-temporal 
cortex connection is strengthened.

Yang and colleagues [89] utilized fMRI as a pre-intervention predictor of 
intervention response in 20 children with ASD (mean age 5.90 years). The authors 
measured brain activity during a biological motion paradigm prior to 16 weeks 
of PRT. Results demonstrated that pre-intervention brain activity in areas impli-
cated in: (1) social perception (fusiform gyrus, inferior temporal gyrus, middle 
temporal gyrus), (2) social attention (inferior parietal gyrus, superior parietal 
lobule), (3) emotion regulation and reward (orbitofrontal cortex, ventrolateral 
prefrontal cortex, anterior insula), and (4) social reward (putamen, pallidum, 
amygdala, hippocampus, ventral striatum) while viewing biological motion 
predicted behavioral improvements on the SRS from pre- to post-intervention. 
For all 4 regions, greater levels of pre-intervention brain activity were associ-
ated with increased behavioral improvements from pre- to post- intervention. 
Results from this study suggest that neuroscience methods may be able to predict 
which children are most likely to benefit from a specific intervention, as well as 
underscoring the importance of brain regions associated with social perception, 
emotion regulation, and reward for understanding how interventions may affect 
brain circuitry in ASD.

Baker and colleagues [90] used event-related potentials (ERP) to measure brain 
response to reward in ASD adolescents before and after participation in the PEERS 
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group had increased brain activity in the pSTS and ventral striatum when view-
ing biological motion, and decreased ventral striatum activity in response to 
scrambled motion. Children in the hyperactive group evidenced decreased brain 
activity in the pSTS, amygdala, thalamus, and hippocampus when viewing bio-
logical motion. The authors’ hypothesized that participation in PRT differentially 
affected brain activity of children depending on their baseline characteristics 
(e.g. children who displayed too little brain activity in response to social stimuli 
evidenced increased brain activity after intervention, whereas children who dis-
played too much brain activity in response to social stimuli evidenced decreased 
activity after intervention).

Van Hecke and colleagues [83] used electrophysiology (EEG) to measure brain 
activity before and after participation in a randomized control trial of the Program for 
the Education and Enrichment of Relational Skills (PEERS; [84, 85]) versus a waitlist 
control (WLC) condition. PEERS is an empirically validated, manualized program 
which focuses on making and keeping friends for adolescents with ASD [86].  
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Baker et al., [90] 7 ASD (6 male, 1 female)
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• Mage = 13.46 yrs., SDage 
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Participants 
completed a 
reward task with 
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(arrow) with 
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smile vs frown; 
arrow: upward 
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Table 3. 
Neuroscience outcome measures of behavioral interventions in children with ASD.
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35 adolescents (13-14 years old) with ASD were randomly assigned to receive 
PEERS, 31 were randomly assigned to WLC, and 30 neurotypical (TD) adolescents 
were assessed prior to the intervention for comparison purposes. The authors mea-
sured brain activity patterns during “resting state” during which adolescents were 
instructed to focus on a fixation point for three minutes. Of particular interest was 
patterns of brain activity in the right versus left hemispheres as previous research 
suggests that individuals who have left-hemisphere dominance have higher approach 
motivation and positive affect compared to those with right-hemisphere dominance 
who are often characterized as withdrawn [87]. Prior to intervention, the two groups 
of teens with ASD evidenced less left-dominant asymmetry compared to the TD 
group. When comparing post-intervention brain activity of teens who received 
PEERS to brain activity in the TD group, differences in left-hemispheric dominance 
were no longer observed. Differences between the WLC group and the TD group were 
still observed after the 14-week intervention period (during which the WLC group 
did not receive intervention). These findings suggest that participation in PEERS 
(compared to a waitlist condition) significantly changed patterns of brain activity to 
be increasingly left-hemisphere dominant, which is more similar to patterns observed 
in neurotypical teens.

Venkataraman and colleagues [88] used a Bayesian probabilistic model to char-
acterize fMRI activity in 19 children with ASD (mean age 5.87 years) before and 
after 16 weeks of PRT. Similar to Ventola et al. [82], the fMRI paradigm involved 
watching two types of light displays: biological motion and scrambled motion. The 
probabilistic model allowed the authors to measure PRT-induced changes in neural 
connectivity between neural regions of interest. Results indicated both reduced 
connectivity between the posterior cingulate cortex (PCC) and orbitofrontal cortex 
and increased connectivity between the PCC and areas of the ventral occipital tem-
poral extrastriate cortex. These results are interesting given that the PCC is known 
for its role in social cognitive processes, the orbitofrontal cortex has been implicated 
in reward processes, and the ventral occipital and temporal cortices play a role 
in processing socially meaningful stimuli (including biological motion). These 
findings suggest that PRT causes a shift, in which connectivity between the PCC 
and orbitofrontal cortex is decreased while PCC and the ventral occipital-temporal 
cortex connection is strengthened.

Yang and colleagues [89] utilized fMRI as a pre-intervention predictor of 
intervention response in 20 children with ASD (mean age 5.90 years). The authors 
measured brain activity during a biological motion paradigm prior to 16 weeks 
of PRT. Results demonstrated that pre-intervention brain activity in areas impli-
cated in: (1) social perception (fusiform gyrus, inferior temporal gyrus, middle 
temporal gyrus), (2) social attention (inferior parietal gyrus, superior parietal 
lobule), (3) emotion regulation and reward (orbitofrontal cortex, ventrolateral 
prefrontal cortex, anterior insula), and (4) social reward (putamen, pallidum, 
amygdala, hippocampus, ventral striatum) while viewing biological motion 
predicted behavioral improvements on the SRS from pre- to post-intervention. 
For all 4 regions, greater levels of pre-intervention brain activity were associ-
ated with increased behavioral improvements from pre- to post- intervention. 
Results from this study suggest that neuroscience methods may be able to predict 
which children are most likely to benefit from a specific intervention, as well as 
underscoring the importance of brain regions associated with social perception, 
emotion regulation, and reward for understanding how interventions may affect 
brain circuitry in ASD.

Baker and colleagues [90] used event-related potentials (ERP) to measure brain 
response to reward in ASD adolescents before and after participation in the PEERS 
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program compared to a typically developing sample. Response to social and nonso-
cial rewards were measured using the reward-related positive component (RewP) 
in seven adolescents with ASD and seven TD adolescents, aged 10 to 17 years. Prior 
to intervention, patterns of reward-related brain activity (RewP mean amplitude) 
did not differ between groups. However, after intervention the ASD group demon-
strated an enhanced sensitivity to rewards, regardless of social or nonsocial condi-
tion, compared to the TD group. Additionally, ASD participants with less robust 
responses to social rewards prior to the start of the PEERS intervention demon-
strated the most gains in social behaviors (as measured via SRS-2 [91]; Social Skills 
Improvement System, [92]. Findings from this study suggest an enhancement of 
the neural response to rewards after teens with ASD receive training in social skills 
and additionally that teens with attenuated responses to social rewards may gain the 
most benefit from intervention.

Taken together, these seven studies provide evidence for two critical concepts: 
(1) Behavioral Intervention can significantly change patterns and/or magnitude 
of brain activity in response to social stimuli for children with ASD, and (2) 
Neuroscience may be able to predict individual levels of behavioral intervention 
response and could eventually be used to advance “precision medicine” (e.g. 
to predict who is most likely to benefit from a specific intervention). The first 
concept is central to our theoretical framework, as it suggests that participation 
in empirically based interventions changes brain activity in children with ASD-
-particularly in response to social stimuli and in brain areas/patterns of activity 
related to social perception and reward. Neural changes in the reward system and 
other areas of the “social brain” after interventions provides an empirical basis 
for our hypothesis that the addition of pharmacological compounds that enhance 
brain activity/responses in those same regions might lead to increased benefits for 
children with ASD.

7.  Current research combining oxytocin and behavioral interventions  
in ASD

Although there are no published studies (to our knowledge) that have conducted 
double-blind, placebo-controlled trials combining oxytocin administration with 
an empirically validated behavioral intervention in ASD, two trials are currently 
underway and recorded on ClinicalTrials.Gov (identifiers NCT02918864 and 
NCT03370510). We also note that a large-scale multi-site trial of the behavioral 
effects of oxytocin versus placebo is underway by the Study of Oxytocin in 
Autism to Improve Reciprocal Social Behaviors (SOARS-B; clinical trial identifier 
NCT01944046). One paper describing the rationale and methods for the trial has 
been published [93].

8. Does timing matter?

As noted above, we hypothesize that empirically based behavioral interventions 
designed to increase social-communication skills such as social initiation/motiva-
tion are more likely to be enhanced by oxytocin administration than interventions 
focused on other aspects of ASD (e.g. disruptive behaviors, anxiety). Such interven-
tions are typically aimed towards young children (i.e. ESDM was developed for chil-
dren ages 1-4) due to the targeted skills. We hypothesize that age is likely to play an 
important role in the efficacy of combining oxytocin with behavioral interventions 
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such that younger children are more likely to benefit due to: (a) Early interven-
tions in ASD often focus on improving social motivation and initiation, whereas 
interventions for older children are less likely to have such an emphasis. As oxytocin 
has been shown to affect the reward system, behavioral interventions designed to 
increase the reward value of social stimuli are likely to be the best candidates for 
this framework. (b) Increased neural plasticity in younger ages and the negative 
neuro-developmental sequelae described in the social motivation hypothesis. That 
is, young children have been hypothesized to benefit more from early interven-
tion for ASD compared to older children due to neural plasticity, and the social 
motivation hypothesis posits that decreased reward value of social stimuli early in 
life leads to a negative cascade of developmental consequences [5, 94]. It therefore 
seems likely that younger children are best positioned to benefit from combining 
behavioral intervention with oxytocin because early interventions may disrupt this 
negative developmental cascade and help children move back towards a typical 
trajectory. (c) Accumulating evidence that interventions for ASD are likely to be 
more effective if started earlier in life [94–96]. It is unclear, however, exactly how 
age will affect our theoretical model. Future research should pay close attention to 
how and if age is a predictor when measuring outcomes of combining oxytocin and 
behavioral intervention in ASD.

9. Conclusions

Taken together, considering extant research findings from behavioral and 
neural effects of oxytocin administration along with those on brain activity in 
response to behavioral interventions in children with ASD suggests that both oxy-
tocin and behavioral interventions lead to measurable changes in regions of the 
“social brain” and reward network. These findings, combined with those suggest-
ing that oxytocin administration may improve social-communication in children 
with ASD, provide the empirical basis of our hypothesis [57] that combining oxy-
tocin administration with behavioral interventions may improve outcomes related 
to social-communication. We hypothesize that the administration of oxytocin 
prior to each session of an intervention may “prime” the neural reward system to 
be maximally responsive to the behavioral skills taught during the intervention 
session. Due to the central role of the reward system in our theoretical model we 
hypothesize that this combined approach may be most effective for social-com-
municative skills requiring social motivation (e.g. social initiation/approach) and 
be maximally beneficial for young children. See Figure 1 for hypothesized neural 
mechanisms underlying the efficacy of combining interventions with oxytocin to 
improve outcomes.

It is important to note, however, that this approach is unlikely to be equally 
effective in all children with ASD. As with all interventions, there does not appear 
to be any “one size fits all” approach to help children with ASD. It will be critical 
to measure and characterize individual differences that may explain variability in 
treatment efficacy from biological (e.g. levels of oxytocin concentration in plasma/
saliva before and after oxytocin administration, genetic expression of candidate 
genes relevant for oxytocin; OXTR, VAP1, brain activity in response to social 
stimuli prior to oxytocin administration, age), behavioral (e.g. social communica-
tive symptom profile prior to oxytocin administration), and psychological (e.g. 
co-occurring diagnoses such as ADHD, anxiety, etc.) standpoints. Such individual 
differences will likely be central to our understanding of how, why, and for whom 
this combined approach will be maximally effective.
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Figure 1 
(1.1) Neuroscience Outcomes after Behavioral Intervention for Children with ASD. This figure depicts 
results from studies which measured brain activity before and after behavioral intervention. The brain 
areas highlighted in red indicate increased brain activity after behavioral intervention, whereas regions 
shown in blue indicate decreased brain activity after behavioral intervention. Results related to neural 
connectivity are shown with a dotted line. A. Dawson et al. [79], proposed neural generators of the Nc 
component (Reynolds & Richards, 2005) are highlighted (medial frontal gyrus, inferior frontal gyrus, 
anterior cingulate cortex); B. Voos et al. [80] ( fusiform gyrus, dorsolateral prefrontal cortex, posterior 
superior temporal sulcus (pSTS), ventrolateral prefrontal cortex (vlPFC)); C. Ventola et al. [82], ventral 
striatum (VS), pSTS, amygdala, thalamus, and hippocampus; D. Venkataraman et al. [88], reduction in 
connectivity between the posterior cingulate cortex (PCC) and orbital frontal cortex (OFC) and an increase 
in connectivity between the PCC and regions of ventral occipital temporal extrastriate cortex; E. Baker et 
al. [90], proposed neural generators of the RewP component (Carlson et al., 2011 & Proudfit, 2015) are 
highlighted (ventral striatum, dorsal striatum, OFC, medial frontal cortex); F*. Yang et al. [89], activity 
in the following pre-intervention brain areas were used to predict behavioral improvements: fusiform gyrus, 
inferior temporal gyrus, middle temporal gyrus, inferior parietal gyrus, superior parietal lobule, OFC, 
ventrolateral prefrontal cortex, anterior insula, putamen, pallidum, amygdala, hippocampus, ventral 
striatum. *This study used neuroscience measures prior to intervention as a predictor of intervention success, 
whereas the other studies used neuroscience measures pre- and post-intervention. (1.2) Neuroscience Results 
after Oxytocin Administration in Children with ASD. This figure depicts results from studies that have 
measured brain activity after oxytocin administration. Results related to neural connectivity are shown with a 
dotted line (red dotted line indicates increased connectivity, blue dotted line indicates decreased connectivity). 
G. Gordon et al., [55] (dorsal and ventral striatum, premotor cortex, posterior cingulate, pSTS); H. Gordon 
et al. [56] (pSTS, right amygdala, right brain stem); I. Greene et al., [56] (right nucleus accumbens (NAcc), 
right frontal pole (FP), left anterior cingulate cortex (ACC), left superior frontal cortex, bilateral OFC, 
functional connectivity during nonsocial reward anticipation (between the right NAcc and the right FP); 
frontostriatal functional connectivity between left ACC, bilateral postcentral gyrus, left inferior front gyrus, 
left precentral gyrus, and left medial frontal gyrus). (1.3) Neural Mechanisms Underlying the Proposed 
Additive Benefit of Combining Oxytocin with Behavioral Intervention. This figure depicts the proposed 
additive benefits of combining oxytocin administration with behavioral interventions for children with ASD. 
Brain regions that have been implicated in both behavioral intervention and oxytocin administration are 
labeled. We propose that oxytocin administration will “prime” neural structures related to reward and/or 
social information processing, which will make behavioral intervention sessions more effective.
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Chapter 6

Regulation of Morphological and 
Functional Aspects of Sexual 
Dimorphism in the Brain
Chitose Orikasa

Abstract

Sexual dimorphism of the adult brain regulates sex-dependent functions 
including reproductive and neuroendocrine activities in rodents. It is determined 
by sex steroid hormones during a critical perinatal period in female and male 
rodents. Sex steroids act on each nuclear receptor in the brain and control different 
physiological and neuroendocrine functions and behaviors. Several regions of the 
brain show evident morphological sex differences that are involved in their physi-
ological functions. This review addresses and focuses largely on the role of sex-
dependent differences in the brain, and their crucial functions in animal models. 
Particularly, recent intriguing data concerning the diversity of neuronal functions 
and sexual dimorphism are discussed.

Keywords: Sexual dimorphism, Sex steroid: Estrogen, ERα, ERβ, Neuronal plasticity

1. Introduction

Sexual dimorphism is characterized by morphological and physiological changes 
driven by sex steroids. In the rodent brain, it occurs during a critical period char-
acterized by higher plasticity of neurons allowing changes in neuronal circuits and 
connectivity. For instance, hormonal manipulation during this time window, such 
as castration in males or replacement therapy in females (injections of androgen or 
estrogen), resulted in the conversion of intrinsic features and alteration of struc-
tures and functions of neural circuits in the brain. In rodents, critical time span for 
brain sex differentiation extends from embryonic day (ED) 18 to the postnatal day 
10 [1], while in human it is exclusively embryonic day (ED12–22). Post this critical 
period, neuronal plasticity is lost and the effects of sex steroids can be diverted to 
activational effects in the brain. The mechanisms involved in defining the timing 
and duration of the neonatal critical period for the brain sexual differentiation 
remains to be determined. It is proposed that epigenetic modifications such as DNA 
methylation and histone acetylation might control the expression of genes impli-
cated in brain sexual dimorphism [2].

The neuroendocrine systems, which control the action of sex steroids, including 
that on neural circuits, are differentiated in a sex-dependent manner, resulting in 
the regulation of reproductive and sex-specific behaviors. The actions of sex steroids 
in masculinization and feminization of the brain are mediated by steroid hormone 
receptors. In both human and nonhuman primates, young male and females show sex 
differences in toy preferences [3, 4]. Girls with congenital adrenal hyperplasia (CAH)  
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show to preference toward toys of males and to have decreased female-typical 
behavior [5]. These results argue that behavioral sex differences are caused by sex 
steroids. Estrogen is produced locally in the brain from testosterone by the aroma-
tase cytochrome P450 enzyme [6, 7] and affects sexual differentiation by biding to 
estrogen receptor (ER) in rodents. Maternal and fetal estrogen can be bound by the 
α-fetoprotein produced by fetal liver cells and yolk-sac cells, thereby preventing their 
passage through the blood–brain barrier [8]. This mechanism results in female  
brain being free from estrogen. In contrast, in males, testosterone crosses the blood–
brain barrier and is converted by aromatase to elicit sexual differentiation of the brain 
[6, 7, 9]. The effects of testosterone and its enzymatic derivative, estradiol, on their 
receptors are therefore critical for the sexual differentiation of the brain.

2. Region-specific regulation of the ER

2.1 Sex-specific differences in the anteroventral periventricular nucleus

The crucial role of estrogens in the sexual differentiation of the brain is medi-
ated by estrogen receptors subtypes ERα [10, 11] and ERβ [12]. The amount of ste-
roid hormone receptors differentiated and available development differs between 
sexes. The anteroventral periventricular nucleus (AVPV) is greater in size and cell 
number in females than in males [13, 14]. In the AVPV, the distribution of ERα is 
similar in both sexes, but its expression levels are higher in females than in males 
in prepubertal and adult rats [15]. In contrast, the distribution pattern for ERβ 
detected by nonisotopic in situ hybridization and immunohistochemistry is differ-
ent between sexes [16]. Specifically, in females, a vast majority of ERβ-positive cells 
is located in the most medial portion of the AVPV, whereas the ERβ-containing cells 
in males are dispersed more laterally in the AVPV (Figure 1). The distribution of 
ERβ is reversed by neonatal hormonal manipulations [16]. Therefore, sex-specific 
physiological functions are predictable for sexual dimorphism in the AVPV.

2.2 ERβ sexual dimorphism in the AVPV

Steroid-mediated organization of the brain might involve cell apoptosis, cell 
migration, neurogenesis, cell differentiation and synaptogenesis. Estrogen and 
androgen induce programmed cell death [17] by the sequential activation of 
cysteine-dependent asparate-specific proteases (caspase) during the development 
of the hypothalamus [18] in the dimorphism of dopaminergic neurons in the AVPV 
[19–21]. The total number of ERβ-positive cells within the AVPV is not different 
between intact females and males [15, 22]. This is assumed to be caused by mecha-
nisms other than apoptosis namely the sexual dimorphic expression of ERβ in the 
AVPV. The sexual dimorphic features of the brain caused by sex steroids do not 
always coincide with larger nuclei exclusively in one sex. Indeed, a region-specific 
ERβ gene expression is observed in the AVPV [22]. Moreover, the steroids might act 
on specific regions in the brain [22]. In brain slices from developing mouse brain, 
estradiol but not dihydrotestosterone induces and modulates neuronal migration 
[23, 24]. These results suggest that sexual dimorphism of ERβ in the AVPV might 
contribute to migration rather than apoptosis or neurogenesis.

2.3 Functional implications in ERα and ERβ localization in the AVPV

In the AVPV of female rats, a majority of ERβ-positive cells also express ERα [16]. 
It has been shown that ERα together with kisspeptin regulates ovulation, while ERβ is 
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rather modified by these events [25]. At the molecular level, ERs bind to an estrogen 
responsive element (ERE) [26] after heterodimer formation [27], which allows the 
integration and collaboration of various signaling pathways for the completion of 
ovulation. The experimental infusion of antisense oligonucleotides in females results 
in decreased ERβ expression in the AVPV and consequently a persistent estrous [16]. 
Moreover, ERβ-positive cells and dopaminergic neurons have comparable distribu-
tion patterns in the AVPV [16]. Both ERα and ERβ have a role in the sexual dimor-
phism of dopaminergic neurons in the AVPV in both sexes [16, 28]. The secretion of 
luteinizing hormone (LH) is controlled by dopaminergic projections to neurons pro-
ducing the gonadotropin-releasing hormone (GnRH) [29]. The cycle of female rats 
stalls ovulation state by small lesions of the AVPV [30]. Altogether, these data suggest 
that ERα and ERβ are colocalized with GnRH and are involved in LH secretion  
[31, 32]. In particular, ERα exerts a positive role for GnRH neurons, while ERβ exerts 
a negative control of those neurons [25]. Nonclassical ERE-independent ERα effects 
are involved in negative regulation on pulsatile GnRH secretion, while ERβ effects 
are involved in positive regulation on that secretion [31, 33]. It is still controversial to 

Figure 1. 
Sexual dimorphism in the AVPV. ERβ positive cells aggregated densely in females (A-C), whereas the ERβ-
containing cells in males (D-F) dispersed more laterally in the AVPV in the AVPV. Scale, 100 μm. From [16].



Oxytocin and Health

84

show to preference toward toys of males and to have decreased female-typical 
behavior [5]. These results argue that behavioral sex differences are caused by sex 
steroids. Estrogen is produced locally in the brain from testosterone by the aroma-
tase cytochrome P450 enzyme [6, 7] and affects sexual differentiation by biding to 
estrogen receptor (ER) in rodents. Maternal and fetal estrogen can be bound by the 
α-fetoprotein produced by fetal liver cells and yolk-sac cells, thereby preventing their 
passage through the blood–brain barrier [8]. This mechanism results in female  
brain being free from estrogen. In contrast, in males, testosterone crosses the blood–
brain barrier and is converted by aromatase to elicit sexual differentiation of the brain 
[6, 7, 9]. The effects of testosterone and its enzymatic derivative, estradiol, on their 
receptors are therefore critical for the sexual differentiation of the brain.

2. Region-specific regulation of the ER

2.1 Sex-specific differences in the anteroventral periventricular nucleus

The crucial role of estrogens in the sexual differentiation of the brain is medi-
ated by estrogen receptors subtypes ERα [10, 11] and ERβ [12]. The amount of ste-
roid hormone receptors differentiated and available development differs between 
sexes. The anteroventral periventricular nucleus (AVPV) is greater in size and cell 
number in females than in males [13, 14]. In the AVPV, the distribution of ERα is 
similar in both sexes, but its expression levels are higher in females than in males 
in prepubertal and adult rats [15]. In contrast, the distribution pattern for ERβ 
detected by nonisotopic in situ hybridization and immunohistochemistry is differ-
ent between sexes [16]. Specifically, in females, a vast majority of ERβ-positive cells 
is located in the most medial portion of the AVPV, whereas the ERβ-containing cells 
in males are dispersed more laterally in the AVPV (Figure 1). The distribution of 
ERβ is reversed by neonatal hormonal manipulations [16]. Therefore, sex-specific 
physiological functions are predictable for sexual dimorphism in the AVPV.

2.2 ERβ sexual dimorphism in the AVPV

Steroid-mediated organization of the brain might involve cell apoptosis, cell 
migration, neurogenesis, cell differentiation and synaptogenesis. Estrogen and 
androgen induce programmed cell death [17] by the sequential activation of 
cysteine-dependent asparate-specific proteases (caspase) during the development 
of the hypothalamus [18] in the dimorphism of dopaminergic neurons in the AVPV 
[19–21]. The total number of ERβ-positive cells within the AVPV is not different 
between intact females and males [15, 22]. This is assumed to be caused by mecha-
nisms other than apoptosis namely the sexual dimorphic expression of ERβ in the 
AVPV. The sexual dimorphic features of the brain caused by sex steroids do not 
always coincide with larger nuclei exclusively in one sex. Indeed, a region-specific 
ERβ gene expression is observed in the AVPV [22]. Moreover, the steroids might act 
on specific regions in the brain [22]. In brain slices from developing mouse brain, 
estradiol but not dihydrotestosterone induces and modulates neuronal migration 
[23, 24]. These results suggest that sexual dimorphism of ERβ in the AVPV might 
contribute to migration rather than apoptosis or neurogenesis.

2.3 Functional implications in ERα and ERβ localization in the AVPV

In the AVPV of female rats, a majority of ERβ-positive cells also express ERα [16]. 
It has been shown that ERα together with kisspeptin regulates ovulation, while ERβ is 

85

Regulation of Morphological and Functional Aspects of Sexual Dimorphism in the Brain
DOI: http://dx.doi.org/10.5772/intechopen.97470

rather modified by these events [25]. At the molecular level, ERs bind to an estrogen 
responsive element (ERE) [26] after heterodimer formation [27], which allows the 
integration and collaboration of various signaling pathways for the completion of 
ovulation. The experimental infusion of antisense oligonucleotides in females results 
in decreased ERβ expression in the AVPV and consequently a persistent estrous [16]. 
Moreover, ERβ-positive cells and dopaminergic neurons have comparable distribu-
tion patterns in the AVPV [16]. Both ERα and ERβ have a role in the sexual dimor-
phism of dopaminergic neurons in the AVPV in both sexes [16, 28]. The secretion of 
luteinizing hormone (LH) is controlled by dopaminergic projections to neurons pro-
ducing the gonadotropin-releasing hormone (GnRH) [29]. The cycle of female rats 
stalls ovulation state by small lesions of the AVPV [30]. Altogether, these data suggest 
that ERα and ERβ are colocalized with GnRH and are involved in LH secretion  
[31, 32]. In particular, ERα exerts a positive role for GnRH neurons, while ERβ exerts 
a negative control of those neurons [25]. Nonclassical ERE-independent ERα effects 
are involved in negative regulation on pulsatile GnRH secretion, while ERβ effects 
are involved in positive regulation on that secretion [31, 33]. It is still controversial to 

Figure 1. 
Sexual dimorphism in the AVPV. ERβ positive cells aggregated densely in females (A-C), whereas the ERβ-
containing cells in males (D-F) dispersed more laterally in the AVPV in the AVPV. Scale, 100 μm. From [16].



Oxytocin and Health

86

regulate GnRH neurons by ERs. Considering the inherent male distribution pattern 
of ERβ, a peculiar characteristic of the dopaminergic innervation in the AVPV [28] 
might be responsible for the GnRH secretion in the brain of males.

2.4 Formation of the sexually dimorphic nucleus in the preoptic area

The sexually dimorphic nucleus in the preoptic area (SDN-POA) was first 
characterized by Nissl staining, revealing in a larger volume in the brain of male 
rats than that in the brain of female rats [1, 34]. The volume of this nucleus is 
altered by gonadal steroids during the perinatal critical period [1]. Somatostatin 
might also be involved in sexual dimorphism in the SDN-POA. Indeed, during 
development, cells positive for somatostatin are expressed in a sex-dependent 
manner in the SDN-POA. Sex reversal of the dimorphism of somatostatin expres-
sion is observed in orchidectomized males and estrogen treated female pups 
[35]. The somatostatin mRNA-positive cells are significantly more in males than 
in females, but eventually the difference recedes. Somatostatin expression in 
females is steady during the postnatal development. The transcription of soma-
tostatin is transient and seems to contribute to the development of the SDN-POA. 
Somatostatin might prompt neuronal differentiation and survival via the soma-
tostatin receptor.

Immunostaining against calbindin D28k, a major cytoplasmic calcium-binding 
and buffering protein, has been successfully used to identify the rat hypothala-
mus [36], SDN-POA [35, 37] and provides an alternative to Nissl staining [37]. 
Distribution of calbindin-labeled cells in the SDN-POA is similar to somatostatin in 
both sexes. It has been suggested that apoptosis has a role in sexual differentiation 
of the SDN-POA [38]. However, no difference in the total numbers of calbindin pos-
itive cells was observed in the SDN-POA after perinatal administration of bromo-
deoxyuridine in both sexes [39]. On the contrary, in the postnatal SDN-POA, these 
neurons still show an aggregated distribution in females, while they are dispersed 
laterally in males [39]. Altogether, these data suggest that, besides apoptosis, cell 
proliferation and migration might contribute to the morphological difference in the 
rat SDN-POA. Moreover, ERα are reported to be expressed in the SDN-POA [40], 
suggesting the presence of estrogenic action in the SDN-POA sexual dimorphism.

Moreover, Nissl stained SDN-POA had not been reported in mouse until recently 
identified by calbindin immunohistochemistry [41] (Figure 2). The morphological sex-
dependent differences of the mouse SDN-POA were first demonstrated and established 
in terms of morphology and linked to gonadal steroid hormones during the prenatal 
critical period. Male mice have a greater number of calbindin-positive cells than females 
[41]. Similar differences within medial POA/anterior hypothalamic area (AHA) are 
observed in sheep, which are smaller in females than in males [42]. The volume of this 
nucleus in males is smaller in male-oriented than in female-oriented individuals. In 
humans, interstitial nuclei of the anterior hypothalamus (INAH) are considered com-
parable to those of rodent and sheep. The INAH is smaller in females than in males and 
smaller in homosexual men than in heterosexual men [43]. These results suggested that 
the sexual dimorphic nucleus in the two species is involved in sexual orientation. The 
male mice copulatory behavior and the preference for females is attributed to this dif-
ference in the SDN-POA [44–47]. Further functional analysis is required to completely 
understand the mechanisms involved in the sexual dimorphism of the SDN-POA.

2.5 Sexual dimorphic expression and function of ERs in the preoptic area

In the preoptic area (POA), ERα expression is much higher in females than in 
males [48]. This sex difference occurs during the perinatal period. After birth, the 
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expression of ERs is down regulated in the POA by estrogen [49]. The decreased 
ERα expression occurs in both sexes but the differential expression in the POA 
between females and males persists throughout life. Although the ERα levels 

Figure 2. 
Sexual dimorphism in the SDN-POA. Calbindin (CB)-immunoreactive cells in the mouse SDN-POA in males 
(A-E) and in females (F-J) in the rostral-caudal direction. In males (B-D), but not females, a cell aggregate of 
CB-positive cells is prominent. Sale, 400 μm. From [41].
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characterized by Nissl staining, revealing in a larger volume in the brain of male 
rats than that in the brain of female rats [1, 34]. The volume of this nucleus is 
altered by gonadal steroids during the perinatal critical period [1]. Somatostatin 
might also be involved in sexual dimorphism in the SDN-POA. Indeed, during 
development, cells positive for somatostatin are expressed in a sex-dependent 
manner in the SDN-POA. Sex reversal of the dimorphism of somatostatin expres-
sion is observed in orchidectomized males and estrogen treated female pups 
[35]. The somatostatin mRNA-positive cells are significantly more in males than 
in females, but eventually the difference recedes. Somatostatin expression in 
females is steady during the postnatal development. The transcription of soma-
tostatin is transient and seems to contribute to the development of the SDN-POA. 
Somatostatin might prompt neuronal differentiation and survival via the soma-
tostatin receptor.

Immunostaining against calbindin D28k, a major cytoplasmic calcium-binding 
and buffering protein, has been successfully used to identify the rat hypothala-
mus [36], SDN-POA [35, 37] and provides an alternative to Nissl staining [37]. 
Distribution of calbindin-labeled cells in the SDN-POA is similar to somatostatin in 
both sexes. It has been suggested that apoptosis has a role in sexual differentiation 
of the SDN-POA [38]. However, no difference in the total numbers of calbindin pos-
itive cells was observed in the SDN-POA after perinatal administration of bromo-
deoxyuridine in both sexes [39]. On the contrary, in the postnatal SDN-POA, these 
neurons still show an aggregated distribution in females, while they are dispersed 
laterally in males [39]. Altogether, these data suggest that, besides apoptosis, cell 
proliferation and migration might contribute to the morphological difference in the 
rat SDN-POA. Moreover, ERα are reported to be expressed in the SDN-POA [40], 
suggesting the presence of estrogenic action in the SDN-POA sexual dimorphism.

Moreover, Nissl stained SDN-POA had not been reported in mouse until recently 
identified by calbindin immunohistochemistry [41] (Figure 2). The morphological sex-
dependent differences of the mouse SDN-POA were first demonstrated and established 
in terms of morphology and linked to gonadal steroid hormones during the prenatal 
critical period. Male mice have a greater number of calbindin-positive cells than females 
[41]. Similar differences within medial POA/anterior hypothalamic area (AHA) are 
observed in sheep, which are smaller in females than in males [42]. The volume of this 
nucleus in males is smaller in male-oriented than in female-oriented individuals. In 
humans, interstitial nuclei of the anterior hypothalamus (INAH) are considered com-
parable to those of rodent and sheep. The INAH is smaller in females than in males and 
smaller in homosexual men than in heterosexual men [43]. These results suggested that 
the sexual dimorphic nucleus in the two species is involved in sexual orientation. The 
male mice copulatory behavior and the preference for females is attributed to this dif-
ference in the SDN-POA [44–47]. Further functional analysis is required to completely 
understand the mechanisms involved in the sexual dimorphism of the SDN-POA.

2.5 Sexual dimorphic expression and function of ERs in the preoptic area

In the preoptic area (POA), ERα expression is much higher in females than in 
males [48]. This sex difference occurs during the perinatal period. After birth, the 
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expression of ERs is down regulated in the POA by estrogen [49]. The decreased 
ERα expression occurs in both sexes but the differential expression in the POA 
between females and males persists throughout life. Although the ERα levels 

Figure 2. 
Sexual dimorphism in the SDN-POA. Calbindin (CB)-immunoreactive cells in the mouse SDN-POA in males 
(A-E) and in females (F-J) in the rostral-caudal direction. In males (B-D), but not females, a cell aggregate of 
CB-positive cells is prominent. Sale, 400 μm. From [41].
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are higher in females than in males, a comparable distribution pattern of ERα is 
observed [16, 48]. The POA has been implicated to be involved in steroid activa-
tion of the male copulatory behavior [50]. In particular, dopamine neurons in the 
mPOA prompt male sexual behavior [51]. ERα and oxytocin containing neurons 
in the mPOA participate to control copulatory behavior in male rats [52–54]. In 
females, the POA and the adjacent bed nucleus of the stria terminalis (BNST) 
is considered essential for controlling maternal [55–58] and mating behaviors 
[59]. ERα in the mPOA is involved in the regulation of maternal care, maternal 
aggression and sexual behavior [56]. ERβ is detected by in situ hybridization and 
immunohistochemistry in the medial preoptic nucleus (mPOA) and more caudally 
in the BNST [16] (Figure 3). In males, ERβ in the mPOA is involved in aggressive 
behavior [60]. Overall in rodents, identical brain regions control specific behav-
iors depending on the sex. Recently, it is shown that the male-typical mounting 
behavior and female-typical pup retrieval behavior are induced by ERα located in 
the same region of the POA [61]. These data suggest that the sex specific neural 
circuits are able to control opposite behaviors. Therefore, sex-typical behaviors are 
likely induced by the harmonic expression of sex specific receptors together with 
sex steroid. Besides the neural circuit with a high degree of plasticity in the sexual 
dimorphic nervous system assuring precise sex-specific behavior events, there may 
be a possible the involvement of circumstances in ensuring responsiveness of the 
sex steroids.

2.6 Functional diversity of the ventromedial hypothalamus

The volume of the ventromedial hypothalamus (VMH) is larger in males than 
in females [62, 63]. ERα and ERβ are expressed in the VMH of rodents [22, 48]. 

Figure 3. 
Schematic representation of the distribution of ERβ mRNA-positive cells in the forebrain of rats through 
rostrocaudal axis. Scale, 100 μm. AC, anterior commissure; AVPV, anteroventral periventricular nucleus; 
BST, bed nucleus of the stria terminals; Fx, fornix; MPN, medial preoptic nucleus; OC, optic chiasm; SCN, 
suprachiasmatic nucleus; V3, third ventricle. From [16].
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However, ERα expression is abundant in the ventrolateral portion of the VMH and 
is higher in female rats than in male rats [48]. The sex difference is most likely due 
to the conversion of testosterone into estrogen, which downregulates ERα expres-
sion. Moreover, the aromatase signal in males is more robust than in females [64]. 
A sex difference in ERβ expression is observed in both postnatal day 14 and in the 
adult rat brain, indicating that the sexual dimorphism is also maintained through-
out life [22]. ERβ expression in the adult VMH is downregulated by estrogen or 
testosterone administration. The difference in expression is reversed by administra-
tion of estrogen in female rats or orchidectomy male rats. This sexual dimorphism 
is entirely attributable to the effects of sex steroids on the brain organization and 
plasticity during the critical neonatal period of the brain. Estrogen, converted from 
circulating androgen in males, downregulates ERα and ERβ expression in the VMH 
[22, 48] and consequently physiological functions. Estrogen together with proges-
terone in the VMH induces female sexual reproductive behavior such as lordosis, 
sexual receptivity and odor preference [65].

In adult males, the expression of ERα is lower than that in females. Cells in the 
male VMH are activated during fighting [66]. In these processes, ERα is involved 
in sexual [67] and aggressive behaviors in mice [68, 69], whereas ERβ is assume to 
be inhibitory to the aggressive behavior [68]. Other studies have demonstrated that 
male sexual behavior is not affected by ERβ in the VMH [70], but is profoundly 
regulated by ERα and the androgen receptor (AR), suggesting a possible distinct 
role for ERβ and ERα on each behavior. Opposing social behaviors, such as mount-
ing and attack, are regulated by ERα [67] or progesterone receptor [71] cells located 
in discrete regions of the VMH. Sex steroid receptor expression in the VMH is 
induced by environmental hormonal milieu during the critical period and in turn 
controls the dynamic action of the sex hormones on sex-specific behavior in adults 
[66, 72]. These data suggest that males and females seem to exhibit identical neural 
circuits in the VMH, but the activated receptors might contribute to inducing the 
sex-typical behavior. The sex-specific neural circuit dictated by sex steroids could 
work in conjunction with estrogen-mediated ERs.

3. Alternative mechanism for sexual dimorphism in the medial amygdala

The medial amygdala (MeA) is larger volume in males than in females [73] and 
this difference is abolished after castration in males and androgen treatment in 
females [74]. In adults, the size and volume of neurons is modified by circulating 
androgen. After castration of adult male rats, the cell soma size in the posterodorsal 
MeA (MePD) is similar to the one observed in females [74]. However, the number 
of MeA neurons in both sexes is not affected by adult androgens [75]. Steroid 
hormones also influence the organization of the MePD during the neonatal period 
[76, 77] and its metabolite, estrogen, results in masculinization of the MePD. ERα 
and ERβ are abundantly expressed in the MePD [22, 48, 78, 79] where the aromatase 
enzyme is also detected [80, 81]. ERs mediate estrogen-induced modifications in the 
MePD associated with masculinization and male-specific behaviors [82]. However, 
the masculinization in the MePD in the adult brain is mostly driven by circulating 
androgen [82]. Both the action of ER [82] and AR [83] in the MePD on the size 
of neuronal somas and in the sexual behavior mostly occurs in the adults [82]. In 
adults, there is no sex-dependent difference in ER subtype and expression in the 
MePD, but there is a sexual dimorphic expression of ERβ but not ERα in newborns 
[84]. Neonatal hormonal manipulations could not reverse the sex differences in ERβ 
in both sexes, suggesting that ERβ-mediated estrogen actions are not involved in 
the sexual dimorphism in the MePD. Furthermore, ERβ is highly expressed in the 
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are higher in females than in males, a comparable distribution pattern of ERα is 
observed [16, 48]. The POA has been implicated to be involved in steroid activa-
tion of the male copulatory behavior [50]. In particular, dopamine neurons in the 
mPOA prompt male sexual behavior [51]. ERα and oxytocin containing neurons 
in the mPOA participate to control copulatory behavior in male rats [52–54]. In 
females, the POA and the adjacent bed nucleus of the stria terminalis (BNST) 
is considered essential for controlling maternal [55–58] and mating behaviors 
[59]. ERα in the mPOA is involved in the regulation of maternal care, maternal 
aggression and sexual behavior [56]. ERβ is detected by in situ hybridization and 
immunohistochemistry in the medial preoptic nucleus (mPOA) and more caudally 
in the BNST [16] (Figure 3). In males, ERβ in the mPOA is involved in aggressive 
behavior [60]. Overall in rodents, identical brain regions control specific behav-
iors depending on the sex. Recently, it is shown that the male-typical mounting 
behavior and female-typical pup retrieval behavior are induced by ERα located in 
the same region of the POA [61]. These data suggest that the sex specific neural 
circuits are able to control opposite behaviors. Therefore, sex-typical behaviors are 
likely induced by the harmonic expression of sex specific receptors together with 
sex steroid. Besides the neural circuit with a high degree of plasticity in the sexual 
dimorphic nervous system assuring precise sex-specific behavior events, there may 
be a possible the involvement of circumstances in ensuring responsiveness of the 
sex steroids.

2.6 Functional diversity of the ventromedial hypothalamus

The volume of the ventromedial hypothalamus (VMH) is larger in males than 
in females [62, 63]. ERα and ERβ are expressed in the VMH of rodents [22, 48]. 

Figure 3. 
Schematic representation of the distribution of ERβ mRNA-positive cells in the forebrain of rats through 
rostrocaudal axis. Scale, 100 μm. AC, anterior commissure; AVPV, anteroventral periventricular nucleus; 
BST, bed nucleus of the stria terminals; Fx, fornix; MPN, medial preoptic nucleus; OC, optic chiasm; SCN, 
suprachiasmatic nucleus; V3, third ventricle. From [16].

89

Regulation of Morphological and Functional Aspects of Sexual Dimorphism in the Brain
DOI: http://dx.doi.org/10.5772/intechopen.97470

However, ERα expression is abundant in the ventrolateral portion of the VMH and 
is higher in female rats than in male rats [48]. The sex difference is most likely due 
to the conversion of testosterone into estrogen, which downregulates ERα expres-
sion. Moreover, the aromatase signal in males is more robust than in females [64]. 
A sex difference in ERβ expression is observed in both postnatal day 14 and in the 
adult rat brain, indicating that the sexual dimorphism is also maintained through-
out life [22]. ERβ expression in the adult VMH is downregulated by estrogen or 
testosterone administration. The difference in expression is reversed by administra-
tion of estrogen in female rats or orchidectomy male rats. This sexual dimorphism 
is entirely attributable to the effects of sex steroids on the brain organization and 
plasticity during the critical neonatal period of the brain. Estrogen, converted from 
circulating androgen in males, downregulates ERα and ERβ expression in the VMH 
[22, 48] and consequently physiological functions. Estrogen together with proges-
terone in the VMH induces female sexual reproductive behavior such as lordosis, 
sexual receptivity and odor preference [65].

In adult males, the expression of ERα is lower than that in females. Cells in the 
male VMH are activated during fighting [66]. In these processes, ERα is involved 
in sexual [67] and aggressive behaviors in mice [68, 69], whereas ERβ is assume to 
be inhibitory to the aggressive behavior [68]. Other studies have demonstrated that 
male sexual behavior is not affected by ERβ in the VMH [70], but is profoundly 
regulated by ERα and the androgen receptor (AR), suggesting a possible distinct 
role for ERβ and ERα on each behavior. Opposing social behaviors, such as mount-
ing and attack, are regulated by ERα [67] or progesterone receptor [71] cells located 
in discrete regions of the VMH. Sex steroid receptor expression in the VMH is 
induced by environmental hormonal milieu during the critical period and in turn 
controls the dynamic action of the sex hormones on sex-specific behavior in adults 
[66, 72]. These data suggest that males and females seem to exhibit identical neural 
circuits in the VMH, but the activated receptors might contribute to inducing the 
sex-typical behavior. The sex-specific neural circuit dictated by sex steroids could 
work in conjunction with estrogen-mediated ERs.

3. Alternative mechanism for sexual dimorphism in the medial amygdala

The medial amygdala (MeA) is larger volume in males than in females [73] and 
this difference is abolished after castration in males and androgen treatment in 
females [74]. In adults, the size and volume of neurons is modified by circulating 
androgen. After castration of adult male rats, the cell soma size in the posterodorsal 
MeA (MePD) is similar to the one observed in females [74]. However, the number 
of MeA neurons in both sexes is not affected by adult androgens [75]. Steroid 
hormones also influence the organization of the MePD during the neonatal period 
[76, 77] and its metabolite, estrogen, results in masculinization of the MePD. ERα 
and ERβ are abundantly expressed in the MePD [22, 48, 78, 79] where the aromatase 
enzyme is also detected [80, 81]. ERs mediate estrogen-induced modifications in the 
MePD associated with masculinization and male-specific behaviors [82]. However, 
the masculinization in the MePD in the adult brain is mostly driven by circulating 
androgen [82]. Both the action of ER [82] and AR [83] in the MePD on the size 
of neuronal somas and in the sexual behavior mostly occurs in the adults [82]. In 
adults, there is no sex-dependent difference in ER subtype and expression in the 
MePD, but there is a sexual dimorphic expression of ERβ but not ERα in newborns 
[84]. Neonatal hormonal manipulations could not reverse the sex differences in ERβ 
in both sexes, suggesting that ERβ-mediated estrogen actions are not involved in 
the sexual dimorphism in the MePD. Furthermore, ERβ is highly expressed in the 
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MePD of adult female and male rats and is not affected by gonadectomy or estrogen 
treatment in both sexes [22]. Therefore, the ERβ expression also acts independent of 
activity in this structure.

In the MePD, sexual dimorphism involves mechanisms distinct from other 
regions of the brain. The MePD receives inputs from the olfactory and pheromonal 
systems, suggesting a functional role of this structure in sex arousal and regula-
tion of adult social behaviors, including mating, aggressive [85, 86], and territorial 
behavior [87]. Acquisition of mating stimuli induces Fos in the ERs in the MeA 
[88]. Finally, the mechanisms induced by the ERs in the MeA and those involved in 
sexual stimuli [89], gonadotropin secretion [90], ovulation [91] sex and courtship 
behaviors [87], onset of puberty [92], parenting, and reproduction [85, 89, 93] still 
remain to be identified.

4. Conclusion

Sexual dimorphism is characterized by morphological differences in several 
regions of the brain. Morphological sex differences in the POA/AHA and the INAH 
were revealed in sheep and human brains, which are assumed to be important for 
determining sexual orientation. Expression of the phenotypes i.e., behavioral sex 
differences, are suggested to be derived from morphological sex differences in 
the brain. However, the morphological sex differences are subtly evident in other 
human brain regions; hence, their association with functional sex differences in the 
human brain remains controversial. Consequently, CAH results in masculinized 
female brain, thereby leading to male-typical preferences, which are the congenital 
characteristics inherently caused by steroid and not acquired by learning. Striking 
sex differences in animal models contribute in establishing the mechanisms of 
sexual dimorphism in the brain of all living beings.

ER expression levels contribute substantially to the physiological and behavioral 
differences. However, the extent to which the amounts of ER control the develop-
ment of sexual dimorphism remains to be clarified. Sex-specific neural circuits 
activated by sex steroids might contribute to the functional role of ERs activated by 
estrogens. Recently it was evidenced that a high neuronal plasticity rate in neural 
circuits is necessary to ensure precise sex-specific responsiveness to sex steroids. 
The mechanism involved in the regulating the local action of sex steroids remains 
to be elucidated. Particularly, the expression and regulation of genes implicated in 
sexual dimorphism must be investigated.
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Abstract

In mammals, sex differences in the adult brain are established very early in devel-
opment, when the brain is still very immature. In the case of having inherited the SRY
gene, during embryogenesis, testosterone secreted by the testes enters the brain and is
converted to estradiol by the aromatase. Then the estradiol acts by binding to intracel-
lular estrogen receptors (ERs) located predominantly in neurons, masculinizing spe-
cific brain regions. But ERs are also transcription factors that, when they are exposed
to their ligand, dimerize and form complexes with coactivator proteins and corepres-
sors, modifying the transcription of multiple target genes in a cascade effect and
ultimately neuronal function. Given the intimate relationship between steroids and
brain dimorphism, and steroid coactivators and gene transcription, in the present
work, we further explore the implication of ERs α and β, and steroid coactivators
NCoA-1, NCoA-2, NCoA-3, NCoA-4, NCoA-5 and p300-CREBBP, in the genesis of
brain dimorphism. Based on our data, we believe that the coactivators NCOA-1,
NCOA-2 and p300-CREBBP could be considered as candidate genes for GI.

Keywords: estrogens, gender incongruence, steroid coactivators

1. Introduction

1.1 Gender incongruence

The term gender identity refers to “a person’s innermost concept of self as male,
female, a blend of both or neither, how individuals perceive themselves and what
they call themselves” [1, 2], while sex refers to the biological sex characteristics
based on chromosomal, hormonal, physical, and anatomical characteristics.

Most people present an alignment of gender identity with natal sex (cisgender
individuals), but in some cases (transgender individuals) gender identity differs (in
varying degrees) from the sex assigned at birth. Thus, Gender Dysphoria (GD) in
the Diagnostic and Statistical Manual of Mental Disorders DSM-5 [3] or Gender
Incongruence (GI) in the International Classification of Diseases ICD-11 [4] are
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characterized by a marked incongruence between one’s experienced gender and the
sex assigned at birth.

2. The genetic and epigenetic basis of the gender incongruence

The origin of GI is complex and appears to be multifactorial. Current hypotheses
point out that GI could be associated with a characteristic neurodevelopmental
processes of the brain [5, 6], not concordant with gender, due to the influence of
testosterone, converted into estradiol in the brain.

Traditionally, this process of brain masculinization versus feminization, has been
exclusively analyzed from a hormonal perspective. But in the past two decades, it
has been found that this point of view is incomplete, since other important factors
such as epigenetics or genetics, for example, are not taken into account.

2.1 The genetic component

A genetic component should also be taken into account since different genes
start to express before the formation of the testes [7, 8]. In fact, in mammals, sexual
differentiation begins at the time of fertilization, through a different chromosomal
complement in males and females, and will be driven by the SRY gene, which will
guide the undifferentiated gonad towards the formation of the testes. Then, the
testosterone will masculinize specific regions of the brain, either directly, or indi-
rectly, through the action of the aromatase [9, 10].

Most studies about the genetic basis of GI analyzed the implication of some DNA
polymorphisms related to ERs, α and β, the AR, the aromatase CYP19A1 or the
CYP17A1 [11–20] as well as the interaction effects (epistasis) among them [15, 21].
A summary of the principal studies about the genetic component of GI is shown in
Table 1. This gene selection is based on the hypothesis that a small variation in the
DNA sequence of these genes would imply a high variability in the sensitivity of the
hormonal receptors to their ligands.

Henningsson et al. [11] were the first group to analyze three repeat polymor-
phisms, located in the estrogen receptor beta, the androgen receptor, and the
aromatase genes in a trans female population. They found a relationship between
the number of repetitions and gender incongruence. They found longer estrogen
receptor and androgen receptor polymorphisms in the trans female population.
Later, Hare et al. [12] replicated Henningsson’s study in a bigger population, finding
longer androgen receptor polymorphisms. However, when Ujike et al., [13] ana-
lyzed the same polymorphisms in a Japanese population, they did not find any
statistical difference. These and others polymorphisms were analyzed in a Spanish
population by our group. Our results confirmed the involvement of both estrogen
receptors (alpha and beta) in gender incongruence. Part of this data was confirmed
by Foreman et al. [15].

2.2 The epigenetic component

An epigenetic component may also be involved since there is evidence that some
environmental factors play a role in the sexual differentiation of the brain. For
example, in mice, the sex difference in maternal anogenital licking of male compared
with female pups produces a different methylation of the estrogen receptor α pro-
moter in the preoptic area [22]. And in humans, certain environmental factors, such
as a short crossover hormonal treatment (only 6 months), can modify the methyla-
tion profile of the estrogen receptor α promoter in a trans population [23, 24].
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3. Estrogens, androgens and their receptors and coactivators

3.1 Estrogens

Estradiol (E2) exerts a wide variety of effects on growth, development, the
function of reproductive systems and regulation in the central nervous system
[25, 26]. The mechanism of action of the two ER isoforms α and β consists of
binding with the E2 ligand to obtain the receptor’s dimerization (αα, αβ or ββ),
originating the necessary conformational changes in the ligand binding domain
(LBD) [27] and binding with high affinity to specific DNA sequences called estro-
gen response elements (EREs) [27] in the genes that are regulated by E2 (Figure 1).
This conformational change in the LBD allows coactivators and other co-regulating
proteins to be recruited. We must point out that this step is critical for the tran-
scriptional regulation of genes induced by E2 [28].

Furthermore, estrogens are produced in many regions of the brain including the
cortex, the hippocampus, the cerebellum, the hypothalamus and the amygdala,
among others [29]. The actions of estrogens in the developing brain are generally
permanent and range from the establishment of sexual differences to generalized
trophic and neuroprotective effects [30]. In addition, estrogens are an important
regulator of brain growth and differentiation, and ERs α and β are found in both the
developing [31] and the adult human brain [32].

Investigations Genes Populations

Henningsson et al. [11] ERβ, AR, CYP19A1 29 transwomen

Hare et al. [12] ERβ, AR, CYP19A1 112 transwomen

Ujikce et al. [13] ERβ, AR, CYP19A1 168 transmen
74 transwomen

Fernández et al. [14, 16] ERβ, AR, CYP19A1 273 transmen
442 transwomen

Bentz et al. [19] CYP17A1 49 transmen
104 transwomen

Fernández et al. [20] (2016) CYP17A1 223 transmen
317 transwomen

Cortés Cortés et al. [17] ERα:
(TA)n-rs3138774,
PvuII-rs2234693,
XbaI-rs9340799

183 transmen
184 transwomen

Fernández et al. [21] ERα, ERβ, AR, CYP19A 425 transmen
549 transwomen

Foreman et al. [15] AR, ERα, ERβ, SRD5A2, STS, SULT2A1, PGR,
COMT, CYP17, SRD5A2

380 transwomen

Fernández et al. [18] ERα:
rs9478245, rs3138774 rs2234693, rs9340799

226 transmen
273 transwomen

Aranda et al. [24] Epigenetics: ERα, ERβ, AR 12 transmen
6 transwomen

Fernández et al. [23] Epigenetics: ERα promoter 10 transmen
10 transwomen

Table 1.
Mean investigations about the genetic basis of gender incongruence.
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2. The genetic and epigenetic basis of the gender incongruence

The origin of GI is complex and appears to be multifactorial. Current hypotheses
point out that GI could be associated with a characteristic neurodevelopmental
processes of the brain [5, 6], not concordant with gender, due to the influence of
testosterone, converted into estradiol in the brain.

Traditionally, this process of brain masculinization versus feminization, has been
exclusively analyzed from a hormonal perspective. But in the past two decades, it
has been found that this point of view is incomplete, since other important factors
such as epigenetics or genetics, for example, are not taken into account.

2.1 The genetic component

A genetic component should also be taken into account since different genes
start to express before the formation of the testes [7, 8]. In fact, in mammals, sexual
differentiation begins at the time of fertilization, through a different chromosomal
complement in males and females, and will be driven by the SRY gene, which will
guide the undifferentiated gonad towards the formation of the testes. Then, the
testosterone will masculinize specific regions of the brain, either directly, or indi-
rectly, through the action of the aromatase [9, 10].
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polymorphisms related to ERs, α and β, the AR, the aromatase CYP19A1 or the
CYP17A1 [11–20] as well as the interaction effects (epistasis) among them [15, 21].
A summary of the principal studies about the genetic component of GI is shown in
Table 1. This gene selection is based on the hypothesis that a small variation in the
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receptor and androgen receptor polymorphisms in the trans female population.
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example, in mice, the sex difference in maternal anogenital licking of male compared
with female pups produces a different methylation of the estrogen receptor α pro-
moter in the preoptic area [22]. And in humans, certain environmental factors, such
as a short crossover hormonal treatment (only 6 months), can modify the methyla-
tion profile of the estrogen receptor α promoter in a trans population [23, 24].
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3. Estrogens, androgens and their receptors and coactivators

3.1 Estrogens

Estradiol (E2) exerts a wide variety of effects on growth, development, the
function of reproductive systems and regulation in the central nervous system
[25, 26]. The mechanism of action of the two ER isoforms α and β consists of
binding with the E2 ligand to obtain the receptor’s dimerization (αα, αβ or ββ),
originating the necessary conformational changes in the ligand binding domain
(LBD) [27] and binding with high affinity to specific DNA sequences called estro-
gen response elements (EREs) [27] in the genes that are regulated by E2 (Figure 1).
This conformational change in the LBD allows coactivators and other co-regulating
proteins to be recruited. We must point out that this step is critical for the tran-
scriptional regulation of genes induced by E2 [28].

Furthermore, estrogens are produced in many regions of the brain including the
cortex, the hippocampus, the cerebellum, the hypothalamus and the amygdala,
among others [29]. The actions of estrogens in the developing brain are generally
permanent and range from the establishment of sexual differences to generalized
trophic and neuroprotective effects [30]. In addition, estrogens are an important
regulator of brain growth and differentiation, and ERs α and β are found in both the
developing [31] and the adult human brain [32].

Investigations Genes Populations

Henningsson et al. [11] ERβ, AR, CYP19A1 29 transwomen

Hare et al. [12] ERβ, AR, CYP19A1 112 transwomen

Ujikce et al. [13] ERβ, AR, CYP19A1 168 transmen
74 transwomen

Fernández et al. [14, 16] ERβ, AR, CYP19A1 273 transmen
442 transwomen

Bentz et al. [19] CYP17A1 49 transmen
104 transwomen

Fernández et al. [20] (2016) CYP17A1 223 transmen
317 transwomen

Cortés Cortés et al. [17] ERα:
(TA)n-rs3138774,
PvuII-rs2234693,
XbaI-rs9340799

183 transmen
184 transwomen

Fernández et al. [21] ERα, ERβ, AR, CYP19A 425 transmen
549 transwomen

Foreman et al. [15] AR, ERα, ERβ, SRD5A2, STS, SULT2A1, PGR,
COMT, CYP17, SRD5A2

380 transwomen

Fernández et al. [18] ERα:
rs9478245, rs3138774 rs2234693, rs9340799

226 transmen
273 transwomen

Aranda et al. [24] Epigenetics: ERα, ERβ, AR 12 transmen
6 transwomen

Fernández et al. [23] Epigenetics: ERα promoter 10 transmen
10 transwomen

Table 1.
Mean investigations about the genetic basis of gender incongruence.
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3.2 Estrogen and androgen receptors are transcription factors

We must point out that the packaging of DNA into chromatin causes a
general repression of gene activity, and transcription factors function to relieve
this chromatin-mediated repression [33].Thereby, once attached to their ligands,
the receptors dimerize, enter the nucleus, and interact with the promoter regions
of the target genes, modulating the expression of multiple genes in collaboration
with some steroid coactivators (Figure 1). In the case of the AR, its ligand
is androgen [34] while for the ERs, it is estrogen, 17β-Estradiol (E2) in
particular [26].

3.3 Steroid receptor coactivators

Proteins called SRCs (Steroid Receptor Coactivators) serve as primary
coactivators that interact with the complex formed by E2 and the hormonal recep-
tor. Additionally, SRCs recruit multiple secondary coactivators such as p300 and
the CREB-binding protein (also known as CREBBP) [35]. Both SRCs and p300 are
the first coactivators that are coupled to the E2-ER complex [36] to activate the
transcriptional process of the genes that are E2 targets (Figure 1).

Coactivators are proteins that influence the ability of the transcription factors to
activate or inhibit expression of multiple genes in a cascade mode [37]. Given the
intimate relationship between steroids and brain dimorphism, and coactivators and
gene transcription, and since ERs α-β and the AR are hormonal receptors that act as
transcription factors, it was clear that we should hypothesize the implication of
DNA coactivators in the process of GI.

Figure 1.
Molecular mechanisms of action of ERs α and β. hormone 17β-estradiol (E2) binds to the nuclear receptor
(ERα or ERβ), and after dimerization and translocation to the nucleus, the nuclear receptor complex binds
to a specific sequence of DNA known as an estrogen response element (ERE). The nuclear receptor
complex in turn recruits the coactivators NCOAs, p300 and the CREBBP that activate the transcription of
target genes.
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4. The role of E2-coactivators in the genetic basis of gender
incongruence

To our knowledge, no studies have been published about the role of steroid
receptor coactivators in the genetic basis of GI. Nevertheless, given the importance
of estrogens in GI, and the critical role of coactivators in the transcriptional gene
regulation induced by E2, our team deemed it interesting to analyze 247 single
nucleotide polymorphisms (SNPs) located at the coactivators NCoA-1(or SRC-1),
NCoA-2 (or SRC-2), NCoA-3 (or SRC-3), NCoA-4, NCoA-5 and p300-CREBBP, in
a transgender versus a cisgender population, because variation at the DNA level at
steroid receptor coactivators could affect the sensitivity of the E2-ER complex, and
consequently could modify the transcription of the genes regulated by E2. Some of
these data are being published, and the results of the whole study are presented in
this chapter.

4.1 The characteristics of the study

Genomic DNA was extracted from 94 Spanish transgender individuals (47
transmen and 47 transwomen) versus 94 Spanish cis gender individuals (44 cismen
and 50 ciswomen). The transgender population was diagnosed and recruited
through the Gender Unit of the Clínic Hospital of Barcelona (Spain) and the
cisgender population was selected from a country census (Pizarra) matching by
geographic origin and race.

We analyzed 247 polymorphisms distributed in the coactivators NCOA-1 (63
SNPs), NCOA-2 (64 SNPs), NCOA-3 (30 SNPs), NCOA-4 (4 SNPs), NCOA-5 (8
SNPs), p300 (9 SNPs) and CREBBP (69 SNPs) (Table 2), in a population of 94
Spanish transgender individuals versus 94 Spanish cisgender individuals, with the
same geographic origin, race and biological sex. All the polymorphisms were in
Hardy–Weinberg equilibrium.

4.2 The findings

4.2.1 Similar prevalence rates for the analyzed polymorphisms and comparison with the
global and European 1000 genomes

As expected, the prevalence rates for all analyzed polymorphisms in our popu-
lation were similar to those found in the Global 1000 genomes and the European
1000 genomes http://www.1000genomes.org (Table 3).

4.2.2 Eleven polymorphism showed differences in the distribution of the allele and
genotype frequencies

When we compared the distribution of the allele and genotype frequencies, we
found significant differences in 11 polymorphisms, that correspond to 4.45% of the
total analyzed: three polymorphisms located in NCOA-1, five in NCOA-2, two in
p300 and one in CREBBP (Tables 2 and 3). The description of the significant
association analyses with GI in different models of inheritance is in Table 4.

P1 polymorphism: The genotype T/T was overrepresented in the cis population
(P < 0.035 for dominant model) while the genotypes T/C-C/C were more frequent
in the trans population (OR = 2.12; P < 0.038). The genotype distribution was also
significant for the log-additive model (OR = 2.15; P < 0.027).
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4. The role of E2-coactivators in the genetic basis of gender
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of estrogens in GI, and the critical role of coactivators in the transcriptional gene
regulation induced by E2, our team deemed it interesting to analyze 247 single
nucleotide polymorphisms (SNPs) located at the coactivators NCoA-1(or SRC-1),
NCoA-2 (or SRC-2), NCoA-3 (or SRC-3), NCoA-4, NCoA-5 and p300-CREBBP, in
a transgender versus a cisgender population, because variation at the DNA level at
steroid receptor coactivators could affect the sensitivity of the E2-ER complex, and
consequently could modify the transcription of the genes regulated by E2. Some of
these data are being published, and the results of the whole study are presented in
this chapter.

4.1 The characteristics of the study

Genomic DNA was extracted from 94 Spanish transgender individuals (47
transmen and 47 transwomen) versus 94 Spanish cis gender individuals (44 cismen
and 50 ciswomen). The transgender population was diagnosed and recruited
through the Gender Unit of the Clínic Hospital of Barcelona (Spain) and the
cisgender population was selected from a country census (Pizarra) matching by
geographic origin and race.

We analyzed 247 polymorphisms distributed in the coactivators NCOA-1 (63
SNPs), NCOA-2 (64 SNPs), NCOA-3 (30 SNPs), NCOA-4 (4 SNPs), NCOA-5 (8
SNPs), p300 (9 SNPs) and CREBBP (69 SNPs) (Table 2), in a population of 94
Spanish transgender individuals versus 94 Spanish cisgender individuals, with the
same geographic origin, race and biological sex. All the polymorphisms were in
Hardy–Weinberg equilibrium.

4.2 The findings

4.2.1 Similar prevalence rates for the analyzed polymorphisms and comparison with the
global and European 1000 genomes

As expected, the prevalence rates for all analyzed polymorphisms in our popu-
lation were similar to those found in the Global 1000 genomes and the European
1000 genomes http://www.1000genomes.org (Table 3).

4.2.2 Eleven polymorphism showed differences in the distribution of the allele and
genotype frequencies

When we compared the distribution of the allele and genotype frequencies, we
found significant differences in 11 polymorphisms, that correspond to 4.45% of the
total analyzed: three polymorphisms located in NCOA-1, five in NCOA-2, two in
p300 and one in CREBBP (Tables 2 and 3). The description of the significant
association analyses with GI in different models of inheritance is in Table 4.

P1 polymorphism: The genotype T/T was overrepresented in the cis population
(P < 0.035 for dominant model) while the genotypes T/C-C/C were more frequent
in the trans population (OR = 2.12; P < 0.038). The genotype distribution was also
significant for the log-additive model (OR = 2.15; P < 0.027).
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P2 polymorphism: The genotype T/T was overrepresented in the cis population
(P < 0.044), while the genotypes T/G (OR = 1.97; P < 0.035) and G/G (OR = 2.65;
P < 0.045) were overrepresented in the trans population (codominant model). The

Gene Chromosome Function Analyzed
SNPs

SNPs with
significant
differences

NCOA-1 2 The protein encoded by this gene acts as a
transcriptional coactivator for steroid and

nuclear hormone receptors.

63 3

NCOA-2 8 The encoded protein acts as an intermediary
factor for the ligand-dependent activity of

nuclear receptors, which regulate their target
genes upon binding of cognate response

elements.

64 5

NCOA-3 20 The protein encoded by this gene is a nuclear
receptor coactivator that interacts with nuclear

hormone receptors to enhance their
transcriptional activator functions.

30 0

NCOA-4 10 This gene encodes an androgen receptor
coactivator.

4 0

NCOA-5 20 This gene encodes a coregulator for the α and β
estrogen receptors.

8 0

p300 22 This gene encodes a transcriptional coactivator
protein.

9 2

CREBBP 16 This gene is ubiquitously expressed and is
involved in the transcriptional coactivation

factors.

69 1

TOTAL 247 11

% 100 4.45

Table 2.
Description of the analyzed polymorphisms.

Gene Polymorphism Alias DNA
variation

Our study
frequency

Global 1000
genomes
frequency

European 1000
genomes
frequency

NCOA-1 rs10495747 P1 T/C C = 0.11 C = 0.1330 C = 0.1153

rs2584940 P2 T/G G = 0.38 G = 0.4605 G = 0.4125

rs6756785 P3 A/G G = 0.32 G = 0.2115 G = 0.2883

NCOA-2 rs76968380 P4 G/A A = 0.06 A = 0.1138 A = 0.0646

rs34406737 P5 G/A A = 0.15 A = 0.1300 A = 0.1262

rs1963250 P6 G/T T = 0.57 T = 0.5691 T = 0.5368

rs10755950 P7 G/A A = 0.42 A = 0.5655 A = 0.4483

rs56055423 P8 A/G G = 0.05 G = 0.0132 G = 0.0457

p300 rs133084 P9 T/C C = 0.5956 C = 0.5447 C = 0.59

rs11806 P10 A/G G = 0.3894 G = 0.3499 G = 0.42

CREBBP rs2191416 P11 G/A A = 0.2660 A = 0.2555 A = 0.26

Table 3.
Description of the polymorphisms with significant differences.
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genotype distribution for P2 was also significant for the dominant and log-additive
models.

P3 polymorphism: The genotype A/A was overrepresented in the cis population
(P < 0.0079 for the dominant model), while the genotypes A/G-G/G were
overrepresented in the trans population (OR = 2.20; P < 0.009). The genotype
distribution for P3 was significant for the codominant, dominant, overdominant
and log-additive models.

P4 polymorphism: The P4 polymorphism was only significant for the log-
additive model. The genotype G/G was overrepresented in the cis population, while
the genotypes G/A and A/A were overrepresented in the trans population
(OR = 2.57; P < 0.034 for the log-additive model).

P5 polymorphism: This polymorphism was significant for the codominant,
the recessive, and the overdominant models. The G/G and the A/A genotypes
were overrepresented in the trans population (P < 0.0029; codominant
model)) while the G/A was overrepresented in the cis population (OR = 0.48;
P < 0.036).

P6 polymorphism: The T/T genotype was overrepresented in the trans popula-
tion while the T/G and G/G were overrepresented in the cis population (OR = 0.42;
P < 0.008 for the dominant model). The genotype distribution was significant for
the codominant, dominant and log-additive models.

P7 polymorphism: This polymorphism was only significant for the recessive
model. The A/A genotype was overrepresented in the trans population (OR = 2.44;
P < 0.026, recessive model).

P8 polymorphism: The genotype A/A was overrepresented in the cis
population (P < 0.0068 dominant model) while the genotype A/G was overrepre-
sented in the trans population (OR = 4.49; P < 0.024, codominant model). This
polymorphism showed significant differences for the codominant, dominant,
overdominant, and log-additive models. Only the recessive model did not show
significant results.

P9 polymorphism: The C/C genotype was overrepresented in the trans popula-
tion, while the T/C and T/T were overrepresented in the cis population (OR = 0.50;
P < 0.025, dominant model).

P10 polymorphism: This polymorphism was only significant for the log-additive
model. The G/G genotype was overrepresented in the trans population (OR = 2.69;
P < 0.030, codominant model).

P11 polymorphism: The A/A polymorphism was overrepresented in the trans
population (OR = 4.82; P < 0.048, recessive model), while G/G-A/G were more
frequent in the cis population (P < 0.025).

4.2.3 The three polymorphisms (P2, P9 and P10) showed significant differences in the
interaction analysis with the covariate “sex”

Furthermore, polymorphisms P2, P9 and P10 showed significant differences in
the interaction analysis with covariate “sex”. For the P2 polymorphism, the geno-
type T/G was more frequent in the trans population assigned as females at birth
than in the cis female population (OR = 2.76; P < 0.029) while the genotype G/G
was more frequent in the trans population assigned as males than in the cis male
population (OR = 8.0; P < 0.016).

While for the P9 polymorphism, the genotype T/T was more frequent in the cis
female population than in the trans population assigned as females at birth
(OR = 0.34; P < 0.014). And finally, the genotypes A/G-G/G for the P10 polymor-
phism were more frequent in the trans population assigned as females at birth than
in the cis female population (OR = 2.68; P < 0.031).
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genotype distribution for P2 was also significant for the dominant and log-additive
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(P < 0.0079 for the dominant model), while the genotypes A/G-G/G were
overrepresented in the trans population (OR = 2.20; P < 0.009). The genotype
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model)) while the G/A was overrepresented in the cis population (OR = 0.48;
P < 0.036).

P6 polymorphism: The T/T genotype was overrepresented in the trans popula-
tion while the T/G and G/G were overrepresented in the cis population (OR = 0.42;
P < 0.008 for the dominant model). The genotype distribution was significant for
the codominant, dominant and log-additive models.

P7 polymorphism: This polymorphism was only significant for the recessive
model. The A/A genotype was overrepresented in the trans population (OR = 2.44;
P < 0.026, recessive model).

P8 polymorphism: The genotype A/A was overrepresented in the cis
population (P < 0.0068 dominant model) while the genotype A/G was overrepre-
sented in the trans population (OR = 4.49; P < 0.024, codominant model). This
polymorphism showed significant differences for the codominant, dominant,
overdominant, and log-additive models. Only the recessive model did not show
significant results.

P9 polymorphism: The C/C genotype was overrepresented in the trans popula-
tion, while the T/C and T/T were overrepresented in the cis population (OR = 0.50;
P < 0.025, dominant model).

P10 polymorphism: This polymorphism was only significant for the log-additive
model. The G/G genotype was overrepresented in the trans population (OR = 2.69;
P < 0.030, codominant model).

P11 polymorphism: The A/A polymorphism was overrepresented in the trans
population (OR = 4.82; P < 0.048, recessive model), while G/G-A/G were more
frequent in the cis population (P < 0.025).

4.2.3 The three polymorphisms (P2, P9 and P10) showed significant differences in the
interaction analysis with the covariate “sex”

Furthermore, polymorphisms P2, P9 and P10 showed significant differences in
the interaction analysis with covariate “sex”. For the P2 polymorphism, the geno-
type T/G was more frequent in the trans population assigned as females at birth
than in the cis female population (OR = 2.76; P < 0.029) while the genotype G/G
was more frequent in the trans population assigned as males than in the cis male
population (OR = 8.0; P < 0.016).

While for the P9 polymorphism, the genotype T/T was more frequent in the cis
female population than in the trans population assigned as females at birth
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Model Genotype Cis (%) Trans (%) OR P-value

P1 polymorphism (rs10495747)

Codominant T/T 79 (84%) 67 (71.3%) 1.00 0.068

T/C 15 (16%) 26 (27.7%) 2.04 (1.00–4.17) 0.05*

C/C 0 (0%) 1 (1.1%) NA (0.00-NA) —

Dominant T/T 79 (84%) 67 (71.3%) 1.00 0.035*

T/C-C/C 15 (16%) 27 (28.7%) 2.12 (1.04–4.32) 0.038*

Recessive T/T–T/C 94 (100%) 93 (98.9%) 1.00 0.24

C/C 0 (0%) 1 (1.1%) NA (0.00-NA) —

Overdominant T/T-C/C 79 (84%) 68 (72.3%) 1.00 0.051

T/C 15 (16%) 26 (27.7%) 2.01 (0.99–4.11) 0,054

Log-additive — — — 2.15 (1.07–4.29) 0.027*

P2 polymorphism (rs2584940)

Codominant T/T 43 (45.7%) 27 (28.7%) 1.00 0.044*

T/G 42 (44.7%) 52 (55.3%) 1.97 (1.05–3.70) 0.035*

G/G 9 (9.6%) 15 (16%) 2.65 (1.02–6.91) 0.045*

Dominant T/T 43 (45.7%) 27 (28.7%) 1.00 0.015*

T/G-G/G 51 (54.3%) 67 (71.3%) 2.09 (1.14–3.83) 0.017*

Recessive T/T–T/G 85 (90.4%) 79 (84%) 1.00 0.19

G/G 9 (9.6%) 15 (16%) 1.79 (0.74–4.33) 0.198

Overdominant T/T-G/G 52 (55.3%) 42 (44.7%) 1.00 0.14

T/G 42 (44.7%) 52 (55.3%) 1.53 (0.86–2.72) 0.148

Log-additive — — — 1.72 (1.10–2.69) 0.015*

P3 polymorphism (rs6756785)

Codominant A/A 50 (53.2%) 32 (34%) 1.00 0.029*

A/G 38 (40.4%) 54 (57.5%) 2.22 (1.21–4.08) 0.010*

G/G 6 (6.4%) 8 (8.5%) 2.08 (0.66–6.56) 0.213

Dominant A/A 50 (53.2%) 32 (34%) 1.00 0.0079*

A/G-G/G 44 (46.8%) 62 (66%) 2.20 (1.22–3.97) 0.009*

Recessive A/A-A/G 88 (93.6%) 86 (91.5%) 1.00 0.58

G/G 6 (6.4%) 8 (8.5%) 1.36 (0.45–4.10) 0.598

Overdominant A/A-G/G 56 (59.6%) 40 (42.5%) 1.00 0.019*

A/G 38 (40.4%) 54 (57.5%) 1.99 (1.11–3.55) 0.020*

Log-additive — — — 1.77 (1.10–2.87) 0.017*

P4 polymorphism (rs76968380)

Codominant G/G 88 (93.6%) 80 (85.1%) 1.00 0.075

G/A 6 (6.4%) 12 (12.8%) 2.20 (0.79–6.14) 0.132

A/A 0 (0%) 2 (2.1%) NA (0.00-NA) —

Dominant G/G 88 (93.6%) 80 (85.1%) 1.00 0.055

G/A-A/A 6 (6.4%) 14 (14.9%) 2.57 (0.94–7.00) 0.065
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Model Genotype Cis (%) Trans (%) OR P-value

Recessive G/G-G/A 94 (100%) 92 (97.9%) 1.00 0.095

A/A 0 (0%) 2 (2.1%) NA (0.00-NA) —

Overdominant G/G-A/A 88 (93.6%) 82 (87.2%) 1.00 0.13

G/A 6 (6.4%) 12 (12.8%) 2.15 (0.77–5.98) 0.144

Log-additive — — — 2.57 (1.01–6.55) 0.034*

P5 polymorphism (rs34406737)

Codominant G/G 63 (67%) 72 (76.6%) 1.00 0.0029*

G/A 31 (33%) 17 (18.1%) 0.48 (0.24–0.95) 0.036*

A/A 0 (0%) 5 (5.3%) NA (0.00-NA) —

Dominant G/G 63 (67%) 72 (76.6%) 1.00 0.14

G/A-A/A 31 (33%) 22 (23.4%) 0.62 (0.33–1.18) 0.142

Recessive G/G-G/A 94 (100%) 89 (94.7%) 1.00 0.0078*

A/A 0 (0%) 5 (5.3%) NA (0.00-NA) —

Overdominant G/G-A/A 63 (67%) 77 (81.9%) 1.00 0.018*

G/A 31 (33%) 17 (18.1%) 0.45 (0.23–0.88) 0.020*

Log-additive — — — 0.85 (0.49–1.49) 0.57

P6 polymorphism (rs1963250)

Codominant T/T 20 (21.3%) 37 (39.4%) 1.00 0.015*

T/G 54 (57.5%) 46 (48.9%) 0.46 (0.24–0.90) 0.021*

G/G 20 (21.3%) 11 (11.7%) 0.30 (0.12–0.74) 0.009*

Dominant T/T 20 (21.3%) 37 (39.4%) 1.00 0.0067*

T/G-G/G 74 (78.7%) 57 (60.6%) 0.42 (0.22–0.79) 0.008*

Recessive T/T–T/G 74 (78.7%) 83 (88.3%) 1.00 0.075

G/G 20 (21.3%) 11 (11.7%) 0.49 (0.22–1.09) 0.080

Overdominant T/T-G/G 40 (42.5%) 48 (51.1%) 1.00 0.24

T/G 54 (57.5%) 46 (48.9%) 0.71 (0.40–1.26) 0.245

Log-additive — — — 0.53 (0.34–0.83) 0.0043*

P7 polymorphism (rs10755950)

Codominant G/G 33 (35.1%) 31 (33%) 1.00 0.064

A/G 50 (53.2%) 40 (42.5%) 0.85 (0.45–1.62) 0.632

A/A 11 (11.7%) 23 (24.5%) 2.23 (0.93–5.31) 0.071

Dominant G/G 33 (35.1%) 31 (33%) 1.00 0.76

A/G-A/A 61 (64.9%) 63 (67%) 1.10 (0.60–2.01) 0.770

Recessive G/G-A/G 83 (88.3%) 71 (75.5%) 1.00 0.022*

A/A 11 (11.7%) 23 (24.5%) 2.44 (1.11–5.36) 0.026*

Overdominant G/G-A/A 44 (46.8%) 54 (57.5%) 1.00 0.14

A/G 50 (53.2%) 40 (42.5%) 0.65 (0.37–1.16) 0.14

Log-additive — — — 1.35 (0.90–2.04) 0.15
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Model Genotype Cis (%) Trans (%) OR P-value

P1 polymorphism (rs10495747)
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T/C-C/C 15 (16%) 27 (28.7%) 2.12 (1.04–4.32) 0.038*
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C/C 0 (0%) 1 (1.1%) NA (0.00-NA) —

Overdominant T/T-C/C 79 (84%) 68 (72.3%) 1.00 0.051

T/C 15 (16%) 26 (27.7%) 2.01 (0.99–4.11) 0,054
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G/G 9 (9.6%) 15 (16%) 2.65 (1.02–6.91) 0.045*

Dominant T/T 43 (45.7%) 27 (28.7%) 1.00 0.015*

T/G-G/G 51 (54.3%) 67 (71.3%) 2.09 (1.14–3.83) 0.017*
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A/G 38 (40.4%) 54 (57.5%) 2.22 (1.21–4.08) 0.010*

G/G 6 (6.4%) 8 (8.5%) 2.08 (0.66–6.56) 0.213

Dominant A/A 50 (53.2%) 32 (34%) 1.00 0.0079*

A/G-G/G 44 (46.8%) 62 (66%) 2.20 (1.22–3.97) 0.009*

Recessive A/A-A/G 88 (93.6%) 86 (91.5%) 1.00 0.58

G/G 6 (6.4%) 8 (8.5%) 1.36 (0.45–4.10) 0.598

Overdominant A/A-G/G 56 (59.6%) 40 (42.5%) 1.00 0.019*

A/G 38 (40.4%) 54 (57.5%) 1.99 (1.11–3.55) 0.020*

Log-additive — — — 1.77 (1.10–2.87) 0.017*

P4 polymorphism (rs76968380)

Codominant G/G 88 (93.6%) 80 (85.1%) 1.00 0.075

G/A 6 (6.4%) 12 (12.8%) 2.20 (0.79–6.14) 0.132

A/A 0 (0%) 2 (2.1%) NA (0.00-NA) —

Dominant G/G 88 (93.6%) 80 (85.1%) 1.00 0.055

G/A-A/A 6 (6.4%) 14 (14.9%) 2.57 (0.94–7.00) 0.065
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Model Genotype Cis (%) Trans (%) OR P-value
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Codominant G/G 63 (67%) 72 (76.6%) 1.00 0.0029*

G/A 31 (33%) 17 (18.1%) 0.48 (0.24–0.95) 0.036*

A/A 0 (0%) 5 (5.3%) NA (0.00-NA) —
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Log-additive — — — 0.85 (0.49–1.49) 0.57
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Codominant T/T 20 (21.3%) 37 (39.4%) 1.00 0.015*

T/G 54 (57.5%) 46 (48.9%) 0.46 (0.24–0.90) 0.021*

G/G 20 (21.3%) 11 (11.7%) 0.30 (0.12–0.74) 0.009*

Dominant T/T 20 (21.3%) 37 (39.4%) 1.00 0.0067*

T/G-G/G 74 (78.7%) 57 (60.6%) 0.42 (0.22–0.79) 0.008*

Recessive T/T–T/G 74 (78.7%) 83 (88.3%) 1.00 0.075

G/G 20 (21.3%) 11 (11.7%) 0.49 (0.22–1.09) 0.080

Overdominant T/T-G/G 40 (42.5%) 48 (51.1%) 1.00 0.24

T/G 54 (57.5%) 46 (48.9%) 0.71 (0.40–1.26) 0.245

Log-additive — — — 0.53 (0.34–0.83) 0.0043*

P7 polymorphism (rs10755950)

Codominant G/G 33 (35.1%) 31 (33%) 1.00 0.064

A/G 50 (53.2%) 40 (42.5%) 0.85 (0.45–1.62) 0.632

A/A 11 (11.7%) 23 (24.5%) 2.23 (0.93–5.31) 0.071

Dominant G/G 33 (35.1%) 31 (33%) 1.00 0.76

A/G-A/A 61 (64.9%) 63 (67%) 1.10 (0.60–2.01) 0.770

Recessive G/G-A/G 83 (88.3%) 71 (75.5%) 1.00 0.022*

A/A 11 (11.7%) 23 (24.5%) 2.44 (1.11–5.36) 0.026*

Overdominant G/G-A/A 44 (46.8%) 54 (57.5%) 1.00 0.14

A/G 50 (53.2%) 40 (42.5%) 0.65 (0.37–1.16) 0.14
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Model Genotype Cis (%) Trans (%) OR P-value

P8 polymorphism (rs56055423)

Codominant A/A 91 (96.8%) 81 (86.2%) 1.00 0.021*

A/G 3 (3.2%) 12 (12.8%) 4.49 (1.22–16.49) 0.024*

G/G 0 (0%) 1 (1.1%) NA (0.00-NA) —

Dominant A/A 91 (96.8%) 81 (86.2%) 1.00 0.0068*

A/G-G/G 3 (3.2%) 13 (13.8%) 4.87 (1.34–17.69) 0.016*

Recessive A/A-A/G 94 (100%) 93 (98.9%) 1.00 0.24

G/G 0 (0%) 1 (1.1%) NA (0.00-NA) —

Overdominant A/A-G/G 91 (96.8%) 82 (87.2%) 1.00 0.012*

A/G 3 (3.2%) 12 (12.8%) 4.44 (1.21–16.29) 0.024*

Log-additive — — — 4.69 (1.32–16.63) 0.0057*

P9 polymorphism (rs133084)

Codominant C/C 27 (28.7%) 42 (44.7%) 1.00 0.056

T/C 46 (48.9%) 39 (41.5%) 0.55 (0.29–1.04) 0.066

T/T 21 (22.3%) 13 (13.8%) 0.40 (0.17–0.93) 0.034*

Dominant C/C 27 (28.7%) 42 (44.7%) 1.00 0.023*

T/C-T/T 67 (71.3%) 52 (55.3%) 0.50 (0.27–0.91) 0.025*

Recessive C/C-T/C 73 (77.7%) 81 (86.2%) 1.00 0.13

T/T 21 (22.3%) 13 (13.8%) 0.56 (0.26–1.19) 0.135

Overdominant C/C-T/T 48 (51.1%) 55 (58.5%) 1.00 0.3

T/C 46 (48.9%) 39 (41.5%) 0.74 (0.42–1.32) 0.307

Log-additive — — — 0.61 (0.41–0.93) 0.019*

P10 polymorphism (rs11806)

Codominant A/A 37 (39.8%) 25 (26.6%) 1.00 0.076

A/G 45 (48.4%) 49 (52.1%) 1.61 (0.84–3.08) 0.151

G/G 11 (11.8%) 20 (21.3%) 2.69 (1.10–6.58) 0.030*

Dominant A/A 37 (39.8%) 25 (26.6%) 1.00 0.055

A/G-G/G 56 (60.2%) 69 (73.4%) 1.82 (0.98–3.38) 0.058

Recessive A/A-A/G 82 (88.2%) 74 (78.7%) 1.00 0.08

G/G 11 (11.8%) 20 (21.3%) 2.01 (0.91–4.48) 0.086

Overdominant A/A-G/G 48 (51.6%) 45 (47.9%) 1.00 0.61

A/G 45 (48.4%) 49 (52.1%) 1.16 (0.65–2.06) 0.627

Log-additive — — — 1.63 (1.06–2.52) 0.023*

P11 polymorphism (rs2191416)

Codominant G/G 53 (57%) 47 (50%) 1.00 0.075

A/G 38 (40.9%) 38 (40.4%) 1.13 (0.62–2.05) 0.702

A/A 2 (2.1%) 9 (9.6%) 5.07 (1.04–24.67) 0.044*

Dominant G/G 53 (57%) 47 (50%) 1.00 0.34

A/G-A/A 40 (43%) 47 (50%) 1.32 (0.74–2.36) 0.354

Recessive G/G-A/G 91 (97.8%) 85 (90.4%) 1.00 0.025*

A/A 2 (2.1%) 9 (9.6%) 4.82 (1.01–22.93) 0.048*
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4.2.4 The haplotype analysis of the coactivators NCOA-1, NCOA-2 and p300, and
comparison between cis and trans population

The simultaneous analysis of multiple loci (haplotypes) was carried out in those
coactivators with two or more polymorphisms with statistical significance (NCOA-
1, NCOA-2 and p300) using logistic regression models.

4.2.4.1 Polymorphisms in NCOA-1

For the three polymorphisms located in NCOA-1 (Table 5), the T allele for P1
was linked to the T allele for P2, and to the A allele for P3 (haplotype 1: T–T-A) with
a total frequency of 0.45. This haplotype was more frequent in the cis than in the
trans population. The haplotype 5: C-G-A was overrepresented in the trans popula-
tion and showed statistical significance (OR = 2.62; P < 0.05). The P global haplo-
type association was P < 0.009.

4.2.4.2 Polymorphisms in NCOA-2

For the five polymorphisms located in NCOA-2 (Table 6), the significant hap-
lotypes were the haplotype 2: (G-G-T-A-A) (OR = 2.49; P < 0.02) and the haplo-
type 8: (G-G-T-A-G) (OR = 12.86; P < 0.028), with a P global haplotype association
P < 0.005. Both polymorphisms were overrepresented in the trans population.

4.2.4.3 Polymorphisms in p300

For the two polymorphisms located in p300 (Table 7), the significant haplotype
was haplotype 2 (T-A) (OR = 0.57; P < 0.018) with a P global haplotype association
P < 0.033. This haplotype was more frequent in the cis than in the trans population,
and it was only significant in the population with a female natal sex (biological sex)
(OR = 0.43; P < 0.013) (Table 8).

4.2.4.4 Summary of findings

In summary, when we analyzed the allele and genotype frequencies, we found
significant differences in 11 polymorphisms located in NCOA-1, NCOA-2, p300 and
CREBBP. Being the NCOA-2 and p300 the coactivators with the highest percent-
ages of polymorphisms with significant differences (5/64 and 2/9 respectively).
Furthermore, only P2 (located at NCOA-1), P9 (located at p300) and P10 (located
at p300) showed a different distribution of the genotypes in males and females, that
is, they showed significant differences in the interaction analysis with covariate
“sex”.

Regarding the haplotype analysis, there were four polymorphisms with
significant differences: the haplotype 5 (C-G-A) in NCOA-1, the haplotype 2

Model Genotype Cis (%) Trans (%) OR P-value

Overdominant G/G-A/A 55 (59.1%) 56 (59.6%) 1.00 0.95

A/G 38 (40.9%) 38 (40.4%) 0.98 (0.55–1.76) 0.951

Log-additive — — — 1.49 (0.92–2.41) 0.1

Table 4.
Polymorphism association analysis with gender incongruence, in different models of inheritance (Codominant,
Dominant, Recessive, Overdominant and Log-additive) (n = 188, crude analysis).

109

An Analysis of the Implication of Estrogens and Steroid Receptor Coactivators…
DOI: http://dx.doi.org/10.5772/intechopen.96668



Model Genotype Cis (%) Trans (%) OR P-value

P8 polymorphism (rs56055423)

Codominant A/A 91 (96.8%) 81 (86.2%) 1.00 0.021*

A/G 3 (3.2%) 12 (12.8%) 4.49 (1.22–16.49) 0.024*

G/G 0 (0%) 1 (1.1%) NA (0.00-NA) —

Dominant A/A 91 (96.8%) 81 (86.2%) 1.00 0.0068*

A/G-G/G 3 (3.2%) 13 (13.8%) 4.87 (1.34–17.69) 0.016*

Recessive A/A-A/G 94 (100%) 93 (98.9%) 1.00 0.24

G/G 0 (0%) 1 (1.1%) NA (0.00-NA) —

Overdominant A/A-G/G 91 (96.8%) 82 (87.2%) 1.00 0.012*

A/G 3 (3.2%) 12 (12.8%) 4.44 (1.21–16.29) 0.024*

Log-additive — — — 4.69 (1.32–16.63) 0.0057*

P9 polymorphism (rs133084)

Codominant C/C 27 (28.7%) 42 (44.7%) 1.00 0.056

T/C 46 (48.9%) 39 (41.5%) 0.55 (0.29–1.04) 0.066

T/T 21 (22.3%) 13 (13.8%) 0.40 (0.17–0.93) 0.034*

Dominant C/C 27 (28.7%) 42 (44.7%) 1.00 0.023*

T/C-T/T 67 (71.3%) 52 (55.3%) 0.50 (0.27–0.91) 0.025*

Recessive C/C-T/C 73 (77.7%) 81 (86.2%) 1.00 0.13

T/T 21 (22.3%) 13 (13.8%) 0.56 (0.26–1.19) 0.135

Overdominant C/C-T/T 48 (51.1%) 55 (58.5%) 1.00 0.3

T/C 46 (48.9%) 39 (41.5%) 0.74 (0.42–1.32) 0.307

Log-additive — — — 0.61 (0.41–0.93) 0.019*

P10 polymorphism (rs11806)

Codominant A/A 37 (39.8%) 25 (26.6%) 1.00 0.076

A/G 45 (48.4%) 49 (52.1%) 1.61 (0.84–3.08) 0.151

G/G 11 (11.8%) 20 (21.3%) 2.69 (1.10–6.58) 0.030*

Dominant A/A 37 (39.8%) 25 (26.6%) 1.00 0.055

A/G-G/G 56 (60.2%) 69 (73.4%) 1.82 (0.98–3.38) 0.058

Recessive A/A-A/G 82 (88.2%) 74 (78.7%) 1.00 0.08

G/G 11 (11.8%) 20 (21.3%) 2.01 (0.91–4.48) 0.086

Overdominant A/A-G/G 48 (51.6%) 45 (47.9%) 1.00 0.61

A/G 45 (48.4%) 49 (52.1%) 1.16 (0.65–2.06) 0.627

Log-additive — — — 1.63 (1.06–2.52) 0.023*

P11 polymorphism (rs2191416)

Codominant G/G 53 (57%) 47 (50%) 1.00 0.075

A/G 38 (40.9%) 38 (40.4%) 1.13 (0.62–2.05) 0.702

A/A 2 (2.1%) 9 (9.6%) 5.07 (1.04–24.67) 0.044*

Dominant G/G 53 (57%) 47 (50%) 1.00 0.34

A/G-A/A 40 (43%) 47 (50%) 1.32 (0.74–2.36) 0.354

Recessive G/G-A/G 91 (97.8%) 85 (90.4%) 1.00 0.025*

A/A 2 (2.1%) 9 (9.6%) 4.82 (1.01–22.93) 0.048*
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4.2.4 The haplotype analysis of the coactivators NCOA-1, NCOA-2 and p300, and
comparison between cis and trans population

The simultaneous analysis of multiple loci (haplotypes) was carried out in those
coactivators with two or more polymorphisms with statistical significance (NCOA-
1, NCOA-2 and p300) using logistic regression models.

4.2.4.1 Polymorphisms in NCOA-1

For the three polymorphisms located in NCOA-1 (Table 5), the T allele for P1
was linked to the T allele for P2, and to the A allele for P3 (haplotype 1: T–T-A) with
a total frequency of 0.45. This haplotype was more frequent in the cis than in the
trans population. The haplotype 5: C-G-A was overrepresented in the trans popula-
tion and showed statistical significance (OR = 2.62; P < 0.05). The P global haplo-
type association was P < 0.009.

4.2.4.2 Polymorphisms in NCOA-2

For the five polymorphisms located in NCOA-2 (Table 6), the significant hap-
lotypes were the haplotype 2: (G-G-T-A-A) (OR = 2.49; P < 0.02) and the haplo-
type 8: (G-G-T-A-G) (OR = 12.86; P < 0.028), with a P global haplotype association
P < 0.005. Both polymorphisms were overrepresented in the trans population.

4.2.4.3 Polymorphisms in p300

For the two polymorphisms located in p300 (Table 7), the significant haplotype
was haplotype 2 (T-A) (OR = 0.57; P < 0.018) with a P global haplotype association
P < 0.033. This haplotype was more frequent in the cis than in the trans population,
and it was only significant in the population with a female natal sex (biological sex)
(OR = 0.43; P < 0.013) (Table 8).

4.2.4.4 Summary of findings

In summary, when we analyzed the allele and genotype frequencies, we found
significant differences in 11 polymorphisms located in NCOA-1, NCOA-2, p300 and
CREBBP. Being the NCOA-2 and p300 the coactivators with the highest percent-
ages of polymorphisms with significant differences (5/64 and 2/9 respectively).
Furthermore, only P2 (located at NCOA-1), P9 (located at p300) and P10 (located
at p300) showed a different distribution of the genotypes in males and females, that
is, they showed significant differences in the interaction analysis with covariate
“sex”.

Regarding the haplotype analysis, there were four polymorphisms with
significant differences: the haplotype 5 (C-G-A) in NCOA-1, the haplotype 2

Model Genotype Cis (%) Trans (%) OR P-value

Overdominant G/G-A/A 55 (59.1%) 56 (59.6%) 1.00 0.95

A/G 38 (40.9%) 38 (40.4%) 0.98 (0.55–1.76) 0.951

Log-additive — — — 1.49 (0.92–2.41) 0.1

Table 4.
Polymorphism association analysis with gender incongruence, in different models of inheritance (Codominant,
Dominant, Recessive, Overdominant and Log-additive) (n = 188, crude analysis).
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(G-G-T-A-A) in NCOA-2, the haplotype 8 (G-G-T-A-G) also in NCOA-2, and the
haplotype 2 (T-A) in p300. These NCOA-1 and NCOA-2 significant haplotypes
were more frequent in the trans population (OR = 2.62, OR = 2.49 and OR = 12.86,
respectively) while the haplotype 2 (T-A) in p300 was more frequent in the cis
population (OR = 0.57). The NCOA-2 haplotype 8 (OR = 12.86; P < 0.028) had a
strikingly much higher value than the others. That is due to the fact that this
haplotype only occurred in the trans population.

Haplotype frequencies estimation and Haplotype association with GI (n = 188, adjusted by sex)

Haplotypes P9 P10 Total Cis
population

Trans
population

Cumulative
frequency

OR (95% CI) P-
value

1 C G 0.4103 0.3468 0.4734 0.4103 1.00 —

2 T A 0.4004 0.4549 0.3457 0.8107 0.57 (0.36–0.90) 0.018*

3 C A 0.1828 0.1851 0.1809 0.9935 0.69 (0.38–1.27) 0.24

4 T G 0.0065 0.0132 0 1 0.00 (-Inf - Inf) 1
*Global haplotype association P-value: 0.033.

Table 7.
Haplotype analysis for polymorphisms located in p300 (P9 and P10 polymorphisms).

Haplotype and sex cross-classification interaction table (n = 188, crude analysis)

Females Males

Haplotype Frequency OR (95% CI) P-value OR (95% CI) P-value

1 0.4102 1.00 — 0.63 (0.19–2.07) 0.457

2 0.4003 0.43 (0.22–0.83) 0.013* 0.49 (0.19–1.27) 0.141

3 0.1829 0.60 (0.26–1.40) 0.237 0.52 (0.18–1.52) 0.232

Rare 0.0066 0.00 (0.00 - Inf) — 0.00 (-Inf - Inf) —

Haplotypes within sex (n = 188, crude analysis)

Females Males

Haplotype Frequency OR (95% CI) P-value OR (95% CI) P-value

1 0.4102 1.00 — 1.00 —

2 0.4003 0.43 (0.22–0.83) 0.013* 0.77 (0.40–1.49) 0.444

3 0.1829 0.60 (0.26–1.40) 0.237 0.82 (0.35–1.96) 0.665

Rare 0.0066 0.00 (0.00 - Inf) — 0.00 (0.00 - Inf) —

Sex within haplotypes (n = 188, crude analysis)

Females Males

Haplotype Frequency OR (95% CI) OR (95% CI) P-value

1 0.4102 1.00 0.63 (0.19–2.07) 0.457

2 0.4003 1.00 1.12 (0.55–2.30) 0.769

3 0.1829 1.00 0.87 (0.32–2.34) 0.796

Rare 0.0066 1.00 Inf

Table 8.
Haplotype interaction analysis with covariate sex for polymorphisms located in p300 (P9 and P10
polymorphisms). Haplotype frequency, Odds ratio (OR) and P-value in female and male populations.
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4.3 Concordance of our findings with the literature about receptor coactivators

To our knowledge, no studies have been published about the role of steroid
receptor coactivators in the genetic basis of GI. Our data are in concordance with a
recent work that showed that the nuclear receptor coactivators, NCOA-1, NCOA-2
and p300, are essential for efficient ER transcriptional activity in the brain [33, 38].
Furthermore, NCOA-1 and NCOA-2 are distributed in several specific areas of the
brain in different proportions, such as the hypothalamus and the hippocampus,
showing at the same time, difference in the coupling with the ERs [38, 39]. These
differential interactions between NCOA-1 and NCOA-2 with the ER subtypes α
and β suggest that these brain regions have distinct expression pattern of co-
regulators, and understanding how nuclear receptor coactivators function with
various steroid receptors is critical to understanding how hormones act in different
brain regions.

Moreover, our results are also in concordance with the study of the functional
significance of the nuclear receptor coactivator NCOA-1 in the developing brain
[40]. The authors, Auger et al., investigated the consequence of reducing NCOA-1
protein during sexual differentiation of the brain, and reported that reducing this
protein interferes with the defeminizing actions of estrogen in neonatal rat
brains. Their data indicated that NCOA-1 expression is critically involved in
the hormone-dependent development of normal male reproductive behavior
and brain morphology. Thus, our data are in agreement with the results of Auger
et al., [40] since the polymorphic analysis of this coactivator showed significant
differences when allelic and genotypic frequencies and haplotypes analyses were
carried out.

Our data are also in concordance with other studies about the critical role of
p300 and CREBBP in ERα transcription. p300 and CREBBP are two of multiple
secondary coactivators recruited by NCOA1, NCOA2 or NCOA3 to form a receptor-
coactivator complex that can promote chromatin remodeling and facilitate tran-
scriptional activation [35]. In our work, we found statistical significances in p300,
CREBBP, NCOA1 and NCOA2, but not in NCOA3.

Transcription by RNA polymerase II requires the coordinated action of multiple
factors such as DNA-binding factors, coactivators, chromatin remodeling, with the
basal transcriptional machinery. Futhermore, p300 and CREBBP, do not bind DNA
on their own, but they play an essential role in the transcription process mediated
by E2 [33, 41]. Thus, ERα functions cooperatively with p300 and CREBBP to
increase transcription [42]. Yi et al. [35] demonstrated the quaternary structure of
an active complex of DNA-bound ERα, steroid receptor coactivator, and p300 as
secondary coactivator. The structural model suggests that the ER binds the ERE-
DNA as a dimer and then recruits two NCOAs; these two coactivators, in turn,
secure one molecule of p300 to the complex through multiple contacts.

It is very important to maintain the nucleotide sequence of the genes encoding
the coactivators in order to maintain the interactions of the ER-E2 -NCOA -p300-
CREBBP complex and thus perform the genomic function of estrogens. Therefore,
our data are in concordance because finding significant polymorphisms in the
sample analyzed may result in ineffective or low effective interactions affecting the
E2 target genes involved in brain dimorphism.

In our work, we found 2/9 polymorphisms with statistically significant differ-
ences (P9 and P10) in p300 in the interaction analysis with covariate “sex”. This
implied differences in haplotype distribution according to sex, and thus, the haplo-
type 2 (T-A) (Table 8) only showed significant differences in the population
assigned as females at birth. The other haplotypes did not show differences in the
distribution between cis and trans population, nor in males or females.
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(G-G-T-A-A) in NCOA-2, the haplotype 8 (G-G-T-A-G) also in NCOA-2, and the
haplotype 2 (T-A) in p300. These NCOA-1 and NCOA-2 significant haplotypes
were more frequent in the trans population (OR = 2.62, OR = 2.49 and OR = 12.86,
respectively) while the haplotype 2 (T-A) in p300 was more frequent in the cis
population (OR = 0.57). The NCOA-2 haplotype 8 (OR = 12.86; P < 0.028) had a
strikingly much higher value than the others. That is due to the fact that this
haplotype only occurred in the trans population.

Haplotype frequencies estimation and Haplotype association with GI (n = 188, adjusted by sex)

Haplotypes P9 P10 Total Cis
population

Trans
population

Cumulative
frequency

OR (95% CI) P-
value

1 C G 0.4103 0.3468 0.4734 0.4103 1.00 —

2 T A 0.4004 0.4549 0.3457 0.8107 0.57 (0.36–0.90) 0.018*

3 C A 0.1828 0.1851 0.1809 0.9935 0.69 (0.38–1.27) 0.24

4 T G 0.0065 0.0132 0 1 0.00 (-Inf - Inf) 1
*Global haplotype association P-value: 0.033.

Table 7.
Haplotype analysis for polymorphisms located in p300 (P9 and P10 polymorphisms).
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2 0.4003 1.00 1.12 (0.55–2.30) 0.769

3 0.1829 1.00 0.87 (0.32–2.34) 0.796

Rare 0.0066 1.00 Inf

Table 8.
Haplotype interaction analysis with covariate sex for polymorphisms located in p300 (P9 and P10
polymorphisms). Haplotype frequency, Odds ratio (OR) and P-value in female and male populations.
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4.3 Concordance of our findings with the literature about receptor coactivators

To our knowledge, no studies have been published about the role of steroid
receptor coactivators in the genetic basis of GI. Our data are in concordance with a
recent work that showed that the nuclear receptor coactivators, NCOA-1, NCOA-2
and p300, are essential for efficient ER transcriptional activity in the brain [33, 38].
Furthermore, NCOA-1 and NCOA-2 are distributed in several specific areas of the
brain in different proportions, such as the hypothalamus and the hippocampus,
showing at the same time, difference in the coupling with the ERs [38, 39]. These
differential interactions between NCOA-1 and NCOA-2 with the ER subtypes α
and β suggest that these brain regions have distinct expression pattern of co-
regulators, and understanding how nuclear receptor coactivators function with
various steroid receptors is critical to understanding how hormones act in different
brain regions.

Moreover, our results are also in concordance with the study of the functional
significance of the nuclear receptor coactivator NCOA-1 in the developing brain
[40]. The authors, Auger et al., investigated the consequence of reducing NCOA-1
protein during sexual differentiation of the brain, and reported that reducing this
protein interferes with the defeminizing actions of estrogen in neonatal rat
brains. Their data indicated that NCOA-1 expression is critically involved in
the hormone-dependent development of normal male reproductive behavior
and brain morphology. Thus, our data are in agreement with the results of Auger
et al., [40] since the polymorphic analysis of this coactivator showed significant
differences when allelic and genotypic frequencies and haplotypes analyses were
carried out.

Our data are also in concordance with other studies about the critical role of
p300 and CREBBP in ERα transcription. p300 and CREBBP are two of multiple
secondary coactivators recruited by NCOA1, NCOA2 or NCOA3 to form a receptor-
coactivator complex that can promote chromatin remodeling and facilitate tran-
scriptional activation [35]. In our work, we found statistical significances in p300,
CREBBP, NCOA1 and NCOA2, but not in NCOA3.

Transcription by RNA polymerase II requires the coordinated action of multiple
factors such as DNA-binding factors, coactivators, chromatin remodeling, with the
basal transcriptional machinery. Futhermore, p300 and CREBBP, do not bind DNA
on their own, but they play an essential role in the transcription process mediated
by E2 [33, 41]. Thus, ERα functions cooperatively with p300 and CREBBP to
increase transcription [42]. Yi et al. [35] demonstrated the quaternary structure of
an active complex of DNA-bound ERα, steroid receptor coactivator, and p300 as
secondary coactivator. The structural model suggests that the ER binds the ERE-
DNA as a dimer and then recruits two NCOAs; these two coactivators, in turn,
secure one molecule of p300 to the complex through multiple contacts.

It is very important to maintain the nucleotide sequence of the genes encoding
the coactivators in order to maintain the interactions of the ER-E2 -NCOA -p300-
CREBBP complex and thus perform the genomic function of estrogens. Therefore,
our data are in concordance because finding significant polymorphisms in the
sample analyzed may result in ineffective or low effective interactions affecting the
E2 target genes involved in brain dimorphism.

In our work, we found 2/9 polymorphisms with statistically significant differ-
ences (P9 and P10) in p300 in the interaction analysis with covariate “sex”. This
implied differences in haplotype distribution according to sex, and thus, the haplo-
type 2 (T-A) (Table 8) only showed significant differences in the population
assigned as females at birth. The other haplotypes did not show differences in the
distribution between cis and trans population, nor in males or females.
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Based on experiments in rodents, it is believed that male sexual differentiation
of the brain is caused by androgens, after conversion to estrogens by the aromatase.
Moreover, observations in human subjects show that the direct effects of testoster-
one on the developing fetal brain and also during puberty, are of great importance
for the development of male gender identity [43]. However, the analysis of the
androgen coactivator NCOA-4 did not show any significant data.

Currently, it is still very difficult to interconnect molecular, brain, and behav-
ioral findings [44] due to the complex interactions among behavior, genes, hor-
mones, receptors and enzymes. But we must point out that MRI studies in people
with GI, show characteristic brain profiles [5]. Both trans populations (females and
males) share some common features: firstly, the involvement of the two ERs in
neurobiological origin [21] and, secondly, their cortex, in some regions, is thicker
than in cismen [5]. These observations support the hypothesis that transmen and
transwomen undergo an atypical developmental process with respect to the sexual
differentiation of their cortex [5], hypothetically, under the influence of brain
estrogens, androgens, their receptors and some of their coactivators.

4.4 Consistency of the findings with the current hypothesis of a multiplicity of
mechanisms involved in the complex “mosaic”model of the mammalian
brain

Finally, our data are also consistent with the current hypothesis about the
existence of a complex “mosaic” model of the mammalian brain [45], with a
multiplicity of mechanisms involved, allowing a variable degree of masculinization/
feminization within the brain. The simple model according to which testosterone
masculinizes the brain of men away from a predetermined female profile, has been
replaced by a complex model, according to which sexual effects on the brains of
women and men are exerted by a complex combination of behavior, genetic,
epigenetic and hormonal factors [45].

5. Conclusions

Based on the data presented here, we believe that it can be stated that there is a
genetic basis for GI. Thus, the coactivators, NCOA-1, NCOA-2 and p300-CREBBP
could be considered as candidates for increasing the list of potential “susceptibility”
genes for GI. Furthermore, our data continue to support the hypothesis that GI is a
multifactorial complex trait, involving intricate interactions among genes, steroids,
steroids receptors and coactivators.
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Chapter 8

Consequences of Chronic Stress
on the PINE Network
Verena Nold and Kelly Allers

Abstract

Stress is a risk factor for the development and progression of a variety of
disorders. At the same time stress is essential to initiate adaptation to the current
situation and to promote survival of the fittest. Thus, responses to stress evolved to
be fast and efficient. This is implemented by a tight networking of the psycho-
immune-neuro-energy (PINE) system. Within the PINE network, glucocorticoids
are the universal messengers that regulate overall physiology jointly with cytokines,
neurotransmitters and energy status. While the secretion of glucocorticoids in
response to stress is itself a rather unspecific reaction to any kind of stressor,
complexity of the outcome is encoded by lifetime, recent and present events.
Together, these individual experiences modulate the diurnal and ultradian rhyth-
micity of glucocorticoid levels. Given the time- and dose-dependency of glucocor-
ticoid signaling, this rhythmicity allows for flexibility in the coping with stress. In a
chronic stress setting, the interaction of PINE network components is altered.
While stress-resilient individuals retain adaptive capacity, vulnerable individuals
lose flexibility in their responsiveness. Gene � environment interactions could
explain individual differences. To better elucidate the molecular underpinnings of
risk and resiliency, models that allow studying the consequences of chronic stress
on the PINE network are required.

Keywords: plasticity, bioenergetics, inflammation, kynurenine pathway,
glucocorticoid rhythmicity, animal model, stress, Fkbp5

1. Introduction

In the past years, the incidence of psychiatric disorders increased. Meanwhile,
the majority of absence from work due to illness is attributable to psychiatric
disorders. This not only impairs the affected individual but also puts a strong
financial pressure on health systems [1]. Commonly, psychiatric disorders are
described, classified and treated based on phenotypic symptoms. However, the
success of this approach is limited since our understanding of the mechanisms
leading to psychiatric pathology is far from complete and explanations to all facets
of the disease remain to be discovered [2]. A first starting point to better elucidate
the etiology of psychiatric disorders and to offer new treatment options is to better
understand the impact of life events on physiology. These environmental influences
are known to proceed onset of pathology, and together with some level of genetic
susceptibility can alter brain function and overall physiology. Chronic stress is one
such environmental factor and is considered a common trigger of psychiatric disor-
ders [3]. Thus, an improved understanding of the phenomenon of stress and its
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consequences on physiology will support the discovery of novel treatment options
or even preventive strategies. At its core, the chronic or acute inability of an
individual to cope with any demand produces stress. This generic definition of
stress as a response to unmet requirements proposed by Hans Selye introduces the
need of responding to an adverse situation to resolve the stress exerted on the
affected individual. The triggers of stress can be internal or external in nature. All
non-specific reactions of the body to allow coping with challenges can be summa-
rized under the umbrella term ‘stress response’. First, an instantaneous ‘fight or
flight’ reaction mediated by beta-adrenergic signaling introduces a shift from ana-
bolic and restorative processes towards catabolic and energy consuming processes.
Secondly, effects of hypothalamic–pituitary–adrenal axis (HPA-axis, used abbrevi-
ations are listed in 8) activation come into play to support this potential increase in
energy expenditure and coordinate longer-termed stress responses. Glucocorticoids
(GCs) are the messengers of this phase of stress response. They are secreted from
the adrenal glands to fulfill their eponymous actions on blood glucose levels. In
addition, glucocorticoid effects involve the mobilization of fatty acids and amino
acids, maintenance of a sufficient blood flow to distribute nutrients and oxygen, the
induction of functional changes in mitochondrial dynamics, alertness of the
immune system and processing of cues in the central nervous system (CNS). In
sum, these actions guarantee the necessary supply of vital tissues with adenosine-
tri-phosphate (ATP) to fuel the stress response and to ultimately promote survival.
After resolving the stressful situation, the HPA-axis is turned down via a negative
feedback loop. Furthermore, alterations in metabolism are reverted and restoration
of the emptied energy depots, healing of wounds, and mental processing of the
experienced situation takes place. The body returns back to homeostasis, a term
coined by Walter Bradford Cannon that translates to ‘stability through constancy’.
However, if certain stressors occur repeatedly, a change to these default settings
might be more cost-efficient. Such a training effect can result in permanent adap-
tation. This process is termed allostasis, from the greek ‘stability through change’.
Both, the high flexibility to cope with several stressors and the ability to adapt to
them were of evolutionary advantage, since less fit individuals were eliminated.
Thus, an efficient and tight networking of systems required for homostasis and
allostasis evolved, of which the psycho-immune-neuro-energy (PINE) network is
part of.

2. Glucocorticoids are universal messengers in the PINE network

2.1 Glucocorticoids have multiple modes of action

Signaling of the HPA-axis mutually effects the metabolism, CNS, autonomous
nervous system and the immune system. This is implemented by pleiotropic actions
of glucocorticoids via multiple modes of actions, including non-genomic and
genomic components allowing them to exert power on manifold processes. As an
example for non-genomic mode of action, intercalation of GCs with plasma and
mitochondrial membranes and interaction with membrane-associated receptors has
been described, which enables fast-forward reactions [4]. Furthermore, GCs can
trigger other non-genomic effects via their target receptors, the mineralocorticoid
receptor (MR) and glucocorticoid receptor (GR) since these can interfere with
cytoplasmic signaling complexes. In the medium-term, the genomic effects of glu-
cocorticoids come into play, which are mediated by both nuclear receptors. Upon
ligand binding, they translocate into the nucleus to interact with other transcription
factors for example at glucocorticoid response elements (GRE) in the DNA to
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transactivate or transrepress a multitude of targets (reviewed in [5]. While GR and
MR are ubiquitously expressed, the actual response to GCs varies widely [6].

In light of the high number of genes that is directly or indirectly affected by GR-
mediated signaling, this illustrates that a tight regulation of GC signaling is present.
At cellular level, this regulation is partly implemented via receptor maturation and

Figure 1.
Experimental details – Primary Cell Culture: Neuronal cultures were obtained from single cell suspensions of
cortex and hippocampus of embryos at E16.5. Cells were seeded in a density of 100,000 cells per 24-well and
cultured at 37∘C and 5% CO2 using serum-free neurobasal medium (Invitrogen #12348017) supplemented with
Glutamate, SM1 (Stemcell Technologies, Köln, Germany, #05711) and HEPES (Sigma Aldrich,Taufkirchen,
Germany, #83264-100ML-F). Conditioned medium exchanges were performed every 3–4 days. On in vitro day
12 neurons were subjected to analyses. Adherent glial flask cultures were derived from enzymatically and
mechanically homogenated cortices of neonates. In the culture flasks (75cm2 flasks coated with Poly-L-Ornithin
Hydrobromid (MW: ≤ 30,000–70,000 Dalton, Sigma #P3655)) the advanced DMEM (Invitrogen
#12491015) was supplemented with HEPES, antibiotics and 10% fetal calf serum. Every 3–4 days after 1 week
of flask culture, microglia were shaken off and plated at a density of 150,000 cells per 24-well of uncoated
PRIMARIA plates (Corning, Germany, #353847) and analyzed in experiments the following day. For plating of
astrocytes, flasks after microglia harvest were washed and the astrocyte layer was detached using 0.05% trypsin–
EDTA solution (Invitrogen #25300054). Astrocytes were suspended in 50 ml advanced DMEM containing 10%
FCS to stop trypsination. This suspension was used to seed the astrocytes into 24-well PRIMARIA plates (1 ml per
well). On the next day, a full medium exchange was performed. On post plating day (PPD) 8 the confluent
astrocyte layer was treated with AraC-medium (Cytosine Arabinoside, Sigma, #251010, 8μM) for 4 days. On
PPD11, the medium was exchanged to LME-medium (L-leucine methyl esters, Sigma, #L1002, 50 mM) for
1 hour and astrocytes were subsequently washed three times with medium. On PPD14, the medium was
exchanged to serum-free medium and the assay was performed the next day. Experimental details – qPCR:
Native or stimulated cells were lysed in 250μl RLT buffer (Qiagen, Hilden, Germany, #79216) containing 1%
beta-mercapto-ethanol (Sigma #M3148-100ML) and frozen at �80∘C prior to RNA isolation. RNA was
isolated using RNeasy Plus kit (Qiagen #74192) following the manufacturer’s recommendations. Integrity was
confirmed to be RIN > 8 (Fragmentanalyser,Thermo Fisher Scientific, Langenselbold, Germany). For
normalization, 500 ng of total mRNA were used during reverse transcription (high capacity cDNA kit, Qiagen
#4368813). All TaqMan gene expression assays were labeled with FAM (Thermo Fisher #4352042; succinate
dehydrogenase complex subunit A (Sdha, Mm01352366_m1), murine Fkbp5 (Mm00487403_m1),
glucocorticoid receptor (Nr3c1, Mm00433832_m1)) and used in conjunction with the fast universal PCRMaster
Mix (Thermo Fisher #4351368). Samples were analyzed in technical triplicates on a QuantStudio 6 (Thermo
Fisher). All gene expression levels were normalized within the same cell type relative to the cycle thresholds
measured for Sdha and for stimulation experiments relative to DMSO-treated cells. Results: Primary murine
astrocytes, microglia and neurons differ in their basal mRNA expression of the glucocorticoid receptor (Nr3c1)
and its functional inhibitor FK506 binding protein 51 (Fkbp5). Analysis of qPCR cycle number difference from
housekeeper (Sdha) revealed that cell types differed in the expression of Fkbp5 (F(3, 168) = 33.5; p< .0001)
which post hoc was attributable to astrocytes displaying the lowest expression of Fkbp5 compared to microglia and
neurons. Nr3c1 was higher expressed in both glial cell types compared to neurons (Kruskal-Wallis rank sum test
χ2(3) = 64.1, p< .0001). Individual data points are shown alongside with their mean� 95% confidence interval
(red). Shades of gray indicate the cell type: astrocytes (dark gray, left), microglia (gray, middle) and neurons
(ecru, right). High values in the PCR cycles needed to reach the set threshold represent low amounts of the targeted
mRNA and hence a low expression of the gene while low cycle numbers indicate higher expression.
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(ecru, right). High values in the PCR cycles needed to reach the set threshold represent low amounts of the targeted
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turn over. In the cytoplasm, the functioning of the GR is modulated by a molecular
hetero-complex that comprises heat shock proteins (HSP), protein phosphatases
and a number of co-chaperones. The immunophilin FK506-binding protein 51
FKBP51, encoded by the FKBP5 gene, is one of them. This co-chaperone function-
ally inhibits glucocorticoid signaling by interfering with the maturation of the
glucocorticoid receptor complex. If the GR-HSP90 complex is bound to FKBP51, the

Figure 3.
Mechanistic overview of the interaction between Fkbp5 expression and GC abundancy on GC-induced gene
transcription.

Figure 2.
Cells were cultured and RNA analyses were performed as described in Figure 1. Experimental details –
Glucocorticoid Stimulation: Stocks of dexamethasone solved in dimethyl sulfoxide (DMSO) were freshly
diluted 1:200 in warmed culture medium. Cells were stimulated by replacing 0.5 ml of the medium with the
obtained dexamethasone dilutions so that final concentrations of 0.8, 4, 20 or 100 nM were applied.
Stimulation was performed between 08:00 a.m. to 10:00 a.m. for 4 hours. To control for manipulation or
vehicle effects, a half medium exchange was performed or cells were treated with medium containing 0.005%
DMSO, respectively. Results: Stimulation with increasing doses of the synthetic glucocorticoid dexamethasone
elicited different induction of the glucocorticoid response element harboring Fkbp5 gene, dependent of cell type
and dose (F(8, 309) = 95.9, p< .0001). Astrocytes (dark gray) showed a stronger induction than microglia
(gray), while neurons (ecru) were not responsive. Individual data points are shown alongside with their mean
� 95% confidence interval (red).

124

Oxytocin and Health

GR is in a low affinity state [7]. With these altered dissociation kinetics, more
ligand, more GRs or a longer time is needed in order to elicit the same amount of
nuclear translocations of the GR as in the presence of fewer FKBP51 molecules.
Thus, the abundance of GR and FKBP51 influences the cellular responsivity to GCs
and is part of the cellular identity [8]. In the CNS, astrocytes and microglia express
the GR at comparable levels, but more than neurons. Astrocytes were found to

Figure 4.
Experimental details - uCMS: Test-naïve male Wistar Kyoto rats were obtained from Charles River at an age
of 5 weeks and randomly assigned into the experimental groups. All experiments were performed under an
inverse 12 hour light cycle (sunrise 18:00, sunset 6:00 with a ramp of 30 minutes). Controls were housed in
groups of three throughout the experiment and were sheltered from olfactory, visual or acoustic cues of the stress
rats by a Scantainer (Scanbur, Denmark). Rats assigned to the uCMS group were housed in groups of 3 until an
age of 10 weeks while uCMS + JSH animals were single housed upon the day of arrival. From an age of 10 weeks
onwards, the uCMS protocol started. Only mild stressors such as wet bedding, frequent changes of the bedding,
timely limited food and water restriction, intruder confinements, reduction of provided space and flashing lights
were applied. Experiments were carried out in male Wistar Kyoto rats under allowance of the regional council
for animal welfare (Regierungspräsidium Tübingen, Baden-Württemberg, Germany) and in compliance with
directive 2020/63/EU. Experimental details – Corticosterone: Feces samples were collected directly from the
animals at 6 a.m., 10 a.m., 2 p.m. and 10 p.m. on the same day and lyophilized. From 50 mg powder of each
sample ethanolic extracts were obtained. After evaporation of the ethanol, samples were resuspended in assay
buffer and a competitive enzyme-linked immune assay (Cayman Chemicals, Ann Arbor, Michigan, USA) was
performed following the manufacturer’s instructions. Individual data points are visualized alongside the mean
� the 95% confidence interval. Results: Diurnal Rhythm of Corticosterone Measured in Feces of Rats exposed to
Unpredictable Chronic Mild Stress (uCMS) in Young Adulthood with or without Prior Juvenile Single Housing
(JSH) in Comparison to Controls. Left: After 5 weeks of JSH the diurnal rhythm of corticosterone was traced in
feces of control (gray) and single housed rats (red). Type III sum of square ANOVA of the linear mixed effect
model of group-by-time effect corrected for the random effect of each individual animal indicated a significant
effect of time (χ2(3) = 92, p < .00001) and group (χ2(1) = 3.9, p = .048). Post hoc tests revealed differences
between controls and JSH at 10:00 (t(169) = 1.97, p = .05). Moreover, in JSH rats a clear peak in
corticosterone was observed at 2 p.m. when levels were significantly different from 6 a.m. (t(135) = 7.3, p <
.0001), 10 a.m. (t(127) = 3.6, p < .003) and 10 p.m. (t(134) = 5, p < .0001), while between 6 a.m. and
10 a.m. the levels already increased significantly (t(129) = 4.1, p = .0004). However in controls, the peak was
observed earlier at 10 a.m. and levels slowly decreased over noon. This was reflected by significant differences
between 6 a.m. and 10 a.m. (t(130) = 5.1, p < .0001), 2 p.m. (t(133) = 5.3, p < .0001) as well as 11 p.m.
and the 10 a.m. (t(128) = 2.8, p = .03) and 2 p.m. (t(137) = 3.1, p = .01). Right: After 5 weeks of uCMS
alone (peach) or in addition to JSH (red), the diurnal corticosterone rhythm was traced in feces and revealed a
similar pattern for both stress groups that differed from the pattern in controls (gray). While in controls the
levels increased over the morning and noon leading to a peak in the afternoon (6 a.m. vs. 2 p.m. t(53) = 4,
p = .001; 10 p.m. vs. 6 a.m. t(59) = 2.6, p = .056), in the stress groups the levels between 6 a.m. and 10 a.m.
remained the same, peaked in the afternoon (uCMS: t(55) = 2.8, p = .03; uCMS + JSH: t(55) = 4.1,
p = .0007) and began to decrease again towards the night.
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DMSO, respectively. Results: Stimulation with increasing doses of the synthetic glucocorticoid dexamethasone
elicited different induction of the glucocorticoid response element harboring Fkbp5 gene, dependent of cell type
and dose (F(8, 309) = 95.9, p< .0001). Astrocytes (dark gray) showed a stronger induction than microglia
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124

Oxytocin and Health

GR is in a low affinity state [7]. With these altered dissociation kinetics, more
ligand, more GRs or a longer time is needed in order to elicit the same amount of
nuclear translocations of the GR as in the presence of fewer FKBP51 molecules.
Thus, the abundance of GR and FKBP51 influences the cellular responsivity to GCs
and is part of the cellular identity [8]. In the CNS, astrocytes and microglia express
the GR at comparable levels, but more than neurons. Astrocytes were found to

Figure 4.
Experimental details - uCMS: Test-naïve male Wistar Kyoto rats were obtained from Charles River at an age
of 5 weeks and randomly assigned into the experimental groups. All experiments were performed under an
inverse 12 hour light cycle (sunrise 18:00, sunset 6:00 with a ramp of 30 minutes). Controls were housed in
groups of three throughout the experiment and were sheltered from olfactory, visual or acoustic cues of the stress
rats by a Scantainer (Scanbur, Denmark). Rats assigned to the uCMS group were housed in groups of 3 until an
age of 10 weeks while uCMS + JSH animals were single housed upon the day of arrival. From an age of 10 weeks
onwards, the uCMS protocol started. Only mild stressors such as wet bedding, frequent changes of the bedding,
timely limited food and water restriction, intruder confinements, reduction of provided space and flashing lights
were applied. Experiments were carried out in male Wistar Kyoto rats under allowance of the regional council
for animal welfare (Regierungspräsidium Tübingen, Baden-Württemberg, Germany) and in compliance with
directive 2020/63/EU. Experimental details – Corticosterone: Feces samples were collected directly from the
animals at 6 a.m., 10 a.m., 2 p.m. and 10 p.m. on the same day and lyophilized. From 50 mg powder of each
sample ethanolic extracts were obtained. After evaporation of the ethanol, samples were resuspended in assay
buffer and a competitive enzyme-linked immune assay (Cayman Chemicals, Ann Arbor, Michigan, USA) was
performed following the manufacturer’s instructions. Individual data points are visualized alongside the mean
� the 95% confidence interval. Results: Diurnal Rhythm of Corticosterone Measured in Feces of Rats exposed to
Unpredictable Chronic Mild Stress (uCMS) in Young Adulthood with or without Prior Juvenile Single Housing
(JSH) in Comparison to Controls. Left: After 5 weeks of JSH the diurnal rhythm of corticosterone was traced in
feces of control (gray) and single housed rats (red). Type III sum of square ANOVA of the linear mixed effect
model of group-by-time effect corrected for the random effect of each individual animal indicated a significant
effect of time (χ2(3) = 92, p < .00001) and group (χ2(1) = 3.9, p = .048). Post hoc tests revealed differences
between controls and JSH at 10:00 (t(169) = 1.97, p = .05). Moreover, in JSH rats a clear peak in
corticosterone was observed at 2 p.m. when levels were significantly different from 6 a.m. (t(135) = 7.3, p <
.0001), 10 a.m. (t(127) = 3.6, p < .003) and 10 p.m. (t(134) = 5, p < .0001), while between 6 a.m. and
10 a.m. the levels already increased significantly (t(129) = 4.1, p = .0004). However in controls, the peak was
observed earlier at 10 a.m. and levels slowly decreased over noon. This was reflected by significant differences
between 6 a.m. and 10 a.m. (t(130) = 5.1, p < .0001), 2 p.m. (t(133) = 5.3, p < .0001) as well as 11 p.m.
and the 10 a.m. (t(128) = 2.8, p = .03) and 2 p.m. (t(137) = 3.1, p = .01). Right: After 5 weeks of uCMS
alone (peach) or in addition to JSH (red), the diurnal corticosterone rhythm was traced in feces and revealed a
similar pattern for both stress groups that differed from the pattern in controls (gray). While in controls the
levels increased over the morning and noon leading to a peak in the afternoon (6 a.m. vs. 2 p.m. t(53) = 4,
p = .001; 10 p.m. vs. 6 a.m. t(59) = 2.6, p = .056), in the stress groups the levels between 6 a.m. and 10 a.m.
remained the same, peaked in the afternoon (uCMS: t(55) = 2.8, p = .03; uCMS + JSH: t(55) = 4.1,
p = .0007) and began to decrease again towards the night.
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express lower levels of FKBP5 than microglia and neurons, which upon GC-
stimulation resulted in a stronger responsiveness of astrocytes, followed by
microglia and neurons (Figures 1–3 modified from [8]). This indicates that abun-
dance of GR relative to FKBP51 imparts a cell-type specific fine tuning of the GC
response magnitude at a given time. In addition, this ratio is modulated by recent
fluctuations in GC exposure. These modulations are essential for proper functioning
[9, 10].

2.2 Origins of dynamic glucocorticoid flows

The exposure of cells to GCs relies on the activity of the HPA-axis. Once triggered,
neurosecretory nerve terminals within the hypothalamic paraventricular nucleus are
activated to release corticotropin-releasing hormone (CRH) into the portal system of
the anterior pituitary, where in response, adreno-cortico-tropic hormone (ACTH) is
secreted, transported across the blood–brain-barrier into the peripheral circulation
and in the adrenal glands to stimulate the secretion of glucocorticoids into the blood.
Over the course of the day, the levels of glucocorticoids undergo substantial fluctua-
tions. While in man cortisol levels peak in the morning, in nocturnal animals like
laboratory rodents nadir levels are observed in the morning. Chronic exposure to
stress triggers changes in the pattern of this diurnal rhythmicity i.e. shifts in the
timing of the peak (Figure 4modified from [11]). Besides the diurnal pattern,
ultradian rhythms influence the actual plasma levels [12].

These oscillations are enabled via feedback loops between components of the
HPA-axis and inside each cell. The feedback occurs at different kinetics and thus
introduces phase shifts. Such delays are based on differential glucocorticoid affinity
and expression of MR compared to GR, episodic transcription of the rate-limiting
enzymes necessary for steroidogenesis, as well as offsets between secretion and
distribution of glucocorticoids. In addition, an ultra-short negative feedback loop
within each cell is present, since GCs induce the transcription of their functional
inhibitor FKBP5 and have the potential to shut down their own signaling [13]. Thus,
FKBP5 levels can regulate cellular GC-responsiveness temporally dependent on
previous fluctuations in glucocorticoid levels. This generates an additional degree of
freedom and flexibility in the stress response system. Interestingly, dynamic
changes of GCs are known to be required for normal emotional and cognitive
reactions [10, 14]. In humans, several single-nucleotide polymorphisms (SNPs)
have been described, which are associated with differential induction of FKBP5
upon glucocorticoid stimulation and thus contribute to the variability of stress
perception and coping in the population [15].This illustrates that appropriate nega-
tive feedback is required to allow for diurnal and ultradian oscillations of GCs, and
that attenuation of the latter goes hand in hand with altered HPA-axis responsive-
ness and stress coping, which ultimately can impact health. Together, the
24 hours cycle and the ultradian oscillations of GC levels are known to have strong
influence on functioning of the body. For reference, the interplay of dynamic GC
levels with the PINE network is described in the following sections.

2.3 Biphasic effects of glucocorticoids on the immune system

After their release from the adrenal glands, glucocorticoids are distributed
throughout the body via the blood, which is not only the medium for information
transportation, but also a home base of the immune system. The reactions of the
immune system to glucocorticoids are known to be time-, condition- and dose-
dependent. This results in several phases. As part of the fight or flight response,
catecholamines are immediately released via the sympathetic-adrenal-medullary
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system and trigger the mobilization of monocytes from the bone marrow as a
consequence of stress [16]. Glucocorticoids and catecholamines then act together in
this preparatory phase with an increased perfusion of peripheral tissues ensuring
the energy supply of peripheral tissues for the fight or flight response but also the
distribution of the mobilized monocytes. In the event of wounding, blood can flush
out pathogens and contribute to an initial sealing of the wound. During the acute
phase of stress and high glucocorticoid exposure, the immune system itself is
suppressed to reduce inflammation-associated swelling of tissue. Furthermore the
liberated energy can be allocated for fighting the current situation rather than
pathogens. In the clinic, these immunosuppressive effects of GC are widely
exploited in the treatment of inflammatory diseases and autoimmune disorders. On
a molecular level, this can be explained by the GC-mediated inhibition of nuclear
factor kappa-light-chain-enhancer of activated B cells (NFκB) and glucocorticoid
receptor signaling which is followed by a downregulation of pro-inflammatory
cytokines and modulation of T-cell activity [5]. In contrast to the inhibitory effects
of acute, high doses of GCs, in vitro studies suggest that low doses of GCs, which
rather elicit mineralocorticoid receptor signal transduction, trigger pro-
inflammatory responses in stimulated macrophages [7]. Since exposure to a stressor
is potentially linked to subsequent tissue damage and contagion with bacteria or
viruses, this mechanism may be implemented to gear up the immune system in
preparation for the fighting of potential infections in the aftermath of stress. In
addition, glucocorticoids change the expression of cell adhesion molecules on
endothelial cells and immune cells. While glucocorticoid receptor signaling in
response to high doses of glucocorticoids is associated with decreased expression of
adhesion molecules and less extravasation of immune cells [17], mineralocorticoid
receptor mediated signaling in response to decreasing GC levels is associated with
higher expression of adhesion molecules that facilitates crossing of the vascular wall
for immune cells [18]. Outside of the blood vessels, the formerly mobilized mono-
cytes differentiate into tissue macrophages to clear received wounds from patho-
gens or destroyed cells [19] Taken together, these findings point towards a biphasic
mode of action of the GC in the context of immune responses, with the exchange
from acute immune suppressive effects of high dose GCs to pro-inflammatory
effects as the levels of GCs decrease. Such dynamic responses to stress and
glucocorticoids are also observed in other components of the PINE network.

2.4 Wiring of neural stress circuits is shaped by glucocorticoids

The brain is a highly adaptive organ and retains the ability to change throughout
life via a process termed (neuro-)plasticity. In response to experiences and learning,
plasticity involves the weakening or strengthening of synapses on a cellular level
and circuits between brain areas on an anatomical level. Given the individuality of
experiences, this results in unique wiring of the brain and could explain why stress
has a different meaning for different people under different conditions. During
childhood and adolescence the brain is still maturing and undergoes changes that
require even more plasticity. During these developmental phases, the processing of
inputs is less deterministic than in adults, which on one side enables flexible learn-
ing but on the other side puts young individuals at risk to adopt adverse stress
coping and emotional processing approaches that ultimately render them more
vulnerable to develop psychiatric symptoms [20]. Indeed, stress and trauma have
been reported to severely damage the developing brain [21]. Comparisons of nor-
mally developed brain functionality, brains from individuals that suffered from
early life adversity such as abuse or neglect, or brains of psychiatric patients
revealed that a defined set of brain areas is most commonly affected by stress,
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After their release from the adrenal glands, glucocorticoids are distributed
throughout the body via the blood, which is not only the medium for information
transportation, but also a home base of the immune system. The reactions of the
immune system to glucocorticoids are known to be time-, condition- and dose-
dependent. This results in several phases. As part of the fight or flight response,
catecholamines are immediately released via the sympathetic-adrenal-medullary

126

Oxytocin and Health

system and trigger the mobilization of monocytes from the bone marrow as a
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liberated energy can be allocated for fighting the current situation rather than
pathogens. In the clinic, these immunosuppressive effects of GC are widely
exploited in the treatment of inflammatory diseases and autoimmune disorders. On
a molecular level, this can be explained by the GC-mediated inhibition of nuclear
factor kappa-light-chain-enhancer of activated B cells (NFκB) and glucocorticoid
receptor signaling which is followed by a downregulation of pro-inflammatory
cytokines and modulation of T-cell activity [5]. In contrast to the inhibitory effects
of acute, high doses of GCs, in vitro studies suggest that low doses of GCs, which
rather elicit mineralocorticoid receptor signal transduction, trigger pro-
inflammatory responses in stimulated macrophages [7]. Since exposure to a stressor
is potentially linked to subsequent tissue damage and contagion with bacteria or
viruses, this mechanism may be implemented to gear up the immune system in
preparation for the fighting of potential infections in the aftermath of stress. In
addition, glucocorticoids change the expression of cell adhesion molecules on
endothelial cells and immune cells. While glucocorticoid receptor signaling in
response to high doses of glucocorticoids is associated with decreased expression of
adhesion molecules and less extravasation of immune cells [17], mineralocorticoid
receptor mediated signaling in response to decreasing GC levels is associated with
higher expression of adhesion molecules that facilitates crossing of the vascular wall
for immune cells [18]. Outside of the blood vessels, the formerly mobilized mono-
cytes differentiate into tissue macrophages to clear received wounds from patho-
gens or destroyed cells [19] Taken together, these findings point towards a biphasic
mode of action of the GC in the context of immune responses, with the exchange
from acute immune suppressive effects of high dose GCs to pro-inflammatory
effects as the levels of GCs decrease. Such dynamic responses to stress and
glucocorticoids are also observed in other components of the PINE network.

2.4 Wiring of neural stress circuits is shaped by glucocorticoids

The brain is a highly adaptive organ and retains the ability to change throughout
life via a process termed (neuro-)plasticity. In response to experiences and learning,
plasticity involves the weakening or strengthening of synapses on a cellular level
and circuits between brain areas on an anatomical level. Given the individuality of
experiences, this results in unique wiring of the brain and could explain why stress
has a different meaning for different people under different conditions. During
childhood and adolescence the brain is still maturing and undergoes changes that
require even more plasticity. During these developmental phases, the processing of
inputs is less deterministic than in adults, which on one side enables flexible learn-
ing but on the other side puts young individuals at risk to adopt adverse stress
coping and emotional processing approaches that ultimately render them more
vulnerable to develop psychiatric symptoms [20]. Indeed, stress and trauma have
been reported to severely damage the developing brain [21]. Comparisons of nor-
mally developed brain functionality, brains from individuals that suffered from
early life adversity such as abuse or neglect, or brains of psychiatric patients
revealed that a defined set of brain areas is most commonly affected by stress,
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namely the hippocampus, amygdala, and prefrontal cortex (PFC). These brain
regions are strongly connected and their networking determines what is perceived
as threat and how individuals cope with stress and adversity. Protective factors
associated with adequate coping include the ability to stay optimistic, a controlled
regulation of emotions, high levels of attention set shifting to focus on different
aspects of the current situation, the capacity to reflect on experiences and own
reactions and higher cognitive abilities required for executive functions. All of these
functions are biologically linked within the network comprising the hippocampus,
amygdala, and PFC. Upon perception, the medial PFC filters and processes sensory
inputs to initiate thoughts and actions in accordance with internal goals, based on
previously learned behaviors retrieved from the hippocampus. To orchestrate
defensive physiological and behavioral responses, the PFC is connected to the
amygdala, the emotion regulation area of the brain, which in turn contributes to
sympathetic and HPA-axis activation and intensifies long-term memory consolida-
tion of adverse emotional events in the hippocampus. By dampening emotions
produced in the amygdala, the PFC supports maintenance of cognitive flexibility in
challenging situations. This indirectly influences learning processes in the hippo-
campus, but the PFC can also directly dampen hippocampal signaling and thus
modulate memory formation. In the context of memory formation, an inverted U-
shaped association of glucocorticoid levels and plasticity has been observed. Since
the modulation of cellular activity via glucocorticoids was reported to be brain
region-dependent, this could indicate that differential expression of GC-responsive
receptors play a role in this biphasic pattern [9]. Indeed, activation of GRs in the
presence of high glucocorticoid concentrations were reported to impair long-term
potentiation (LTP) by high-frequency stimulation and enhanced long-term depres-
sion. While low levels of GCs selectively activate MR signaling, which increases LTP
via θ-burst stimulation and increased expression of N-methyl-d-aspartate (NMDA)
receptors and thus glutamatergic, excitatory signaling. Whether potentially newly
formed synapses persist to change memory and ultimately the way how future
stressful events are dealt with, depends on their stability. The expression of cell
adhesion molecules contributes to the synaptic stability. Like in endothelial and
immune cells, glucocorticoids were found to influence the expression of glycopro-
tein cell-adhesion molecules in [22]. Not only their presence, but fluctuations in the
levels of glucocorticoids were reported to be required for plasticity [23], which
could add additional explanation why stress-associated fluctuations in GC levels
have a strong influence on memory formation. Summed up, the communication of a
challenging situation via glucocorticoids is handled in multiple phases, which allows
for additional set screws like dose, timing and previous events to fine-tune stress
responses in the brain. In the long run, changes in glucocorticoid levels and differ-
ential expression of their receptors can influence emotional, executive and cognitive
responses to stress by interacting with plasticity and networking of the amygdala,
PFC and hippocampus. Of note, this remodeling in response to challenges allows for
adaptation to the current environment but also to adequately regulate the assess-
ment of future challenges. Thus, a high level of plasticity is beneficial to continu-
ously update the connectivity of these sensory-defense circuits. Dependent on
individual resiliency factors and in particular contexts, stress challenges may result
in personal growth regarding the balancing of anxiety, mood control, memory, and
decision making. At the same time, frequent stress challenges can strengthen cer-
tain connections within the brain. This training effect might be cost-effective in
steady environments, but could be maladaptive in case of persistence and lack of
reversibility due to reduced plasticity. Optimizing the choice between homeostatic
and allostatic processes is a complex task of the PINE network that involves
consideration of associated energetic costs.
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2.5 Glucocorticoids interact with mitochondria to regulate energy

Mitochondria are the main providers of energy, namely ATP. Besides glycolysis
and fatty acid oxidation, the majority of ATP is produced during oxidative phos-
phorylation. The motor for the production of ATP is an inward rectifying proton
gradient across the inner mitochondrial membrane. In the process of generating this
gradient, a series of redox-reactions occurs at complex I to V of the electron trans-
port chain (ETC), which consumes oxygen and substrates generated in the tri-
carboxic acid cycle [24]. According to the endosymbiont theory, mitochondria are

Figure 5.
Schematic of the mitochondrial electron transport chain (ETC) and the sites of action of the inhibitors and
uncouplers used to study respirometric performance.

Figure 6.
Animal housing and stress protocols are described in Figure 4. Experimental details – High Resolution
Respirometry: Rats were sacrificed between 7 a.m. to 11 a.m. under deep anesthesia (intra peritoneal injection
of 100 mg pentobarbital/kg body weight, Narcoren®, Boehringer Ingelheim Pharma GmbH & Co KG,
Germany). The rostral halves of the right hippocampi were isolated and stored in ice-cold custodial® (DR.
FRANZ KÖHLER CHEMIE GMBH, Bensheim, Germany). Immediately before respirometry, the tissue was
homogenated, diluted to a concentration of 2 mg/ml with mitochondrial respiration medium MiRO5 (Oroboros
Instruments, Innsbruck, Austria) and loaded into the calibrated oxygraph chambers which were pre-warmed
to 37°C. Measurements were performed in duplicates. In brief, pyruvate (5 mM), glutamate (10 mM), malate
(0.5 mM), cytochrome c (10 μM), ADP (5 mM) and succinate (10 mM) were added to measure routine
respiration. By injecting oligomycin (2.5 μM), the ATP-sythase was inhibited and the LEAK state of respiration
was induced. Next the uncoupler FCCP was titrated in steps of 0.5 μM to determine the maximal capacity of
the ETC. By adding rotenone (0.5 μM), the amount of oxygen consumed independent of complex I was
determined. Lastly, antimycin A (2.5 μM) as inhibitor of complex III was injected to measure the residual
oxygen consumption (ROX) outside of mitochondria. All chemicals were purchased from Sigma-Aldrich
(Sigma-Aldrich Company Ltd., St. Louis, Missouri, USA). Results: Exemplary recording of high-resolution
respirometry analysis in rat hippocampal homogenate. The blue line represents the oxygen concentration
measured via polarographic oxgen sensors over the course of the experiment shown in hours, while the red line
indicates its first derivative, the oxygen flux. The injection of inhibitors and the titration of uncouplers of the
ETC is indicated by horizontal lines and marks switches between respirometric states: R = routine, L = LEAK,
E = maximal electron transfer (in the uncoupled state), ROX = residual oxygen consumption.
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namely the hippocampus, amygdala, and prefrontal cortex (PFC). These brain
regions are strongly connected and their networking determines what is perceived
as threat and how individuals cope with stress and adversity. Protective factors
associated with adequate coping include the ability to stay optimistic, a controlled
regulation of emotions, high levels of attention set shifting to focus on different
aspects of the current situation, the capacity to reflect on experiences and own
reactions and higher cognitive abilities required for executive functions. All of these
functions are biologically linked within the network comprising the hippocampus,
amygdala, and PFC. Upon perception, the medial PFC filters and processes sensory
inputs to initiate thoughts and actions in accordance with internal goals, based on
previously learned behaviors retrieved from the hippocampus. To orchestrate
defensive physiological and behavioral responses, the PFC is connected to the
amygdala, the emotion regulation area of the brain, which in turn contributes to
sympathetic and HPA-axis activation and intensifies long-term memory consolida-
tion of adverse emotional events in the hippocampus. By dampening emotions
produced in the amygdala, the PFC supports maintenance of cognitive flexibility in
challenging situations. This indirectly influences learning processes in the hippo-
campus, but the PFC can also directly dampen hippocampal signaling and thus
modulate memory formation. In the context of memory formation, an inverted U-
shaped association of glucocorticoid levels and plasticity has been observed. Since
the modulation of cellular activity via glucocorticoids was reported to be brain
region-dependent, this could indicate that differential expression of GC-responsive
receptors play a role in this biphasic pattern [9]. Indeed, activation of GRs in the
presence of high glucocorticoid concentrations were reported to impair long-term
potentiation (LTP) by high-frequency stimulation and enhanced long-term depres-
sion. While low levels of GCs selectively activate MR signaling, which increases LTP
via θ-burst stimulation and increased expression of N-methyl-d-aspartate (NMDA)
receptors and thus glutamatergic, excitatory signaling. Whether potentially newly
formed synapses persist to change memory and ultimately the way how future
stressful events are dealt with, depends on their stability. The expression of cell
adhesion molecules contributes to the synaptic stability. Like in endothelial and
immune cells, glucocorticoids were found to influence the expression of glycopro-
tein cell-adhesion molecules in [22]. Not only their presence, but fluctuations in the
levels of glucocorticoids were reported to be required for plasticity [23], which
could add additional explanation why stress-associated fluctuations in GC levels
have a strong influence on memory formation. Summed up, the communication of a
challenging situation via glucocorticoids is handled in multiple phases, which allows
for additional set screws like dose, timing and previous events to fine-tune stress
responses in the brain. In the long run, changes in glucocorticoid levels and differ-
ential expression of their receptors can influence emotional, executive and cognitive
responses to stress by interacting with plasticity and networking of the amygdala,
PFC and hippocampus. Of note, this remodeling in response to challenges allows for
adaptation to the current environment but also to adequately regulate the assess-
ment of future challenges. Thus, a high level of plasticity is beneficial to continu-
ously update the connectivity of these sensory-defense circuits. Dependent on
individual resiliency factors and in particular contexts, stress challenges may result
in personal growth regarding the balancing of anxiety, mood control, memory, and
decision making. At the same time, frequent stress challenges can strengthen cer-
tain connections within the brain. This training effect might be cost-effective in
steady environments, but could be maladaptive in case of persistence and lack of
reversibility due to reduced plasticity. Optimizing the choice between homeostatic
and allostatic processes is a complex task of the PINE network that involves
consideration of associated energetic costs.
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2.5 Glucocorticoids interact with mitochondria to regulate energy

Mitochondria are the main providers of energy, namely ATP. Besides glycolysis
and fatty acid oxidation, the majority of ATP is produced during oxidative phos-
phorylation. The motor for the production of ATP is an inward rectifying proton
gradient across the inner mitochondrial membrane. In the process of generating this
gradient, a series of redox-reactions occurs at complex I to V of the electron trans-
port chain (ETC), which consumes oxygen and substrates generated in the tri-
carboxic acid cycle [24]. According to the endosymbiont theory, mitochondria are

Figure 5.
Schematic of the mitochondrial electron transport chain (ETC) and the sites of action of the inhibitors and
uncouplers used to study respirometric performance.

Figure 6.
Animal housing and stress protocols are described in Figure 4. Experimental details – High Resolution
Respirometry: Rats were sacrificed between 7 a.m. to 11 a.m. under deep anesthesia (intra peritoneal injection
of 100 mg pentobarbital/kg body weight, Narcoren®, Boehringer Ingelheim Pharma GmbH & Co KG,
Germany). The rostral halves of the right hippocampi were isolated and stored in ice-cold custodial® (DR.
FRANZ KÖHLER CHEMIE GMBH, Bensheim, Germany). Immediately before respirometry, the tissue was
homogenated, diluted to a concentration of 2 mg/ml with mitochondrial respiration medium MiRO5 (Oroboros
Instruments, Innsbruck, Austria) and loaded into the calibrated oxygraph chambers which were pre-warmed
to 37°C. Measurements were performed in duplicates. In brief, pyruvate (5 mM), glutamate (10 mM), malate
(0.5 mM), cytochrome c (10 μM), ADP (5 mM) and succinate (10 mM) were added to measure routine
respiration. By injecting oligomycin (2.5 μM), the ATP-sythase was inhibited and the LEAK state of respiration
was induced. Next the uncoupler FCCP was titrated in steps of 0.5 μM to determine the maximal capacity of
the ETC. By adding rotenone (0.5 μM), the amount of oxygen consumed independent of complex I was
determined. Lastly, antimycin A (2.5 μM) as inhibitor of complex III was injected to measure the residual
oxygen consumption (ROX) outside of mitochondria. All chemicals were purchased from Sigma-Aldrich
(Sigma-Aldrich Company Ltd., St. Louis, Missouri, USA). Results: Exemplary recording of high-resolution
respirometry analysis in rat hippocampal homogenate. The blue line represents the oxygen concentration
measured via polarographic oxgen sensors over the course of the experiment shown in hours, while the red line
indicates its first derivative, the oxygen flux. The injection of inhibitors and the titration of uncouplers of the
ETC is indicated by horizontal lines and marks switches between respirometric states: R = routine, L = LEAK,
E = maximal electron transfer (in the uncoupled state), ROX = residual oxygen consumption.
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remnants of bacteria which were incorporated as cell organelles into eukaryotic
cells. As such, mitochondria still harbor 37 genes on their own mitochondrial DNA
(mtDNA), while genes encoding other mitochondrial components were transferred
to the nuclear DNA. Glucocorticoids hence can not only influence mitochondria by
intercalating into their membranes or by regulating the expression of nuclear genes
relevant for mitochondrial function, but also directly interfere with mtDNA in a
time and dose-dependent manner [25]. These interactions guarantee a sufficient
energy supply during stress. In a chronic mild stress study carried out in Wistar
Kyoto rats, an adaptive activation of the ETC and higher respirometric performance
was observed (Figures 5–7, modified from [11]). However, increased activity of the
ETC leads to the production of reactive oxygen species (ROS). Complex I activity is
associated with more production of ROS than complex II [26]. In a defined manner,
ROS serve as important signaling molecules [27] and are essential for the oxidative
burst observed in granulocytes to fight microbial infections. In higher doses, ROS
can outbalance anti-oxidative defense system which results in oxidative stress [28].
In that event, proteins, lipids and DNA becomes damaged and lose functionality.
Based on their microscopic structure and cellular location, mitochondria are espe-
cially vulnerable to oxidative stress [29]. In the long run, chronically elevated
mitochondrial activity can thus result in a decompensation of the energy providing
system. A shift away from ETC complex I towards complex II, as seen in the above
cited chronic mild stress study, might be a possibility to reduce ROS overload and to
evade the risk of oxidative stress. In addition to their bioenergetic role,

Figure 7.
Animal housing and stress protocols are described in Figure 4 while the respirometry protocol is illustrated in
Figure 5. Experimental details – Citrate Synthase Activity: By coupling the synthesis of citrate and CoA-
SH from oxalacetate and acetyl-CoA with the formation of TNB out of DTNB and CoA-SH, the activity of the
citrate synthase in frozen homogenates of hippocampus samples was measured spectro-photometrically as the
rate of increase in absorbance. In brief, 0.1 M triethanolamine HCl buffer, oxalacetate (10 mM), DTNB
(1.01 mM) and the citrate synthase standard were freshly prepared on every experimental day. Distilled water
was loaded into 1 ml glass cuvettes together with 100 μl of DTNB, 50 μl oxalacetate, 25 μl acetyl CoA and 25 μl
Triton and sample or standard. The absorbance was measured at 32∘C. Results: Comparison of the
respirometric performance of permeabilized hippocampal homogenate derived from 16 weeks old controls
(gray), rats that underwent 5 weeks of uCMS during young adulthood (peach) and rats that were subjected to
5 weeks of JSH prior to uCMS (red). In both stress groups, an increase in mitochondrial mass, measured via
citrate synthase activity, was detected (F(2,24) = 5.7, p = .009; uCMS: t = 2.7, p = .03; JSH + uCMS: t = 3.1,
p = .01). After normalization to this enzyme activity, statistically significant effects of stress on routine
(F(2,20) = 5.39, p = .03) and respiration without ETC complex I (F(2,18) = 3.7, p = .03) was suggestive.
Tukey’s honest significant difference post-hoc testing confirmed that in the double-stress group (JSH + uCMS)
compared to controls the routine respiration (t = 2.6, p = .04) and respiration without ETC complex I (t = 2.7,
p = .04) was increased.
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mitochondria are involved in regulation of apoptosis and calcium homeostasis
which were shown to be modulated by GC signaling [30, 31]. This contributes to
their key role in regulating synaptic transmission, brain function, and cognition
[32]. Taken together, mitochondria are an interesting platform for further commu-
nication of GC signaling [33]. Notably, the communication from the HPA-axis to
mitochondria is not unilateral, because mitochondria are the site of glucocorticoid
production. As such, they express stress-inducible translocator proteins (TSPOs)
that modulate oxidative stress and transport cholesterol from the outer to the inner
mitochondrial membrane [34]. In addition, mitochondria harbor enzymes required
for the cleavage of nutrition-derived cholesterol into precursors of GCs as well as
enzymes involved in the conversion of the inactive 11-deoxycortisol or deoxicorti-
costerone to the bio active cortisol and corticosterone. Thus, mitochondria regulate
GC availability and are an additional set screw in the complex feedback structure of
GC signaling and the stress response system.

3. The brain recaptures networking of PINE components

Given the importance of the PINE network for stress responses and health,
additional ways of communication between its components in addition to GC sig-
naling evolved. The brain is a central hub for the orchestration of stress responses.
At the same time it is anatomically rather isolated from the rest of the body and thus
contains highly specialized cells that generate functional output and cells that sup-
port, shape and surveil the activity in that micro model of the body. The following
sections issue in more detail how these tasks are shared in the central nervous
system and how chronic stress modulates this.

3.1 Microglia govern the immunity of the brain

In the brain, full blown immune reactions including sudden tissue loss would be
deleterious for the fine-tuned neuronal circuits and networks. Therefore, the brain
is especially protected from wounding via the skull and a tight interface of astro-
cytes, pericytes and endothelial cells, termed blood brain barrier, limits the access of
blood-born immune responses to the brain. As replacement for the peripheral
immune cells, the brain harbors specialized tissue-resident immune competent
cells, the microglia. These belong to the monocyto-phagocyting-system like macro-
phages and are of mesenchymal origin. Besides their phagocytic properties to clear
debris, microglia contribute to the pruning of synapses during development and
learning. In addition, microglia have a ramified shape in the resting state and
monitor the brain parenchyma for pathogen associated molecular patterns or dan-
ger associated molecular patterns. Upon detection of such patterns, microglia
become activated and change towards a more amoeboid shape that allows for
increased mobility. In parallel, different receptors like the cannabinoid receptor 2 or
toll-like receptors become expressed on their surface to guide microglia via chemo-
tactic signaling to the site where the activating signal originated from. Once activated,
microglia proliferate and produce inflammatory cytokines like interleukin 1 β, inter-
leukin 6 or tumor necrosis factor α. Analogous to inflammation in the periphery,
these stimuli trigger clonal expansion and attract more immune cells. Normally, all
immune cells in the brain are derived from a residual microglia pool, but in case of
severe inflammation the blood–brain-barrier becomes leaky and other immune cells
can enter the brain. The latter implies a certain neurotoxic effect of proinflammatory
responses initiated by microglia. To prevent this take over from peripheral immune
cells and the associated risk for loss of functional connectivity in the brain, the brain
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remnants of bacteria which were incorporated as cell organelles into eukaryotic
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(mtDNA), while genes encoding other mitochondrial components were transferred
to the nuclear DNA. Glucocorticoids hence can not only influence mitochondria by
intercalating into their membranes or by regulating the expression of nuclear genes
relevant for mitochondrial function, but also directly interfere with mtDNA in a
time and dose-dependent manner [25]. These interactions guarantee a sufficient
energy supply during stress. In a chronic mild stress study carried out in Wistar
Kyoto rats, an adaptive activation of the ETC and higher respirometric performance
was observed (Figures 5–7, modified from [11]). However, increased activity of the
ETC leads to the production of reactive oxygen species (ROS). Complex I activity is
associated with more production of ROS than complex II [26]. In a defined manner,
ROS serve as important signaling molecules [27] and are essential for the oxidative
burst observed in granulocytes to fight microbial infections. In higher doses, ROS
can outbalance anti-oxidative defense system which results in oxidative stress [28].
In that event, proteins, lipids and DNA becomes damaged and lose functionality.
Based on their microscopic structure and cellular location, mitochondria are espe-
cially vulnerable to oxidative stress [29]. In the long run, chronically elevated
mitochondrial activity can thus result in a decompensation of the energy providing
system. A shift away from ETC complex I towards complex II, as seen in the above
cited chronic mild stress study, might be a possibility to reduce ROS overload and to
evade the risk of oxidative stress. In addition to their bioenergetic role,
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Figure 5. Experimental details – Citrate Synthase Activity: By coupling the synthesis of citrate and CoA-
SH from oxalacetate and acetyl-CoA with the formation of TNB out of DTNB and CoA-SH, the activity of the
citrate synthase in frozen homogenates of hippocampus samples was measured spectro-photometrically as the
rate of increase in absorbance. In brief, 0.1 M triethanolamine HCl buffer, oxalacetate (10 mM), DTNB
(1.01 mM) and the citrate synthase standard were freshly prepared on every experimental day. Distilled water
was loaded into 1 ml glass cuvettes together with 100 μl of DTNB, 50 μl oxalacetate, 25 μl acetyl CoA and 25 μl
Triton and sample or standard. The absorbance was measured at 32∘C. Results: Comparison of the
respirometric performance of permeabilized hippocampal homogenate derived from 16 weeks old controls
(gray), rats that underwent 5 weeks of uCMS during young adulthood (peach) and rats that were subjected to
5 weeks of JSH prior to uCMS (red). In both stress groups, an increase in mitochondrial mass, measured via
citrate synthase activity, was detected (F(2,24) = 5.7, p = .009; uCMS: t = 2.7, p = .03; JSH + uCMS: t = 3.1,
p = .01). After normalization to this enzyme activity, statistically significant effects of stress on routine
(F(2,20) = 5.39, p = .03) and respiration without ETC complex I (F(2,18) = 3.7, p = .03) was suggestive.
Tukey’s honest significant difference post-hoc testing confirmed that in the double-stress group (JSH + uCMS)
compared to controls the routine respiration (t = 2.6, p = .04) and respiration without ETC complex I (t = 2.7,
p = .04) was increased.
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mitochondria are involved in regulation of apoptosis and calcium homeostasis
which were shown to be modulated by GC signaling [30, 31]. This contributes to
their key role in regulating synaptic transmission, brain function, and cognition
[32]. Taken together, mitochondria are an interesting platform for further commu-
nication of GC signaling [33]. Notably, the communication from the HPA-axis to
mitochondria is not unilateral, because mitochondria are the site of glucocorticoid
production. As such, they express stress-inducible translocator proteins (TSPOs)
that modulate oxidative stress and transport cholesterol from the outer to the inner
mitochondrial membrane [34]. In addition, mitochondria harbor enzymes required
for the cleavage of nutrition-derived cholesterol into precursors of GCs as well as
enzymes involved in the conversion of the inactive 11-deoxycortisol or deoxicorti-
costerone to the bio active cortisol and corticosterone. Thus, mitochondria regulate
GC availability and are an additional set screw in the complex feedback structure of
GC signaling and the stress response system.

3. The brain recaptures networking of PINE components

Given the importance of the PINE network for stress responses and health,
additional ways of communication between its components in addition to GC sig-
naling evolved. The brain is a central hub for the orchestration of stress responses.
At the same time it is anatomically rather isolated from the rest of the body and thus
contains highly specialized cells that generate functional output and cells that sup-
port, shape and surveil the activity in that micro model of the body. The following
sections issue in more detail how these tasks are shared in the central nervous
system and how chronic stress modulates this.

3.1 Microglia govern the immunity of the brain

In the brain, full blown immune reactions including sudden tissue loss would be
deleterious for the fine-tuned neuronal circuits and networks. Therefore, the brain
is especially protected from wounding via the skull and a tight interface of astro-
cytes, pericytes and endothelial cells, termed blood brain barrier, limits the access of
blood-born immune responses to the brain. As replacement for the peripheral
immune cells, the brain harbors specialized tissue-resident immune competent
cells, the microglia. These belong to the monocyto-phagocyting-system like macro-
phages and are of mesenchymal origin. Besides their phagocytic properties to clear
debris, microglia contribute to the pruning of synapses during development and
learning. In addition, microglia have a ramified shape in the resting state and
monitor the brain parenchyma for pathogen associated molecular patterns or dan-
ger associated molecular patterns. Upon detection of such patterns, microglia
become activated and change towards a more amoeboid shape that allows for
increased mobility. In parallel, different receptors like the cannabinoid receptor 2 or
toll-like receptors become expressed on their surface to guide microglia via chemo-
tactic signaling to the site where the activating signal originated from. Once activated,
microglia proliferate and produce inflammatory cytokines like interleukin 1 β, inter-
leukin 6 or tumor necrosis factor α. Analogous to inflammation in the periphery,
these stimuli trigger clonal expansion and attract more immune cells. Normally, all
immune cells in the brain are derived from a residual microglia pool, but in case of
severe inflammation the blood–brain-barrier becomes leaky and other immune cells
can enter the brain. The latter implies a certain neurotoxic effect of proinflammatory
responses initiated by microglia. To prevent this take over from peripheral immune
cells and the associated risk for loss of functional connectivity in the brain, the brain
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modifies behavior of an individual with potential dangerous infection, as measured
by elevated pro-inflammatory cytokine levels, in such a way that the individual
withdraws from demanding activities to allow allocation of more energy to fighting
the source of infection. This phenomenon is termed ‘cytokine induced sickness
behavior’ and besides altered neurotransmitter signaling, GCs are mediators of this
switch that shall protect the brain from severe inflammation. Theoretically, it should
also prevent the infected person from entering the general population and spreading
the disease. After resolution of the inflammatory insult, returning to a normal state is
essential for brain physiology. This involves apoptosis of invaded peripheral immune
cells, a switchback to resting microglia or apoptosis of activated microglia as well as
tightening of the blood brain barrier.

3.2 Astrocytes provide (metabolic) support to neurons

Astrocytes are an essential component of the blood brain barrier and thus play a
crucial role in the protection of the CNS from peripheral cues. In addition, astro-
cytes regulate the flow of nutrients. This enables astrocytes to metabolically support
neurons [35]. For example, astrocytes are involved in the glutamate-glutamine cycle
and catabolize glucose via the tri-carboxic acid cycle, which generates lactate that is
shuttled to neurons to allow them to directly perform oxidative phosphorylation.
While glycolysis produces only 2 ATP molecules from one molecule glucose, oxida-
tive phosphorylation is more efficient and produces between 30 and 36 ATP mole-
cules, dependent on proton leakage across the mitochondrial membrane [36]. In the
presence of GCs, this alternative energy source for neurons becomes especially
relevant, since GCs reduce the cellular uptake of glucose and glutamate [37].
Enhanced clearance of the synaptic cleft from glutamate by astrocytes could there-
fore be another way to safe-guard neurons from short-comings in energy. Besides
their supportive role in terms of metabolism, astrocytes were shown to influence
information processing and cognition by integrating local sensory information and
behavioral state [38, 39]. In response to glucocorticoids, astrocytes were reported to
directly influence (emotional) learning by regulating neurogenesis and structurally
reorganizing neuronal networks [40]. This is possibly due to their role in stabilizing
synapses and their responsibility for the rapid clearance of the synaptic cleft. As an
example, astrocytes express excitatory amino acid transporters (EAAT1–5) to
remove glutamate from the synapse and furthermore recycle it for further use in
neurons [41]. Astrocytes hence play an important role in shaping plasticity in
response to emotional stress and set the stage for future stressful encounters [42]. In
addition, glia cells can regulate neurotransmission by generating neuroactive sub-
stances. The kynurenine pathway is one example where balancing of astrocytes and
microglia activity is required for adequate modulation of neuronal communication.

3.3 Interplay of CNS-cell types in the kynurenine pathway

The clear distribution of roles between neurons, microglia and astrocytes
requires several sites of interaction in order to balance the different activities in the
CNS. An example of these interaction points is the kynurenine pathway. The
essential amino acid tryptophan is mainly catabolized via this pathway, while only a
minor amount (�5%) is used up for the production of the neurotransmitter seroto-
nin. As first step of the pathway, stress-induced GCs lead to an upregulation of the
enzyme tryptophan-di-oxygenase (TDO), which converts tryptophan to
kynurenine. This enzyme is mostly expressed in the liver [43]. In the brain,
microglia can convert tryptophan to kynurenine via the indole-amine-di-oxygenase
(IDO) enzyme, which is inducible by pro-inflammatory cytokines. Alternatively,
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astrocytes can shuttle peripheral kynurenine across the blood brain barrier into the
CNS. From kynurenine, two neuroactive substances are produced, kynurenic acid
and quinolinic acid. Under a pro-inflammatory state, microglia dominate
kynurenine metabolism and process it via kynurenine-mono-oxygenase (KMO) to
quinolinic acid, since KMO becomes highly expressed in the presence of pro-
inflammatory cytokines. Quinolinic acid is an NMDA receptor agonist with pro-
oxidative capacities. In an anti-inflammatory state, kynurenine may be processed
by the astrocytic kynurenine-amino-transferases (KATs) to kynurenic acid. In con-
trast to quinolinic acid, kynurenic acid has anti-oxidant properties and is an NMDA
receptor antagonist. Furthermore, kynurenic acid reduces the release of dopamine
and glutamate [44, 45]. An astrocytic dominance of the kynurenine pathway and
thus a shift to higher kynurenic acid relative to quinolinic acid thus is considered
neuroprotective. However, reduced excitatory neurotransmission could result in
reduced synaptic plasticity [46]. In a chronic mild stress study in rats, reduced
expression of immediate early genes in the PFC, which suggests a decreased ability

Figure 8.
Overview of trypotophan catabolism by enzymes of the kynurenine pathway in the CNS.

Figure 9.
Animal housing and stress protocols are described in Figure 4. Experimental details – HPLC-MS/MS
Quantification of TRYCATs: Tandem mass spectrometry (HPLC-MS/MS) was used for simultaneous
quantification of tryptophan (TRP) and its catabolites kynurenic acid (KYNA), kynurenine (KYN) and
quinolinic acid (QUIN) in plasma. After protein precipitation with ice-cold methanol, a reversed phase
chromatography was performed followed by mass spectrometric detection in the positive ion multiple reaction
monitoring mode. Deuterated analogues of the analytes, namely d5-kynurenic acid, d4-kynurenine, and d3-
quinolinic acid were used as internal standards. The lower limits of quantification were 625 nM for TRP,
62.5 nM for KYN, 12.5 nM for KYNA and 25 nM for QUIN. Results: Activation of the kynurenine pathway
in response to stress exposure. Comparison is shown between controls (gray) and rats exposed to 5 weeks of
unpredictable chronic mild stress in adutlhood (peach) as well as rats subjected to 5 weeks of juvenile single
housing (JSH) prior to uCMS (red). Data point represent individual animals and are shown alongside with the
mean � 95% confidence interval. In both stress groups, the levels of the NMDA receptor agonist quinolinic acid
were significantly decreased compared to controls (F(2,24) = 14.4, p = .0001).

133

Consequences of Chronic Stress on the PINE Network
DOI: http://dx.doi.org/10.5772/intechopen.97149
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crucial role in the protection of the CNS from peripheral cues. In addition, astro-
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shuttled to neurons to allow them to directly perform oxidative phosphorylation.
While glycolysis produces only 2 ATP molecules from one molecule glucose, oxida-
tive phosphorylation is more efficient and produces between 30 and 36 ATP mole-
cules, dependent on proton leakage across the mitochondrial membrane [36]. In the
presence of GCs, this alternative energy source for neurons becomes especially
relevant, since GCs reduce the cellular uptake of glucose and glutamate [37].
Enhanced clearance of the synaptic cleft from glutamate by astrocytes could there-
fore be another way to safe-guard neurons from short-comings in energy. Besides
their supportive role in terms of metabolism, astrocytes were shown to influence
information processing and cognition by integrating local sensory information and
behavioral state [38, 39]. In response to glucocorticoids, astrocytes were reported to
directly influence (emotional) learning by regulating neurogenesis and structurally
reorganizing neuronal networks [40]. This is possibly due to their role in stabilizing
synapses and their responsibility for the rapid clearance of the synaptic cleft. As an
example, astrocytes express excitatory amino acid transporters (EAAT1–5) to
remove glutamate from the synapse and furthermore recycle it for further use in
neurons [41]. Astrocytes hence play an important role in shaping plasticity in
response to emotional stress and set the stage for future stressful encounters [42]. In
addition, glia cells can regulate neurotransmission by generating neuroactive sub-
stances. The kynurenine pathway is one example where balancing of astrocytes and
microglia activity is required for adequate modulation of neuronal communication.

3.3 Interplay of CNS-cell types in the kynurenine pathway

The clear distribution of roles between neurons, microglia and astrocytes
requires several sites of interaction in order to balance the different activities in the
CNS. An example of these interaction points is the kynurenine pathway. The
essential amino acid tryptophan is mainly catabolized via this pathway, while only a
minor amount (�5%) is used up for the production of the neurotransmitter seroto-
nin. As first step of the pathway, stress-induced GCs lead to an upregulation of the
enzyme tryptophan-di-oxygenase (TDO), which converts tryptophan to
kynurenine. This enzyme is mostly expressed in the liver [43]. In the brain,
microglia can convert tryptophan to kynurenine via the indole-amine-di-oxygenase
(IDO) enzyme, which is inducible by pro-inflammatory cytokines. Alternatively,
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and quinolinic acid. Under a pro-inflammatory state, microglia dominate
kynurenine metabolism and process it via kynurenine-mono-oxygenase (KMO) to
quinolinic acid, since KMO becomes highly expressed in the presence of pro-
inflammatory cytokines. Quinolinic acid is an NMDA receptor agonist with pro-
oxidative capacities. In an anti-inflammatory state, kynurenine may be processed
by the astrocytic kynurenine-amino-transferases (KATs) to kynurenic acid. In con-
trast to quinolinic acid, kynurenic acid has anti-oxidant properties and is an NMDA
receptor antagonist. Furthermore, kynurenic acid reduces the release of dopamine
and glutamate [44, 45]. An astrocytic dominance of the kynurenine pathway and
thus a shift to higher kynurenic acid relative to quinolinic acid thus is considered
neuroprotective. However, reduced excitatory neurotransmission could result in
reduced synaptic plasticity [46]. In a chronic mild stress study in rats, reduced
expression of immediate early genes in the PFC, which suggests a decreased ability
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Animal housing and stress protocols are described in Figure 4. Experimental details – HPLC-MS/MS
Quantification of TRYCATs: Tandem mass spectrometry (HPLC-MS/MS) was used for simultaneous
quantification of tryptophan (TRP) and its catabolites kynurenic acid (KYNA), kynurenine (KYN) and
quinolinic acid (QUIN) in plasma. After protein precipitation with ice-cold methanol, a reversed phase
chromatography was performed followed by mass spectrometric detection in the positive ion multiple reaction
monitoring mode. Deuterated analogues of the analytes, namely d5-kynurenic acid, d4-kynurenine, and d3-
quinolinic acid were used as internal standards. The lower limits of quantification were 625 nM for TRP,
62.5 nM for KYN, 12.5 nM for KYNA and 25 nM for QUIN. Results: Activation of the kynurenine pathway
in response to stress exposure. Comparison is shown between controls (gray) and rats exposed to 5 weeks of
unpredictable chronic mild stress in adutlhood (peach) as well as rats subjected to 5 weeks of juvenile single
housing (JSH) prior to uCMS (red). Data point represent individual animals and are shown alongside with the
mean � 95% confidence interval. In both stress groups, the levels of the NMDA receptor agonist quinolinic acid
were significantly decreased compared to controls (F(2,24) = 14.4, p = .0001).
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Figure 10.
Animal housing and stress protocols are described in Figure 4. Experimental details – Next Generation
Sequencing: RNA was extracted using the Ambion Magmax™-96 RNA isolation kit. In brief, cells were lysed
(Qiagen Tissuelyzer™), nucleic acids were captured onto magnetic beads, washed, treated with Dnase and
eluted in nuclease free water. RNA integrity and concentration were assessed using the Fragment Analyzer
(Standard Sensitivity RNA kit, DNF-471, Advanced Analytical). Fifty nanograms of high quality RNA (RIN
> 7) were used as input material for the NEBNext Poly(A) mRNA Magnetic Isolation Module and the
NEBNext Ultra II Directional RNA Library Prep Kit (New England Biolabs). NEBNext Adaptors for
Illumina were diluted 100 fold prior to cDNA ligation. Adaptor-ligated cDNA was amplified via 14 PCR
cycles using NEBNext unique dual index primers (New England Biolabs). PCR products were cleaned up using
AMPure XP Magnetic Beads (Beckman Coulter). Libraries were qualitatively and quantitatively assessed using
the 1–6000 bp NGS kit (DNF-473, Advanced Analytical) and the Quant-iT PicoGreen dsDNA Assay kit,
respectively. Final libraries yields were 40 nM, while fragment size were 350 bp. Libraries were normalized,
pooled and clustered on the cBot Instrument using the TruSeq SR Cluster Kit v3 (GD-401-3001, Illumina Inc.,
San Diego, CA). The clustered flowcells were sequenced on a HiSeq 3000 using a read length of 84 bases in
single-read mode, generating an average of 30 million pass-filter reads per sample. Experimental details –
RNA-Seq Data Processing: Reads were aligned to the reference rat genome (Ensembl 84, http://www.ensemb
l.org) using the STAR Aligner (2.5.2a). Sequenced read quality was checked with FastQC (0.11.2, http,//
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and alignment quality metrics were calculated using
the RNASeQC (1.18). Duplication rates of the RNA-Seq samples were computed and marked with bamUtil
(1.u.11) and dupRadar (1.4), respectively. Cufflinks (2.2.1) was used to compute the reads per kilobase of
transcript per million mapped reads (RPKM) as well as read counts. Normalization factors were calculated
using trimmed mean of M-values (TMM) and subsequently reads were voom-normalized. Genes with RPKM
values > 5 in at least one group were considered in the final analyses to ensure data quality. The Benjamini-
Hochberg’s method was used to correct for multiple testing, and only protein-coding genes with adjusted p value
< 0.05 were considered as differentially expressed. Pathway analyses were carried out in Ingenuity. Results:
Reduced expression of immediate early genes after stress in young adulthood. Next-generation sequencing of the
PFC was used to quantify gene expression in controls (gray), uCMS alone (peach) and the double-hit group
with JSH + uCMS (red). From all significantly different genes, only the most reliable with RPKM > 5 in at
least one experimental group were eligible. There was a statistically significant reduction in the expression of
Npas4 (F(2,20) = 13.6, p = .0002), Arc (F(2,20) = 17.7, p< .0001), Fos (F(2,20) = 31.2, p< .0001) and
Fosb (F(2,20) = 10.5, p = .0008) in both stress groups compared to controls.

Figure 11.
Animal housing and stress protocols are described in Figure 4 while methods for TRYCAT profiling and NGS
are described in Figures 9 and 10, respectively. Results: Correlation of immediate early gene (IEG) expression
in the pre frontal cortex (PFC) with plasma levels of the neuroactive tryptophan catabolites (TRYCATs)
kynurenic acid (KYNA) and quinolinic acid (QUIN) in 16 weeks old male Wistar Kyoto rats with and
without stress exposure during adolescence and / or adulthood. Values represent Pearson’s correlation estimate
while the presence of surrounding circles indicates statistical significance at a false discovery level of α = .05.
Warmer colors mark positive correlations.
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to respond to incoming signals by changing its synaptic outputs [47, 48], was
associated with decreased plasma levels of quinolinic acid (Figures 8–11, modified
from [11]). This suggests that exposure to chronic stress can alter neurotransmis-
sion and connectivity in the brain via the kynurenine pathway, which modulates
how the current situation is perceived and memorized. Ultimately, stress perception
and memory influence how future events will be dealt with. Summed up, profiling
of the tryptophan catabolites (TRYCATs) produced in the kynurenine pathway
could represent an interesting biomarker for the balance of excitatory and inhibi-
tory neurotransmission, plasticity and learning. TRYCATs may furthermore give
insights into processes occurring in the PINE system in response to (chronic) stress,
such as the presence of inflammatory processes.

4. Perturbations in the PINE network transition to disorder

The strong inter-connectedness of psychology, immunology, neurology and
energy metabolism in the PINE network is very cost and time effective (Figure 12,
modified from [11]). While the secretion of glucocorticoids as universal messengers
in this system is seemingly unspecific, their pleiotropic effects on physiology are
well regulated. The fine-tuning is implemented by complex combinations of
ultradian GC levels at the event of challenge, the medium-term history of diurnal
GC rhythmicity influencing enzyme and receptor expression levels, and the long-
term evolved adaptations of PINE component connectivity incorporating the life-
time history of (stress) challenges. In acute stressful situations that decide over life
and death, quick and pronounced stress responses are beneficial. However, sola
dosis facit venenum and too frequent or much stress can be detrimental for health.
The presence of a certain level of GC resistance is a common symptom of stress-
associated medical conditions [49]. Resistance of PINE network components to
their universal messenger would impede their effective communication. It is thus
not surprising that GC resistance in the diseased state is featured with dysregulated
immune processes, metabolism and cognition. Regarding the immune system,
altered inflammatory signaling has been observed together with glucocorticoid
resistance. Respiratory diseases, cardiac disorders, arthritis and inflammatory bowel
disease all share a systemic low-grade inflammation associated with chronic stress
exposure and altered GC signaling [50]. This chronic low-grade immune activation
is not only discussed as feature of somatic disorders, but is as well studied as part of
the pathophysiology of depression [51], which itself is a common comorbidity in the
aforementioned disorders.

A further entry point for stress to alter the immune system functioning is via
energy allocation. The role of bioenergetics has been shown for several aspects of
immune system functioning and discussed in the context of therapeutic interven-
tions [52]. Metabolism is not only influencing the activation and proliferation of
immune cells [53] but mitochondria are also important for the inflammatory
response [54] and regulation of the innate immunity via sensing of danger associ-
ated molecular patterns, the inflammasome and ROS-mediated oxidative signaling
[55]. Limited mitochondrial capacities to respond to GCs would thus impede
immune system regulation. In line with this mechanism, decreased mitochondrial
functioning and evidence of slowed metabolism has been observed in patients with
disorders where sterile, low-grade inflammation is a commonly observed symptom
[56, 57]. Oxidative stress and the associated accelerated biological aging through
damage is a likely cause for impaired mitochondrial functioning [29, 58]. Already in
the prodromal phase of chronic stress exposure, strong cortisol responses to acute
stressors were associated with oxidative stress, suggesting that stress exposure
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to respond to incoming signals by changing its synaptic outputs [47, 48], was
associated with decreased plasma levels of quinolinic acid (Figures 8–11, modified
from [11]). This suggests that exposure to chronic stress can alter neurotransmis-
sion and connectivity in the brain via the kynurenine pathway, which modulates
how the current situation is perceived and memorized. Ultimately, stress perception
and memory influence how future events will be dealt with. Summed up, profiling
of the tryptophan catabolites (TRYCATs) produced in the kynurenine pathway
could represent an interesting biomarker for the balance of excitatory and inhibi-
tory neurotransmission, plasticity and learning. TRYCATs may furthermore give
insights into processes occurring in the PINE system in response to (chronic) stress,
such as the presence of inflammatory processes.

4. Perturbations in the PINE network transition to disorder

The strong inter-connectedness of psychology, immunology, neurology and
energy metabolism in the PINE network is very cost and time effective (Figure 12,
modified from [11]). While the secretion of glucocorticoids as universal messengers
in this system is seemingly unspecific, their pleiotropic effects on physiology are
well regulated. The fine-tuning is implemented by complex combinations of
ultradian GC levels at the event of challenge, the medium-term history of diurnal
GC rhythmicity influencing enzyme and receptor expression levels, and the long-
term evolved adaptations of PINE component connectivity incorporating the life-
time history of (stress) challenges. In acute stressful situations that decide over life
and death, quick and pronounced stress responses are beneficial. However, sola
dosis facit venenum and too frequent or much stress can be detrimental for health.
The presence of a certain level of GC resistance is a common symptom of stress-
associated medical conditions [49]. Resistance of PINE network components to
their universal messenger would impede their effective communication. It is thus
not surprising that GC resistance in the diseased state is featured with dysregulated
immune processes, metabolism and cognition. Regarding the immune system,
altered inflammatory signaling has been observed together with glucocorticoid
resistance. Respiratory diseases, cardiac disorders, arthritis and inflammatory bowel
disease all share a systemic low-grade inflammation associated with chronic stress
exposure and altered GC signaling [50]. This chronic low-grade immune activation
is not only discussed as feature of somatic disorders, but is as well studied as part of
the pathophysiology of depression [51], which itself is a common comorbidity in the
aforementioned disorders.

A further entry point for stress to alter the immune system functioning is via
energy allocation. The role of bioenergetics has been shown for several aspects of
immune system functioning and discussed in the context of therapeutic interven-
tions [52]. Metabolism is not only influencing the activation and proliferation of
immune cells [53] but mitochondria are also important for the inflammatory
response [54] and regulation of the innate immunity via sensing of danger associ-
ated molecular patterns, the inflammasome and ROS-mediated oxidative signaling
[55]. Limited mitochondrial capacities to respond to GCs would thus impede
immune system regulation. In line with this mechanism, decreased mitochondrial
functioning and evidence of slowed metabolism has been observed in patients with
disorders where sterile, low-grade inflammation is a commonly observed symptom
[56, 57]. Oxidative stress and the associated accelerated biological aging through
damage is a likely cause for impaired mitochondrial functioning [29, 58]. Already in
the prodromal phase of chronic stress exposure, strong cortisol responses to acute
stressors were associated with oxidative stress, suggesting that stress exposure
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promotes oxidative damage through frequent and sustained activation of the HPA-
axis [59]. Interestingly, the excitatory neurotransmitter glutamate was shown to
contribute to increased mitochondrial ROS production via a TSPO- and calcium-
dependent mechanism, which adds to its excitotoxic potential [34]. In depressed
patients, the loss of glial and neuronal cells in the PFC, amygdala and hippocampus
has been observed [60–62]. Rumination of adverse thoughts in depression and
strengthening of the fear-network in post-traumatic stress disorder could reflect
enhanced memory recall based on increased hippocampal activity, which could
explain the loss of cell density in later stages of the disease. Notably, timing and
brain region seem to distinguish whether neuronal activity is beneficial or adverse.
Increased hippocampal activity has been associated with stress and pathology, pre-
sumably given its sensitivity to compromised energy metabolism that might occur
in the aftermath of chronic stress [63]. In contrast, synaptic weakening in the PFC
has been associated with resilience to stress, which might be due to increased
flexibility in the responsiveness to stress when response patterns are less fixed [48].
However, too few inhibitory outputs of the PFC to the hippocampus may lead to
excess hippocampal activity and the resulting over-encoding of stress memory.
Finding the right balance of excitatory and inhibitory signaling thus is essential for
adequate stress responses and health. In psychiatric patients, this balance was
reported to be disturbed [64]. Importantly, ‘balance’ does not mean a stable level,
since the body needs to be able to respond to changes in its environment. As such,
the system is never in balance during life but the ratio of excitation and inhibition
oscillates following a diurnal rhythm alike glucocorticoids [65]. The need for rhyth-
micity in excitation and inhibition as well as GC levels is directly linked to the need
of flexibility in the stress response system. Resiliency to stress is associated with a
highly variable, adaptive capacity. This high degree of freedom in responsivity is
key to evolutionary success in terms of fitting to constantly changing environments.
Given that the specificity of glucocorticoid signaling is gained by its time and dose-
dependency, attenuation in glucocorticoid rhythmicity in response to allostatic load
would limit the fine-tuning of PINE network components. Decreased sensitivity or
even resistance to GCs would limit their effective communication further. Likewise,
the likelihood for persistency of taken adjustments would increase while the adap-
tive capacity of the PINE network would be reduced. This illustrates the clinical

Figure 12.
Networking of the psycho-immune-neuro-energy system to balance allostatic load in response to stress.
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relevance of GC rhythmicity besides the role in sleep–wake regulation, plasticity or
in the context of neurodegenerative disorders. Thus, monitoring the HPA-axis to
effectively identify and treat many stress-related chronic illnesses begins to be part
of the prevalent practice in the clinics. To fully access functionality, tracing of
circadian rhythmicity and the cortisol-awakening response in addition to determi-
nation of the responsiveness of the HPA-axis is performed. The latter can be done
using the Trier-Social-Stress-Test as challenge or by injecting dexamethasone, a
synthetic glucocorticoid, to measure its suppressive effects on the HPA-axis.
Patients with psychiatric disorders often show prolonged stress responses after
challenge and less inhibition of ACTH and cortisol release when compared to
healthy controls [66].

5. Conclusion

Taken together, altered GC signaling is a fundamental symptom in psychiatry
that via its communicator role in the PINE network could explain certain other
aspects of the diseased state like a pro-inflammatory milieu, compromised energy
metabolism or changes in cognition. Whether the transition to disorder originates
from this or the other components of the PINE network remains to be further
elucidated. Presumably, disease development can not be explained by answering
this linear hen-egg-problem but rather requires the joint integration of simulta-
neous alterations in all components. Therefore, no sequence of events that lead to
disorder might be found, but rather patterns of local transitions [67]. These might
differ from individual to individual based on the personal life experiences, genetic
predisposition, and the surrounding environment. Moreover, the comorbidity of
psychiatric and somatic disorders following chronic stress might suggests that mal-
adaptive changes in the PINE network represent a shared prodromal stage in the
etiology of these medical conditions. Our understanding of the mechanisms leading
to pathology is far from complete and explanations to all facets of the disease
remain to be discovered by holistic studies that consider the networking of psy-
chology, immunology, neurology and energy metabolism.
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ACTH adreno-cortico-tropic hormone
ATP adenosine tri phosphate
CNS central nervous system
CRH corticotropin-releasing hormone
EAAT excitatory amino acid transporters
ETC electron transport chain
FKBP5 FK506 binding protein 5
GC glucocorticoid
GR glucocorticoid receptor
HPA hypothalamus pituitary adrenal
HSP heat shock protein
IDO indolamine di oxygenase
KAT kynurenine amino transferase
KMO kynurenine mono oxygenase
LTP long term potentiation
MR mineralocorticoid receptor
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NFκB nuclear factor kappa-light-chain-enhancer of activated B cells
NMDA N-methyl-D-aspartate
OXPHOS oxidative phosphorylation
PFC pre frontal cortex
PINE psycho immune neuro energy
ROS reactive oxygen species
TDO tryptophan dioxygenase
TRYCAT trypotophan Catabolite
TSPO translocator protein
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