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ABSTRACT

Disorders involving hypothalamic and pituitary (HPIT) structures—including craniopharyngioma, Langerhans
cell histiocytosis, and intracranial germ cell tumors—can disrupt brain and endocrine function. An area of
emerging clinical concern in patients with these disorders is the co-occurring socio-behavioral dysfunction that
persists after standard hormone replacement therapy. Although the two neuropeptides most implicated in
mammalian social functioning (oxytocin and arginine vasopressin) are of hypothalamic origin, little is known
about how disease-induced damage to HPIT structures may disrupt neuropeptide signaling and, in turn, impact
patients’ socio-behavioral functioning. Here we provide a clinical primer on disorders of HPIT involvement and a
review of neuropeptide signaling and socio-behavioral functioning in relevant animal models and patient pop-
ulations. This collective evidence suggests that neuropeptide signaling disruptions contribute to socio-behavioral
deficits experienced by patients with disorders of HPIT involvement. A better understanding of the biological
underpinnings of patients’ socio-behavioral symptoms is now needed to enable the development of the first

targeted pharmacological strategies by which to manage patients’ socio-behavioral dysfunction.

1. Introduction

Craniopharyngioma (CP), central nervous system Langerhans cell
histiocytosis (CNS LCH), and intracranial germ cell tumors (IGCTs)
frequently infiltrate and damage the hypothalamic-pituitary (HPIT) re-
gion of the brain and are therefore considered collectively here as dis-
orders of HPIT involvement. The neuroanatomical presentation and
clinical features of these conditions have been well-characterized, and
treatments have been well-described for each disorder (Grois et al.,
1998; Karavitaki et al., 2006; Crawford et al., 2007). There is, however,
an emerging area of clinical concern for patients with these disorders
that relates to impaired social and behavioral functioning. The patho-
genesis of this co-occurring socio-behavioral dysfunction remains poorly
understood, and the research findings in this domain have not been

comprehensively reviewed and synthesized.

Damage to the HPIT region can disrupt the production and release of
oxytocin (OXT) and arginine vasopressin (AVP) (Sokol, 1970; Lang
etal., 1983; Makara et al., 1995, 1996; Haller et al., 1996). OXT and AVP
are closely-related neuropeptides that are predominantly produced by
the hypothalamus and act as neurotransmitters when released directly
into the brain and as hormones when released into the bloodstream via
the posterior pituitary gland (Stoop, 2012). In the brain, OXT and AVP
are important regulators of mammalian social behavior (Carter et al.,
2008; Meyer-Lindenberg et al., 2011; Althammer, Eliava, and Grinevich,
2021). Disrupted hypothalamic OXT and/or AVP signaling may there-
fore contribute to socio-behavioral dysfunction in clinical populations.
Because CP, CNS LCH, and IGCTs commonly involve the HPIT region, we
hypothesize that the social and behavioral dysfunction often
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experienced by patients with these disorders is related to HPIT damage
and subsequent OXT/AVP dysregulation. To this end, the present review
provides a clinical primer on disorders of HPIT involvement and sub-
sequently examines the preclinical and clinical literature to assess and
better understand the relationships between HPIT damage, OXT and
AVP signaling pathways, and co-occurring socio-behavioral dysfunction
in patients with CP, CNS LCH, and IGCTs.

2. Disorders of HPIT involvement

This section explores the epidemiology, pathogenesis, neuroana-
tomical presentation, clinical presentation, and common treatment
strategies for the three aforementioned disorders of HPIT involvement:
CP, CNS LCH, and IGCTs. We also review the available evidence for co-
occurring socio-behavioral dysfunction in patients with these disorders.
A summary of this section is included in Table 1.

2.1. Craniopharyngioma (CP)

2.1.1. CP epidemiology and pathogenesis

The annual incidence of CP is 1.6 per million people in the United
States (Momin et al., 2021). Of all brain and other CNS tumors, CP has
been estimated to account for 4% in children and 0.7% in the overall
population (Ostrom et al., 2015, 2021). CP exhibits a 1:1 sex ratio and a
bimodal age distribution with incidence peaking between five to nine
years and again between 50 and 69 years. In the United States, there was
an increased incidence in Blacks compared to other races (Momin et al.,
2021). These tumors arise from Rathke cleft cells or other embryonic
epithelial cells (Gaston-Massuet et al., 2011). CP is usually categorized
as adamantinomatous or papillary, though a few cases are classified as
mixed (Bao et al., 2016; McCrea et al., 2016). Pediatric CP is almost
exclusively adamantinomatous while the rarer papillary cases are more
common among adults (McCrea et al.,, 2016). CP has characteristic
radiologic findings of a suprasellar mass with both cystic and solid
components and can be diagnosed with imaging alone when these
findings are present. However, histological confirmation can also be
used to make a definitive diagnosis, especially when these characteristic
radiological findings are not present (Karavitaki et al., 2006; PDQ,
2020a).

2.1.2. CP neuroanatomical presentation

Within the brain, CP commonly involves the sellar and hypothalamic
areas, the third ventricle, and the adjacent vasculature (McCrea et al.,
2016; Yano et al., 2016). CP infiltrates locally within the suprasellar
and/or intrasellar regions, though recurrences in other regions have
been reported (Ito, Jamshidi, and Yamanaka, 2001; Karavitaki et al.,
2006; Karavitaki and Wass, 2008; PDQ, 2020a). Given its Rathke pouch
origin, hypothalamic involvement is common, though not universal.
According to a review of over 30 years of CP cases at a children’s hos-
pital, less than 6% (seven of 122) had no hypothalamic involvement. Of
the remaining cases, 58% (67 of 115) had anterior hypothalamic
involvement and 42% (48 of 115) had anterior and posterior hypotha-
lamic involvement (Cohen et al., 2013). CP is also associated with the
loss of the posterior pituitary “bright spot” on T1-weighted magnetic
resonance imaging (MRI) (May et al., 2006). This “bright spot,” an
indication of the functional integrity of the posterior pituitary gland, is
the result of local accumulation of AVP (Kilday et al., 2015). Charac-
teristic CP features are shown in Fig. 1 and can be compared to typical
features of the same neuroanatomic structures in Fig. S1.

2.1.3. CP clinical presentation

Patients presenting with CP commonly report headache, visual
impairment, weight gain, nausea/vomiting, and signs of pituitary
insufficiency such as growth arrest or delayed puberty in children and
hypopituitarism with central diabetes insipidus (DI) in adults (Bao et al.,
2016; Capatina et al., 2018). Such pituitary dysfunction is common: In
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one study, 35-95% of patients presenting with CP had growth hormone
(GH) deficiency, 38-82% of patients had follicle-stimulating hormo-
ne/luteinizing hormone (FSH/LH) deficiency, 21-62% of patients had
adrenocorticotropic hormone (ACTH) deficiency, 21-42% of patients
had thyroid-stimulating hormone (TSH) deficiency, and six to 38% of
patients central DI (Karavitaki et al., 2006). Hypopituitarism can be
present at diagnosis or may occur following surgical intervention (Pra-
theesh et al., 2013). There is also a high degree of chronicity: At 20 years
post-diagnosis, more than 85% of CP patients experience persistent de-
ficiencies in GH, FSH/LH, ACTH, and TSH (Karavitaki et al., 2005).
Despite undergoing full pituitary hormone replacement therapy,
including GH replacement therapy, CP patients continue to report lower
overall physical and mental health (Yano et al., 2016). There is therefore
a need for the development of additional therapeutic options to improve
the health of these patients.

2.1.4. CP treatment options

While the therapeutic approach for CP often involves surgical
resection with postoperative adjuvant radiation therapy, treatment
plans may vary based on tumor localization. If tumors can be removed
without damaging the optic pathway or HPIT region, the treatment of
choice is complete resection. However, if the tumor involves or is
immediately adjacent to these critical regions, the extensive surgery
required for total resection has the potential to damage these vital
structures. Such damage increases the likelihood that the patient will
experience neuropsychological impairment and other postoperative
complications that may leave them dependent on lifelong pituitary
hormone replacement therapy. In these cases, limited resection followed
by local irradiation is the favored treatment plan (Henderson and
Schwartz, 2022; PDQ, 2020a).

Invasive surgery for CP has the potential to cause inadvertent dam-
age to neighboring brain tissue; therefore, surgical techniques using
endoscopy have been developed that provide a clearer view of the tumor
site. These new techniques decrease the risk of inadvertent damage to
neighboring structures and thus the risk of complications following
resection (Yano et al., 2016; Qiao, 2019). For example, sparing the
posterior hypothalamus during surgical resection of CP can improve
health-related quality of life in CP patients (Bogusz et al., 2019). These
surgical advances and other improvements in treatment options may
have also contributed to the decreasing mortality of CP: While the mean
standardized mortality ratio (the ratio of observed deaths in the study
group to the expected deaths in the general population) was a pooled 6.2
before 2010, it declined to 2.9 after 2010 (Qiao, 2019).

2.1.5. CP socio-behavioral functioning

A number of CP patients report the onset of social, emotional, and
behavioral dysfunction at some point following their diagnosis. In a
sample of 54 children and adults assessed 10 years post-diagnosis, 31%
reported personality changes and 47% reported psychosocial morbidity
(Pereira et al., 2005). Compared to healthy controls, CP patients also
reported experiencing significantly higher levels of social isolation and
decreased social functioning. Interestingly, the age of onset appears to
influence the type of socio-behavioral disruptions associated with CP:
While adult-onset CP patients had higher levels of anxiety and depres-
sion, younger patients saw more impact in the domains of social isola-
tion and social functioning (Dekkers et al., 2006).

Multiple studies have endeavored to further quantify the impact
these socio-behavioral disruptions have on quality of life in children
with CP. Among other issues, parents reported that children with CP
experienced significant problems in school, rejection by their peers, high
levels of aggression, and challenges with depression and anxiety (Poretti
et al., 2004; Ondruch et al., 2011). A systematic review of individuals
with child-onset CP found that 57% experienced neurobehavioral
dysfunction, 41% reported social impairment, and 40% had difficulties
maintaining relationships (Zada et al., 2013). Children with hypotha-
lamic CP involvement also experienced challenges performing



L. Clarke et al.

Table 1
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Clinical overview of the disorders of HPIT involvement and associated OXT/AVP alterations.

Craniopharyngioma (CP)

Langerhans cell histiocytosis (LCH)

Intracranial germ cell tumors (IGCT)

Disease description

Epidemiology

Neuroanatomical presentation

Clinical presentation
(if CNS involvement)

Treatment

Socio-behavioral dysfunction

OXT alterations assessed via
endogenous OXT
measurement

OXT alterations and links with
behavior as assessed via
exogenous OXT
administration

AVP alterations assessed via
rates of central DI or
endogenous AVP
measurement

AVP alterations and links with
behavior as assessed via
exogenous AVP
administration

e Low-grade brain tumor

e Arising from ectodermal remnants, rathke cleft, or
other embryonal epithelium

(PDQ, 2020a)

e 1.6 per million people

e Peak incidence: 5-9 years; 50-69 years
e No male/female predominance (1:1)
(Momin et al., 2021)

o Sellar & hypothalamic area, third ventricle,
adjacent vasculature
(McCrea et al., 2016; Yano et al., 2016)

Nonspecific symptoms: headache, visual
impairment, weight gain, nausea/vomiting
Pituitary insufficiency: growth arrest or delayed
puberty in children, hypopituitarism with DI in
adults

DI and other hormone deficiencies (GH, FSH/LH,
ACTH, TSH)

(Karavitaki et al., 2006; Bao et al., 2016; Capatina
et al., 2018)

e Surgical resection if appropriate

e Limited resection followed by local irradiation
e Intracystic chemotherapy

(Henderson and Schwartz, 2022; PDQ, 2020b)

e Personality changes, increased social isolation,
decreased social functioning, aggression,
depression, and anxiety

(Poretti et al., 2004; Pereira et al., 2005; Dekkers

et al., 2006; Hammond and Hall, 2011; Ondruch

et al., 2011)

Tumors localized to anterior and posterior

hypothalamus caused lower baseline salivary OXT

concentrations compared to tumors with no HPIT
involvement

Patients had blunted salivary OXT release in

response to exercise; blunted salivary OXT was also

linked to higher level of autistic traits, lower
hedonia, and worse emotional recognition

Fasting salivary OXT levels were not related to

social functioning

Repeated intranasal OXT administration improved

social function

(Cook, Miller, and Hart, 2016; Gebert et al., 2018;

Hoffmann et al., 2018; Brandi et al., 2020; Ozyurt

et al., 2020)

e Central DI in 8-35% of patients pre-operatively,
70-90% post-operatively

e Low AVP concentration in 3.4% of patients pre-
operatively, 8.7% post-operatively

e No known AVP administration studies

(Ghirardello et al., 2006; Shi et al., 2017)

e Low-grade tumor that can occur
throughout the body, including the CNS

e Arising from dendritic cells

(PDQ, 2020b)

e 4-5 per million people

e Peak incidence: 5.9 years

e Male predominance (1.2:1 - 1.5:1)

(Guyot-Goubin et al., 2008; Salotti et al.,

2009)

e Pituitary stalk, hypothalamus, dura,
leptomeninges

e Accompanying abnormalities in the
cerebellum, pons, and basal ganglia

(Grois et al., 1998; Imashuku et al., 2015; Yeh

et al., 2018)

Nonspecific symptoms: fever, weight loss,
diarrhea, edema, polydipsia, and polyuria
Mild symptoms: headache, dizziness,
general malaise

Severe symptoms: decreased verbal
intelligence; deficits in attention, memory,
and learning; LCH-ND

Pituitary insufficiency: DI, hormone
deficiency (GH, FSH/LH, TSH, ACTH),
thyroid disorders

(Modan-Moses et al., 2001; Laurencikas et al.,
2010; Yeh et al., 2018; PDQ, 2020c)

Curettage

Adjuvant radiation therapy

Vinblastine

Prednisone

Intravenous immunoglobulin may benefit

patients with LCH-ND

(Ouyang et al., 2006; Imashuku et al., 2015;

Yeh et al., 2018)

e Aggression, depression, delinquent
behavior, immaturity, social ineptness,
behavioral and sleep disturbances, and
intellectual impairment

(Whitsett et al., 1999; Nanduri et al., 2003;

Fahrner et al., 2012)

e No direct measurement of endogenous

OXT signaling

Challenges with pregnancy suggest OXT

deficiency: OXT administered third stage of

labor to enhance uterine contractions, lack

of milk let-down

(Shinar, Many, and Maslovitz, 2016)

e 10-year risk of DI was 23% in multisystem
patients and 7% in single system patients

e Pituitary damage linked to development of
DI

e No known AVP administration studies

(Tien, Kucharczyk, and Kucharczyk, 1991;

Grois et al., 2006; Liu et al., 2013)

e High-grade brain tumor

e Arising from germ cells (ovarian and
testicular) which fail to leave the
CNS during fetal development

(PDQ, 2020c)

e 0.8 per million people

e Peak incidence: 10-19 years

e Male predominance (3:1)

(Fujimaki, 2009; Takami et al., 2019;

PDQ, 2020a;0strom et al., 2021)

e Pineal gland, suprasellar region
within the pituitary stalk

e Less commonly, tumors can be
found in the basal ganglia or other
sites in the third ventricle

(McCarthy et al., 2012; McCrea et al.,

2016; Takami et al., 2019)

Endocrine disturbances

50-60% of all patients have at least

one endocrine abnormality

Patients with suprasellar tumors: DI,

low growth rates, and delayed

sexual development or precocious

puberty

Other symptoms depend on location

and type

Patients with suprasellar tumors:

headache, vomiting, visual field

loss, and hormonal disturbances

Patients with pineal tumors:

headache, vomiting, and upward

gaze palsy

(Crawford et al., 2007; Fujimaki, 2009;

Sethi et al., 2013; Chang et al., 2021)

e Radiotherapy

e Chemotherapy depending on tumor
subtype

(Kim and Park, 2015; Phi, Wang, and

Kim, 2018)

Challenges organizing leisure time,
decreased social functioning,
emotional disturbances, and psycho-
organic syndrome

(Haupt et al., 1996; Strojan et al.,
2006; Lo et al., 2018)

e No known OXT measurement
studies

No known OXT administration
studies

Tumors in the suprasellar region,

pineal region, and pituitary stalk

have all been associated with the

development of DI

e No known AVP administration
studies

(Wang, Zou, and Gao, 2010; Liu et al.,

2013; Patti et al., 2022)

Abbreviations: Central Nervous System (CNS); Diabetes Insipidus (DI); Growth Hormone (GH); Follicle-Stimulating Hormone/Luteinizing Hormone (FSH/LH); Ad-
renocorticotropic Hormone (ACTH); Thyroid-Stimulating Hormone (TSH); Neurodegenerative Langerhans Cell Histiocytosis (LCH-ND); Hypothalamic-Pituitary
(HPIT); Oxytocin (OXT); Arginine Vasopressin (AVP)



L. Clarke et al.

Neuroscience and Biobehavioral Reviews 140 (2022) 104770

Fig. 1. Computerized tomography (CT) and magnetic resonance imaging (MRI) of a 13-year-old male with biopsy-confirmed adamantinomatous craniopharyngioma.
A: Lateral digital scout view from a CT scan demonstrates enlargement of the sella turcica (long arrow) and a calcified suprasellar mass (short arrow). B: Axial slice
from the non-contrast head CT shows the densely calcified suprasellar mass lesion (arrow). C: Sagittal T1-weighted MRI shows an absence of the posterior pituitary
“bright spot”. (See Fig. S1 for an example of the normal “bright spot”.) A large lobulated sellar and suprasellar lesion is present, with a more anteroinferior solid/
calcified portion (arrows) and a more posterosuperior cystic component (“cyst”). D: Coronal T2-weighted MRI demonstrates the mixed signal intensity solid/calcified
portion of the mass. E: Sagittal T1-weighted MRI post-gadolinium demonstrates enhancement of the solid portion of the mass. There is also enhancement of the cyst
wall (arrow). F: Coronal T1-weighted MRI post-gadolinium demonstrates heterogeneous enhancement of the sellar and suprasellar calcified and solid components of
the mass. The calcified areas appear dark while the enhancing soft tissue is bright post gadolinium.

age-appropriate activities of daily living (Poretti et al., 2004). Fortu-
nately, as discussed previously, clinical outcomes have improved as
surgical interventions for CP have become less invasive (Cohen et al.,
2013).

As alluded to above, surgical resection of CP may affect socio-
behavioral functioning. For instance, one case study reported sudden-
onset aggression in a typically-developing six-year-old female
following surgical resection of her CP (Hammond and Hall, 2011).
Significant postoperative behavioral changes have also been reported in
larger study populations. One group found that 15 out of 20 (75%)
children who underwent partial or gross tumor resection to treat their
CP experienced mild, moderate, or severe socio-behavioral impairments
following surgery (Anderson et al., 1997). Another study involving 20
patients found that 15 (75%) of the individuals who had undergone
surgery for CP in childhood reported spending less than half of their free
time with others (Clopper et al., 1977). CP patients with hypothalamic
lesions were significantly less likely to correctly identify the emotional
content of vocal expressions and the mental state of another person
(Ozyurt et al., 2020). While surgical resection does seem to be somewhat
contributory to patients’ behavioral symptoms, there is also a case
report of a man with CP localizing to the pituitary who presented with a
24-month history of personality and behavior change, indicating that CP
may cause alterations to socio-behavioral functioning prior to medical
intervention (Bowers and Hughes, 2021). This provides further evidence
that damage to the HPIT region, whether by the disease itself or by

iatrogenic causes, plays a key role in the development of
socio-behavioral dysfunction in CP patients.

2.2. Langerhans cell histiocytosis (LCH)

2.2.1. LCH epidemiology and pathogenesis

LCH has an established incidence rate of four to five per million
children (Guyot-Goubin et al., 2008). LCH can also occur in adulthood,
but there has been less research on its incidence in this population.
Nevertheless, one study reported the incidence rate of LCH in adults as
one to two per million (Baumgartner et al., 1997). LCH occurs more
often in males than females and has a median age at diagnosis of 5.9
years (Guyot-Goubin et al., 2008; Salotti et al., 2009). LCH originates
from the clonal proliferation of dendritic cells, a type of mononuclear
phagocyte (Willman et al., 1994; Yu et al., 1994; PDQ, 2020b). Over
50% of LCH cases may also be linked to somatic mutations in BRAF
(Berres et al., 2014; Monsereenusorn and Rodriguez-Galindo, 2015).
Because LCH may be systemic, it is categorized as unifocal, multifocal
unisystem (multiple tumors confined to a single organ), or multifocal
multisystem (multiple tumors involving multiple organs) based on the
level of disease spread (PDQ, 2020b). LCH most commonly originates in
the bone and skin (Guyot-Goubin et al., 2008; Salotti et al., 2009), but
the CNS can also be affected. Estimates of CNS involvement in LCH
patients vary widely and are reported to range from 3.4% to 57% (Yeh
et al., 2018). CNS LCH most commonly affects the HPIT region (Grois
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et al., 1998; Fahrner et al., 2012). While a confirmatory biopsy is
required to make a definitive diagnosis of LCH, tumor location may
make performing a biopsy difficult and/or clinically contraindicated in
some patients. In these cases, a thorough history and physical exami-
nation, radiologic tests such as computed tomography (CT) and MRI,
blood tests, and urine tests can be utilized to make a clinical diagnosis of
LCH. In patients with suspected multisystem LCH, the diagnosis can be
made by identifying a more readily accessible biopsy site elsewhere in
the body (PDQ, 2020b).

2.2.2. LCH neuroanatomical presentation

CNS LCH most commonly presents as an infiltrative mass lesion in
the HPIT axis though other areas of the CNS, including the dura and
leptomeninges, may also be affected (Grois et al., 1998; Yeh et al.,
2018). Many radiologic studies reveal thickening of the pituitary stalk
with loss of the posterior pituitary “bright spot.” Accompanying ab-
normalities in the cerebellum, pons, and basal ganglia have also been
described (Grois et al., 1998; Imashuku et al., 2015; Yeh et al., 2018).
Reported rates of HPIT involvement vary: In one study, 31% of CNS LCH
patients had HPIT involvement (Laurencikas et al., 2010), while another
found pituitary stalk thickening in 50% of CNS LCH patients. Pituitary
stalk lesions appear to be more common than hypothalamic lesions, the
latter of which were cited by the same study to be present in only 10% of
CNS LCH patients (Prayer et al., 2004). Characteristic CNS LCH features
are shown in Fig. 2 and can be compared to typical features of the same
neuroanatomic structures in Fig. S1.

2.2.3. LCH clinical presentation

Clinical features of LCH vary depending on the disease severity and
the extent of organ involvement. The initial clinical presentation often
includes numerous non-specific symptoms such as fever, weight loss,
diarrhea, edema, polydipsia, and polyuria (PDQ, 2020b). The majority
of CNS LCH patients do not present with clinically significant neuro-
logical abnormalities (Grois et al., 1998). When neurological

Fig. 2. MRI of a 28-year-old female with biopsy-confirmed Langerhans cell
histiocytosis. A: Sagittal T1-weighted MRI shows a mass at the level of the tuber
cinereum and hypothalamus (arrow). The pituitary gland is small and there is
absence of the posterior pituitary “bright spot”. (See Fig. S1 for an example of
normal sellar imaging.) B: The suprasellar soft tissue mass (arrow) is also seen
in the coronal plane of this T1-weighted MRI. C and D: Sagittal and coronal T1-
weighted MRI, respectively, post gadolinium demonstrate homogeneous
enhancement of the mass (long arrows). The short arrow in C indicates the optic
chiasm situated anterior and immediately adjacent to the hypothalamic mass.
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abnormalities are detected, symptoms may include headache, dizziness,
and general malaise. However, some CNS LCH patients experience more
severe symptoms such as decreased verbal intelligence and deficits in
attention, memory, and learning (Laurencikas et al., 2010; Yeh et al.,
2018). In rare cases, CNS LCH may also cause a neurodegenerative (ND)
syndrome, LCH-ND. The onset of LCH-ND may occur at the time of
diagnosis but may also occur more than five years after initial presen-
tation. HPIT involvement is also associated with endocrine disturbances.
Pituitary LCH lesions constitute a strong risk factor for central DI, GH
deficiency, and thyroid disorders. Central DI is actually the most com-
mon initial sign of CNS involvement and it occurs in up to 50% of CNS
LCH patients with HPIT involvement (Modan-Moses et al., 2001; Yeh
etal., 2018). In a study of seven CNS LCH patients, all patients with HPIT
involvement had deficiencies in either GH, FSH/LH, TSH, or ACTH
(Modan-Moses et al., 2001). As a result of hormonal dysregulation,
children diagnosed with LCH often present with a decreased growth rate
as well as disturbances in sexual development, delayed bone age, hy-
pothyroidism, and hypocortisolism. Additionally, FSH/LH deficiency in
adult LCH patients is associated with hypogonadism, which may be
permanent (Fahrner et al., 2012; Yavropoulou, Tsoli, and Kaltsas, 2021).

2.2.4. LCH treatment options

If surgical resection is feasible, LCH lesions isolated to a single organ
system may be treated with surgery alone. However, multisystem dis-
ease typically demands a multimodal treatment plan (Monsereenusorn
and Rodriguez-Galindo, 2015). Common clinical practice for treating
mass CNS LCH lesions involves curettage and adjuvant radiation therapy
for isolated lesions or a combination of vinblastine and prednisone for
multifocal lesions (Ouyang et al., 2006; Yeh et al., 2018). Bone lesions in
locations that confer additional risk for progression into the CNS (orbit,
mastoid, sphenoid, or temporal bones), parenchymal brain lesions, and
pituitary lesions are treated with systemic chemotherapy (Yeh et al.,
2018). Patients with LCH-ND may also benefit from the addition of
intravenous immunoglobulin to their chemotherapy regimen due to its
immune-modulatory effects (Imashuku et al., 2015; Yeh et al., 2018).
Radiation therapy has also proven to be an effective method of treat-
ment, especially in central DI. And while radiation therapy in patients
with central DI has been shown to decrease desmopressin requirements
(Ouyang et al., 2006), CNS LCH patients with endocrine sequelae must
undergo long-term hormone replacement therapy (Vaiani et al., 2021).
BRAF inhibitors are also currently being evaluated as potential thera-
peutics as mutations in this gene are present in over half of LCH cases
(Berres et al., 2014; Monsereenusorn and Rodriguez-Galindo, 2015).

2.2.5. LCH socio-behavioral functioning

Because LCH is not inherently confined to the brain, only a subset of
patients experience socio-behavioral dysfunction. In one cohort of 28
patients who were long-term survivors of multisystem LCH, seven (25%)
reported behavioral abnormalities such as increased aggression and
depression (Nanduri et al., 2003). A case study involving two adolescent
CNS LCH patients reported clinically significant evidence of social
problems and delinquent behavior in both individuals. A follow-up
interview with one of the patients also revealed high levels of immatu-
rity and social ineptness that did not show improvement following
social-skills training (Whitsett et al., 1999). Another study found that
children with LCH have a higher rate of internalizing problems such as
anxiety and depression when compared to children without LCH, and
these problems were more common in patients with CNS involvement
(Vrijmoet-Wiersma et al., 2009).

It is important to note that many of the studies on socio-behavioral
deficits in patients with CNS LCH focus on people who have already
undergone surgical intervention. As is the case with CP, it is unknown
whether LCH itself, surgical resection, or a combination of the two in-
fluence the development of socio-behavioral dysfunction. Many of these
studies nevertheless demonstrate a clear link between damage to the
HPIT region (whether organically or iatrogenically) and socio-
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behavioral dysfunction. For example, while the patient with immaturity
and social challenges in the aforementioned case study did not have
evidence of HPIT involvement, the other patient did (Whitsett et al.,
1999). In another example, out of the seven patients with multisystem
LCH and behavioral abnormalities in the Nanduri et al. (2003) study,
three had evidence of HPIT damage. This subset of patients reported
additional behavioral disruptions, such as rage attacks and abnormal
eating patterns, that were not seen in the CNS LCH patients whose dis-
ease lacked HPIT involvement. In a study of 22 CNS LCH patients with
HPIT involvement and LCH-ND, it was found that five patients reported
overt clinical symptoms of the neurogenerative disease. It is thus evident
that while HPIT involvement may not explain all of the socio-behavioral
disruptions experienced by CNS LCH patients, there is likely a causal
relationship between damage to this region and the onset of these
behavioral changes.

2.3. Intracranial germ cell tumors (IGCT)

2.3.1. IGCT epidemiology and pathogenesis

In the United States, IGCTs have an annual incidence rate of 1.2 cases
per million men and 0.4 cases per million women (Ostrom et al., 2021).
IGCTs constitute 3.7% percent of all primary pediatric brain tumors in
the United States but up to 16.9% of pediatric brain tumors in Japan
(Ostrom et al., 2015; Takami et al., 2019). IGCTs occur most often in 10-
to 19-year-old patients but can be seen with some frequency in patients
less than 10 years of age and during young adulthood (Fujimaki, 2009;
Takami et al., 2019; PDQ, 2020c). Germ cell tumors originate from fetal
or neonatal germ cells and therefore usually occur in the gonads.
However, one to five percent of germ cell tumors exist in extragonadal
sites such as the brain, where they typically affect midline structures (De
Felici et al., 2021).

IGCTs may be broadly classified as germinomas or non-
germinomatous (including mixed germ cell tumors, malignant tera-
tomas, choriocarcinomas, embryonal carcinomas, and yolk sac tumors).
Germinomas are associated with significantly longer survival when
compared to nongerminomatous IGCTs (Fujimaki, 2009; McCrea et al.,
2016; PDQ, 2020c). IGCTs are also classified as being unifocal, bifocal,
or multifocal. However, it is unclear whether bifocal lesions represent
synchronous development of tumors in different locations or metastatic
spread from a single location (Phi et al., 2013). IGCTs can be diagnosed
based on symptoms, neuroimaging, and/or the presence of elevated
a-fetoprotein (AFP) and f-human chorionic gonadotropin (hCG) in
serum or lumbar cerebral spinal fluid (CSF) (McCrea et al., 2016; Yang
et al., 2016; Phi, Wang, and Kim, 2018; PDQ, 2020c). In cases where
tumor markers (AFP and hCG) are unrevealing, histology is required to
confirm a diagnosis; however, tumor localization to high-risk anatom-
ical regions can limit tissue sampling for biopsy (Yang et al., 2016).

2.3.2. IGCT neuroanatomical presentation

IGCTs occur most frequently in the pineal gland, followed by the
suprasellar region within the pituitary stalk. Less commonly, tumors can
be found in the basal ganglia or other sites in the third ventricle
(McCarthy et al., 2012; McCrea et al., 2016; Takami et al., 2019). Bifocal
tumors originating in the suprasellar and pineal regions reportedly occur
in six to 41% of patients, and a recent study reported that 97% (34 of 35)
of bifocal germ cell tumors were germinomas (Phi et al., 2013; Takami
et al., 2019). The pituitary is the primary tumor site in an estimated
eight percent of cases (McCarthy et al., 2012), and 11% of IGCTs infil-
trate the hypothalamus (Jennings, Gelman, and Hochberg, 1985).
Interestingly, the strongest predictor of tumor location for single-site
cases is sex. Compared to female IGCT patients, male patients not only
have higher rates of IGCTs but also have a significantly higher ratio of
pineal to suprasellar tumor localization (Goodwin, Sainani, and Fisher,
2009). IGCTs can also be associated with the loss of the pituitary “bright
spot” on MRI (Morana et al., 2018). Characteristic IGCT features are
shown in Fig. 3 and can be compared to typical features of the same
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neuroanatomic structures in Fig. S1.

2.3.3. IGCT clinical presentation

Tumor location, type, and secretory status determine the clinical
features of IGCTs. For example, tumors that produce hCG in the
neurohypophyseal or pineal regions may initiate precocious puberty,
basal ganglia tumors may cause hemiparesis, and choriocarcinomas are
linked to sudden intracranial bleeding. Tumors confined to the pineal
region commonly present with obstructive hydrocephalus leading to
increased intracranial pressure, which can cause headache, vomiting,
and diplopia from Parinaud syndrome (upward gaze palsy) (Crawford
et al., 2007; Fujimaki, 2009; Sethi et al., 2013). Suprasellar tumors can
also present with headache, vomiting, and visual field loss in addition to
hormonal disturbances including adrenal insufficiency, hypogonado-
tropic hypogonadism, central hypothyroidism, and low levels of GH
(Crawford et al., 2007; Sethi et al., 2013; Chang et al., 2021). As a result,
patients with suprasellar tumors often experience endocrinopathies.
One study involving 24 patients with suprasellar IGCTs found that 50%
of patients presented central DI, 26% with GH deficiency, 19% with
central hypothyroidism, and 19% with central adrenal insufficiency.
Patients with suprasellar tumors also reported low growth rates and
delayed sexual development or precocious puberty. Another study of 30
IGCT patients with a variety of tumor localizations found that 57% had
signs of endocrine dysfunction at presentation, further strengthening the
relationship between IGCTs and endocrine disturbances (Crawford
et al., 2007; Sethi et al., 2013).

Fig. 3. MRI of a 49-year-old male with a biopsy-confirmed intracranial ger-
minoma. A: Sagittal T1-weighted MRI shows the absence of the posterior pi-
tuitary “bright spot” (see Fig. S1 for comparison). The pituitary gland is small.
The pituitary stalk is diffusely thickened (long arrow) as is the immediately
adjacent anterosuperior optic chiasm (short arrow). B: Sagittal T1-weighted
MRI post-gadolinium shows diffuse enhancement of the thickened pituitary
stalk (long arrow), as well as peripheral enhancement of the optic chiasm.
There is an additional periventricular enhancement (short arrows) along the
margins of the third ventricle. C: Coronal T1-weighted MRI post-gadolinium
demonstrates the thickened pituitary stalk (long arrow), peripherally
enhancing optic chiasm (short arrow), and linear enhancement around the
margins of the frontal horns of the lateral ventricles (obliquely angled arrows).
D: Coronal T1-weighted MRI post-gadolinium, slightly posterior to C, again
demonstrates linear and nodular periventricular enhancement along the mar-
gins of the lateral ventricles (obliquely angled arrows), but also of the third
ventricle (long arrow) and adjacent hypothalamus.
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2.3.4. IGCT treatment options

Treatment for IGCTs can incorporate both chemotherapy and radi-
ation. Focal irradiation is associated with a high relapse rate for IGCTs,
whereas whole-brain or whole-ventricular radiation is associated with
lower rates of recurrence and improved survival (Calaminus et al.,
2013). Radiotherapy over a large volume encompassing the ventricular
space with a boost dosage to the primary tumor site is therefore the
standard of care for IGCTs (Kim and Park, 2015). The extent of radiation
therapy does, however, vary with tumor type: Germinomas can be
treated with whole-ventricular radiation for survival rates of > 90%,
whereas nongerminomatous germ cell tumors may require craniospinal
radiation for improved survival (Fangusaro et al., 2019; Koh et al.,
2021). A short course of chemotherapy may also be added prior to the
initiation of radiation therapy (Phi, Wang, and Kim, 2018).
Intensity-modulated or proton-beam radiotherapies can be utilized in
the treatment of IGCTs to minimize the irradiated volume in some cases,
thereby decreasing toxicity and limiting neurocognitive impairment
resulting from radiation (Kim and Park, 2015). Gamma knife radio-
surgery is another treatment option available for patients with IGCTs,
and the 5-year survival rate for gamma knife radiosurgery was similar to
the survival rate for chemotherapy and radiation (Yang et al., 2016).
Endoscopic procedures are also utilized to manage the acute hydro-
cephalus seen in some IGCT patients and to enable tissue biopsy for
suprasellar and pineal IGCTs (Phi, Wang, and Kim, 2018).

2.3.5. IGCT socio-behavioral functioning

A number of studies have examined the socio-behavioral deficits
experienced by adult survivors of pediatric IGCTs. In one study, over half
of these adult survivors had challenges organizing their leisure time and
keeping up with the speed of daily activities (Haupt et al., 1996).
Another study involving adult survivors of pediatric IGCTs also found
evidence of decreased social functioning (Lo et al., 2018). Additionally,
out of five long-term IGCT survivors who underwent psychological
evaluation for research purposes, emotional disturbances were found in
four individuals and psycho-organic syndrome (a progressive disease
caused by organic brain damage that leads to cognitive and memory
deficits) was found in three individuals (Strojan et al., 2006). There also
appears to be a link between age at diagnosis and the level of social
functioning impairment: IGCT patients diagnosed during childhood had
more deficits in psychosocial functioning compared to IGCT patients
diagnosed at over 18 years of age (Sands et al., 2001).

As discussed previously for both CP and CNS LCH, it is difficult to
determine whether socio-behavioral deficits in patients with IGCTs were
influenced by medical intervention or related to the disease process it-
self. In contrast to CNS LCH, there is limited and contradictory evidence
related to the impact of tumor localization on the development of socio-
behavioral dysfunction in IGCT patients (Liang et al., 2013; Park et al.,
2017), which makes identifying the etiology of these symptoms even
more challenging. Despite these challenges, it is clear that neuroana-
tomic damage, whether from the disease process or treatment, leads to
alterations in the socio-behavioral function of IGCT patients.

3. Overview of oxytocin (OXT) and arginine vasopressin (AVP)
biology and their impact on socio-behavioral functioning

OXT and AVP are closely related “sister” neuropeptides. These
nonapeptides differ by only two amino acids, are synthesized and
secreted in overlapping neural regions, and both regulate mammalian
social behavior (Stoop, 2012; Baribeau and Anagnostou, 2015; Rae,
Duarte, Gomes, Camarini & Devi, 2022). OXT and AVP are thought to
have originated during a gene duplication event involving the ancestral
nonapeptide vasotocin (Gruber, 2014). The oxytocin receptor (OXTR)
and five AVP receptor (AVPR) subtypes (AVPR1a, AVPR1b, AVPR2a,
AVPR2b, and AVPR2c; two of which, AVPR2b and AVPR2c, have been
lost in mammals) are also ancestrally related (Lagman et al., 2013).
Because of the high degree of structural homology between OXT and
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AVP and the close evolutionary relationship between OXTR and AVPR
subtypes, there is significant cross-talk between the two neuropeptides
and their receptors (Sala et al., 2011; Song et al., 2016; Song, and Albers,
2018; Rae et al., 2022). To better understand how these neuropeptides
may be implicated in the socio-behavioral dysfunction of patients with
disorders of HPIT involvement, below we review the basic biology of
OXT and AVP signaling and summarize the impact these neuropeptides
have on socio-behavioral functioning.

3.1. Overview of oxytocin (OXT)

3.1.1. OXT biology and preclinical models of socio-behavioral functioning

OXT is predominantly synthesized by magnocellular neurons in the
supraoptic nucleus (SON) and paraventricular nucleus (PVN) of the
hypothalamus. OXT is transported along the median eminence and
released into the peripheral circulation by the posterior pituitary. In the
periphery, OXT acts as a classic hormone to regulate a variety of phys-
iological and reproductive processes (e.g., smooth muscle contractions
during parturition; milk letdown during lactation) at distal target sites
(Yang, Wang, Han and Wang, 2013). OXT is also secreted centrally from
dendrites of magnocellular neurons into extracellular fluid and from
axonal projections of hypothalamic parvocellular neurons in the PVN
(which also synthesize OXT). These hypothalamic OXT fibers project to
diverse regions of the vertebrate forebrain including the prefrontal
cortex, anterior olfactory nucleus, nucleus accumbens, lateral septum,
hippocampus, and medial and central amygdala (Jurek and Neumann,
2018). In the brain, OXT acts as a neurotransmitter to regulate a variety
of species-specific behavioral functions, including social behavior
(Althammer, Eliava and Grinevich, 2021; Baribeau and Anagnostou,
2015), as discussed in greater detail below. A general mammalian
overview of OXT neurophysiology is presented in Fig. 4.

OXT regulates its physiological and behavioral functions primarily
by binding to OXTRs, which are G-protein coupled receptors (Jurek and
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Fig. 4. Generalized mammalian oxytocin and arginine vasopressin synthesis
and release. OXT; depicted in red and AVP; depicted in blue are primarily
synthesized in neurons in the supraoptic nucleus (SON) and paraventricular
nucleus (PVN) of the hypothalamus. Parvocellular PVN neurons (depicted as
smaller circles) secrete OXT and AVP throughout widely distributed axonal
projections, where these neuropeptides act as neurotransmitters in the brain to
regulate a variety of behavioral functions. Magnocellular PVN and SON neurons
(depicted as larger circles) project axons down through the posterior pituitary
and release OXT and AVP from secretory vesicles into the peripheral circula-
tion, where these neuropeptides act as hormones to regulate a variety of
endocrine functions. Brain inset with black square shows the neuroanatomical
region depicted in the magnified image to its left.
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Neumann, 2018). There are large variations in OXTR localization both
within (Parker et al., 2001a; Parker et al., 2001b; King et al., 2016) and
between (Insel, Gelhard and Shapiro, 1991; Insel and Shapiro, 1992;
Althammer, Eliava and Grinevich, 2021) species. In humans, OXTRs are
found in a variety of tissues including the myometrium, mammary
glands, endometrium, ovary, testis, and brain (Kimura et al., 2003).
More specifically, immunohistochemical staining of postmortem human
brain tissue reveals high levels of OXTR expression within the cingulate
cortex, uncus, ventrolateral septal nucleus, central amygdala, posterior
cortical nucleus amygdala, tuberomammillary nucleus, and solitary
nucleus: All of which are regions that have been implicated in human
social motivation, behavior, and emotion (Boccia et al., 2013). The
expression of OXTR in these brain regions is therefore likely responsible
for the neuropeptide’s impact on social functioning (Jurek and Neu-
mann, 2018).

Much of the recent research on OXT has focused on its role as a
critical regulator of social, maternal, and aggressive behaviors. For
example, central OXT administration causes female prairie voles to
spend more time with their partner (Williams et al., 1994) and promotes
the initiation of maternal behavior in female rats (Pedersen and Prange,
1979). Exogenous OXT administration also induces anxiolytic-like ef-
fects in male mice (Ring et al., 2006) and in male and female rats
(Sabihi, Durosko, Dong and Leuner, 2014). It is likely that OXT exerts
this anxiolytic effect at least in part by modulating the activity of the
hypothalamic-pituitary-adrenal (HPA)-axis: Specifically, the peripheral
secretion of ACTH and corticosterone (Neumann et al., 2000). Low-dose
central OXT administration in male rats also improves social memory
(Benelli et al., 1995), reverses defeat-induced social avoidance after
exposure to an unfamiliar aggressive male rat (Lukas et al., 2011), and
decreases anxiety levels in valproate-induced autism models (Laszlo
et al., 2022). Intranasal OXT administration has similarly been found to
decrease aggressive behaviors in a male mouse model of callousness
(Zoratto et al., 2018) and exert anti-aggressive and pro-affiliative effects
in male rats (Calcagnoli et al., 2015). Intranasal OXT administration also
diminishes the neuroendocrine response to social isolation stress in fe-
male squirrel monkeys (Parker et al., 2005) and leads to decreased
vigilance towards potential social threats in male rhesus macaques,
which, in turn, could lead to the induction of prosocial behaviors (Ebitz,
Watson, and Platt, 2013).

There is also an increasingly large body of literature supporting the
role of hypothalamic OXT signaling in moderating these behaviors. For
example, the number of cells expressing OXT in the hypothalamus has
been found to increase during the critical window of postnatal devel-
opment that overlaps with the acquisition of social skills (Soumier et al.,
2021). Additionally, hypothalamic OXT neurons were found to project
to the majority of rat forebrain regions: Many of which are associated
with social behavior (Knobloch et al., 2012). These collective findings
provide additional support not only for OXT’s role in social behavior but
also for the unique role HPIT structures play in the hormone’s impact on
social behavior.

3.1.2. An overview of OXT and human socio-behavioral functioning

In addition to the strong evidence implicating OXT signaling in
various non-human species, evidence also suggests that OXT signaling
plays a role in regulating human social behavior. For example, male
research participants who received intranasal OXT increased their level
of trust in interpersonal interactions (Kosfeld et al., 2005). Intranasal
OXT administration in men was also found to not only increase in-group
trust and cooperation but also promote defensive aggression towards
competing out-groups. This suggests that OXT plays a role in both pro-
moting sociability and protecting individuals against social threats (De
Dreu et al., 2010). A study involving 45 female college students also
found that serum OXT levels were negatively correlated with depressive
symptomatology (Veiga et al., 2022). Another study similarly found that
depressed females had lower plasma OXT concentrations than healthy
controls; however, the same study found that depressed males had
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higher plasma OXT concentrations than healthy controls. This suggests
that the relationship between OXT and depression may be mediated by
sex (Yuen et al., 2014).

OXT signaling has also been implicated in the maintenance of
romantic relationships through improving conflict resolution and
increasing the perceived attractiveness of romantic partners (Ditzen
et al., 2009; Scheele et al., 2013). High blood OXT concentrations were
also predictive of maternal bonding behaviors including gaze, vocali-
zations, positive affect, and affectionate touch (Feldman et al., 2007).
Recent research also suggests that OXT shapes the development of
socio-behavioral neural circuits (Baribeau and Anagnostou, 2015;
Caldwell et al., 2017), indicating that alterations to OXT signaling could
have widespread impacts on social functioning.

3.1.2.1. Central and peripheral OXT. When delineating OXT’s influence
on human social behavior, central OXT needs to be differentiated from
peripheral OXT (e.g., blood). In addition to its hormonal actions via
peripheral release through the systemic circulation, OXT exerts effects
on behavior via focal release from axonal terminals and accumulation in
the extracellular fluid of the brain. CSF concentrations of OXT are
therefore more likely to be related to the neuropeptide’s behavioral ef-
fects than blood concentrations (Landgraf and Neumann, 2004; Ludwig
and Leng, 2006). However, peripheral measures such as blood are easier
to obtain. Studies therefore have sought to assess whether blood OXT
concentration can serve as a surrogate for CSF OXT concentration. While
some studies have suggested that blood OXT concentration can be used
as a proxy for CSF OXT concentration and the neuropeptide’s impact on
social behavior (Parker et al., 2014; Carson, Berquist et al., 2015), others
have called into question the accuracy of blood OXT as a measure of the
neuropeptide’s central effects (Kagerbauer et al., 2013; Lefevre et al.,
2017). It is also possible to measure OXT concentrations in saliva, but
data on the validity of measuring OXT in saliva and its relationship to
plasma and/or CSF OXT concentrations remains unresolved (Martin
et al., 2018; Martins et al., 2020).

3.2. Arginine vasopressin (AVP)

3.2.1. AVP biology and preclinical models of socio-behavioral functioning

AVP is primarily synthesized in the magnocellular neurons of the
hypothalamic PVN and SON but is also synthesized in the accessory
nuclei situated between the PVN and SON, the parvocellular neurons of
the PVN and suprachiasmatic nucleus, the bed nucleus of the stria ter-
minalis, and the medial amygdala (Caldwell et al., 2008; Stoop, 2012;
Baribeau and Anagnostou, 2015). In the periphery, AVP is released into
the blood from the posterior pituitary and regulates water homeostasis
by influencing the kidneys’ ability to concentrate urine (Baribeau and
Anagnostou, 2015). Impairments in AVP synthesis or release, which can
be caused by surgeries or traumatic brain injuries that damage the hy-
pothalamus or posterior pituitary, will result in central DI due to a lack
of AVP signaling (Kalra et al., 2016). AVP signaling occurs centrally
through multiple mechanisms, including synaptic secretion from hypo-
thalamic parvocellular neurons and somato-dendritic release from
AVP-synthesizing neurons (Landgraf and Neumann, 2004; Stoop, 2012;
Bichet, 2014). One notable vasopressinergic hypothalamic axonal pro-
jection is to the amygdala, where AVP release increases aggression,
anxiety, stress, and memory consolidation (Huber, Veinante, and Stoop,
2005). Other projections include the ventral pallidum, lateral septum,
retrosplenial cortex, and anterior hypothalamus: Regions that facilitate
pair bonding in prairie voles and potentially in humans (Bichet, 2014). A
general mammalian overview of AVP neurophysiology is presented in
Fig. 4.

As noted above, there are three major AVPR subtypes in mammals:
AVPRI1A (V1a), AVPR1B (V1b), and AVPR2 (V2). Like OXTR, the 3
AVPR subtypes are all G protein-coupled receptors. Vla is predomi-
nantly found in the liver, kidney, vasculature, and brain; V1b is
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primarily found in the ACTH-producing cells of the anterior pituitary;
and V2 is found in the kidney (Caldwell et al., 2008). There is a large
amount of intra- and inter-species variation in regards to the expression
pattern of Vla in the brain (Parker et al., 2001b; Charles et al., 2014).
One study utilizing rats found V1a in the lateral septum, thalamus, hy-
pothalamus, substantia nigra, ventral tegmental area, regions of the
olfactory system, and parts of the cortex (Johnson et al., 1993). A similar
study involving mice found high levels of V1b in the CA2 pyramidal
neurons of the hippocampus and low levels of V1b in the PVN, amyg-
dala, piriform cortex, caudate-putamen, septum, midbrain, pons, cere-
bellum, and medulla (Young et al., 2006). In humans and chimpanzees,
microsatellite variations upstream of the V1a gene that are predicted to
influence neural expression patterns of the receptor have been linked to
relationship quality, personality traits, and the development of autism
spectrum disorder (Barrett et al., 2013). While there has been less
research on V1b, mouse models have implicated the receptor as a
moderator of aggression, social memory, social motivation, and the
HPA-mediated stress response (Stevenson and Caldwell, 2012). These
collective studies provide further evidence for the relationship between
AVP signaling and social behavior.

AVP has been shown to influence a wide variety of mammalian social
behaviors including social recognition, cooperation, and competition.
For example, central administration of exogenous AVP in rats led to
improved social recognition (Engelmann and Landgraf, 1994) and
decreased maternal aggression (Nephew, Byrnes, and Bridges, 2010).
AVP signaling is also implicated in the development of pair bonding in
monogamous male prairie voles (Winslow et al., 1993). Specifically, the
AVP pathway in male prairie voles is altered after three days of
cohabitation with a female, suggesting that AVP plays a role in
mating-induced behavior changes (Wang and Aragona, 2004). However,
in contrast to OXT-expressing cells, AVP-expressing cells in hypotha-
lamic nuclei do not change across postnatal development, suggesting an
alternate route of influence on social development (Soumier et al.,
2021). Centrally administered AVP also led to increased affiliative
behavior in prairie voles (Young et al., 1999) and the onset of paternal
care in related vole species (Parker and Lee, 2001). Like OXT signaling,
AVP signaling has also been linked to altered levels of aggression;
however, the impact of AVP on aggression is more mixed. While
increased AVP signaling has been associated with an increase in
aggressive behaviors in both hamsters and dogs (Ferris et al., 1997;
MacLean et al., 2017), decreased AVP signaling has alternatively been
shown to be required for the development of aggressive behaviors in a
female rat model of enhanced aggression (Oliveira et al., 2021). One
potential explanation for these contrasting results is that the impact of
AVP may be region-specific. For example, a study found that while
septal AVP facilitates inter-male aggression, the release of AVP from the
bed nucleus of the stria terminalis inhibits inter-male aggression (Vee-
nema, Beiderbeck, Lukas and Neumann, 2010). Another possible
explanation for these discrepant findings is that instead of being directly
involved in aggression, AVP may modulate ancillary social and
anxiety-related behaviors, leading to the appearance of altered levels of
aggression (Beiderbeck, Neumann and Veenema, 2007).

3.2.2. An overview of AVP and human socio-behavioral functioning
While strong data exist for the role of AVP signaling in animal
behavior, there is also research that shows a role for AVP signaling in
human social functioning. Following a single dose of intranasal AVP,
male research participants were more likely to engage in risky but
mutually beneficial cooperative behavior compared to those adminis-
tered a placebo. This AVP-mediated behavior change was found to be
driven by downregulation of the left dorsolateral prefrontal cortex and
increased connectivity between the left dorsolateral prefrontal cortex
and the ventral pallidum: A region rich in AVPRs that has been associ-
ated with AVP-mediated social reward processing (Brunnlieb et al.,
2016). Additionally, when compared to single-dose administration of
intranasal OXT, single-dose administration of intranasal AVP was found
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to lead to a higher increase in the reciprocity of cooperation in men
(Rilling et al., 2012).

In contrast to the aforementioned results, other studies have shown
that increased AVP signaling can lead to amplified perceptions of
aggression. For example, single-dose intranasal AVP led male partici-
pants to have similar levels of corrugator EMG activity (a measure that is
elevated in repose to adverse stimuli, including angry/threatening facial
expressions) after exposure to emotionally neutral and angry facial ex-
pressions (Thompson et al., 2004). A different study showed that
intranasal AVP administration also caused men to perceive unfamiliar
faces as less friendly. However, intranasal AVP administration alterna-
tively caused women to view unfamiliar faces as more friendly, sug-
gesting that AVP may have sex-specific effects on human social behavior
(Thompson et al., 2006). One potential explanation for the seemingly
contradictory relationship between AVP and cooperativity/aggression is
that these studies investigate the effect of exogenous AVP administration
on individuals who already have ‘normal’ endogenous concentrations of
the neuropeptide. Administering AVP to these individuals likely results
in supranormal AVP concentrations. This is markedly different from
administering the neuropeptide to an individual who is deficient in AVP,
and this difference could explain why exogenous AVP administration
leads to an increased perception of aggression in healthy volunteers
(Thompson et al., 2004, 2006) but no increase in aggressive behaviors in
individuals with autism (Parker et al., 2019): A condition shown to be
related to impaired AVP signaling (Parker et al., 2018; Oztan et al.,
2018, 2020).

AVP signaling has also been shown to have a contradictory impact on
anxiety- and depression-like symptoms. While postmortem analysis of
human brain tissue found a 60% increase in AVP signal in the SON of
depressed individuals (Meynen et al., 2006), another study found no
difference in CSF AVP levels between depressed patients and healthy
controls (Brunner et al., 2002). Additionally, intranasal AVP adminis-
tration to children with autism led to reduced anxiety, particularly in
individuals with the highest pretreatment blood AVP concentrations
(Parker et al., 2019). These collective data suggest that while AVP
signaling may play a role in negative arousal and depression, it also
plays a role in affiliative behavior. Research is clearly warranted to gain
a more nuanced understanding of AVP’s regulation of socio-behavioral
functioning.

3.2.2.1. Central and peripheral AVP. CSF AVP concentration may have
the most utility for understanding social behavior since it has the closest
relationship to the biologically active neuropeptide in the brain paren-
chyma (Landgraf and Neumann, 2004; El-Farhan, Hampton, and Pen-
ney, 2013). However, it is again important to note that CSF is more
difficult to obtain than blood. While one study did show that blood AVP
concentrations positively correlated with interpersonal functioning
(Gouin et al., 2012), the relationship between blood and CSF AVP
concentrations remains unresolved (Kagerbauer et al., 2013; Carson
et al., 2014; Carson, Garner et al., 2015; Parker et al., 2018). The con-
centration of AVP in urine was also found to correlate with the con-
centration of AVP in the blood; however, AVP’s concentration in urine is
influenced by many factors including osmolar clearance, urine specific
gravity, and renal metabolism (El-Farhan, Hampton, and Penney, 2013),
making it difficult to validate clinically.

3.2.2.2. DDAVP and human socio-behavioral functioning. Patients with
central DI or other disorders of AVP deficiency are often prescribed
desmopressin (DDAVP), which acts as a synthetic version of AVP
(Robinson, 1976). It is important to note that DDAVP does not cross the
blood-CSF barrier (Stegner et al., 1983) and is thus unable to induce any
of AVP’s central effects that might otherwise be restored via intranasal
AVP administration (Pietrowsky et al., 1996). DDAVP also acts selec-
tively on V2, while the behavioral effects of AVP have been shown to be
due to the neuropeptide’s action on the Vla receptor (Donaldson,
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Spiegel, and Young, 2010; Parker and Lee, 2001; Robben, Knoers, and
Deen, 2004). DDAVP is therefore not predicted to alter socio-behavioral
functioning in an experimental setting or to increase the CNS concen-
tration of this neuropeptide in a clinical setting.

4. OXT and AVP signaling disruptions in disorders of HPIT
involvement: preclinical findings

Given that OXT and AVP are made/secreted in the HPIT region and
play a critical role in socio-behavioral functioning, we advance for
consideration the possibility that a connection exists between the OXT/
AVP systems and the social and behavioral deficits experienced by pa-
tients with disorders of HPIT involvement. Indeed, preclinical research
has shown that OXT and AVP disruption can negatively impact social
functioning. Further, work in animal models with HPIT damage and in
patients with disorders of HPIT involvement point to a potential link
between OXT/AVP disruption and socio-behavioral dysfunction. These
findings are reviewed below to further support a framework that im-
plicates OXT and AVP signaling in the etiology of socio-behavioral
dysfunction in patients with CP, CNS LCH, and IGCTs.

4.1. OXT-deficient models and socio-behavioral functioning

As discussed thus far, OXT signaling is implicated in the social be-
haviors of both animals and humans. To further determine the impact
that OXT has on socio-behavioral functioning, it is important to review
findings from studies involving preclinical models with disrupted OXT
signaling. Various techniques have been used to knock out the OXT gene
in these models, including the utilization of homologous recombination
in embryonic stem cells to remove the first exon of the OXT gene
(Nishimori et al., 1996) and to similarly remove most of the first exon
and all of the second and third exons of the OXT gene (Young et al.,
1996). Both of these techniques result in a complete lack of OXT release
(Nishimori et al., 1996; Young et al., 1996).

OXT knockout (OXTKO) models have been studied in an effort to
identify aspects of social functioning that are altered in the absence of
OXT signaling. Findings from these models have generally implicated an
impairment in the ability to form social memories. One study found that
male OXTKO mice did not become familiarized to an ovariectomized
female and did not show the expected decline in olfactory investigation
following repeated presentation of identical stimuli. Other non-social
forms of memory in the OXTKO mice were spared, suggesting that
OXT has a specific impact on social memory formation (Ferguson et al.,
2000). These results were substantiated by an additional study, which
found that centrally administered OXT rescued social recognition in
OXTKO mice (Ferguson et al., 2001). Another study utilizing male
OXTKO mice found that wild type (wt) mice spent more time investi-
gating female mice compared to the OXTKO mice. Additionally, when
presented with female mice of the same strain, male wt mice were able
to discriminate between novel and familiar mice whereas male OXTKO
mice failed to discriminate between different mice of the same strain in
two of the three strains included in the study (Macbeth et al., 2009).
While social memory and recognition appear to be impaired in OXTKO
mice, not all aspects of social functioning decline in the OXTKO models.
For example, one study showed that two strains of OXTKO mice had the
same level of sociability as control mice (Crawley et al., 2007). These
results suggest that central OXT signaling may be involved in more
nuanced aspects of social memory formation that then contribute to
deficits in socio-behavioral functioning: A possibility that warrants
further investigation.

OXTKO models also show altered levels of aggression and anxiety.
Compared to wt mice, a group of female OXTKO mice initiated more
intense aggressive behaviors when deprived of food (Ragnauth et al.,
2005). However, the relationship between OXT signaling and the
development of aggression is likely more complex than initially ex-
pected. In contrast to the study above, male OXTKO mice have also been
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shown to have shorter bouts of aggression compared to wt mice (DeV-
ries, Young, and Nelson, 1997). Another study found that male OXTKO
mice raised by dams homozygous for the OXT gene deletion (OXT”") had
higher levels of aggression than male OXTKO mice raised by dams
heterozygous for the OXT gene deletion (OXT” ") (Takayanagi et al.,
2005). This suggests that environmental factors may influence the
impact of OXT signaling on aggression. OXT-deficient female mice have
also been found to have higher levels of anxiety-related behaviors that
were improved following central OXT administration (Mantella et al.,
2003). These preclinical models therefore support the relationship be-
tween OXT signaling and behavioral functioning and therefore offer
additional evidence for the hypothesis that altered OXT signaling con-
tributes to the socio-behavioral deficits experienced by patients with
disorders of HPIT involvement.

4.2. AVP deficient models and socio-behavioral functioning

Studying preclinical models of AVP deficiency has similarly provided
insight into AVP’s impact on social functioning, and Brattleboro rats are
commonly utilized in these studies as a model of AVP deficiency. These
rats have a mutation that results in the production of a dysfunctional
AVP precursor that cannot be released by the hypothalamus, resulting in
a complete lack of AVP signaling in the CNS (Bohus and de Wied, 1998).
Brattleboro rats are therefore commonly used as a substitute for AVP
knockout models, as these rats are unable to survive without the pe-
ripheral administration of AVP (Zelena, 2017).

Adolescent Brattleboro rats have been shown to play less, emit fewer
ultrasonic vocalizations (a measure of social interaction), be less active
in an open field, and spend more time huddling than rats with wt AVP
signaling. This atypical social profile, with more passive and less active
social behaviors, suggests that AVP signaling in the CNS may facilitate
social arousal (Schatz et al., 2018). The same trends (decreased playing,
reduced social behaviors, and lower frequency of ultrasonic vocaliza-
tions) have also been observed in juvenile (P34 and P44) Brattleboro rats
(Paul et al., 2016). A different study showed that while changes in so-
ciability between AVP-deficient rats and those with wt AVP signaling
were not present at P7, they had become present by P10 (Schank, 2009).
These results suggest that AVP deficiency does not affect sociability
during the very early stages of development, implying that early
AVP-based interventions may have the ability to rescue social func-
tioning if administered during this critical period.

Preclinical models have also linked AVP deficiency to depression,
anxiety, increased aggression, and impaired social memory. Both male
and female Brattleboro rats showed reduced levels of anxiety- and
depressive-like symptoms (Fodor et al., 2016; Mlynarik et al., 2007;
Bielsky, Hu, Szegda, Westphal and Young, 2004), but some of the social
effects of decreased AVP signaling show sex-specificity. For example,
while disruptions in AVP signaling led to decreased aggressiveness in
lactating female rats and decreased intensity of aggression in male rats
who had not reproduced, it had no effect on the levels of aggression in
male rats who had reproduced (Fodor et al., 2014). Brattleboro rats also
showed reduced social memory formation, but the administration of
AVP rescued this ability (Engelmann and Landgraf, 1994). The results of
another study suggest that AVP exerts these effects on social memory by
modulating emotionality, motivation, and/or attention rather than
modulating the actual retrieval and consolidation of information (Wil-
liams, Carey and Miller, 1983). The alterations in social functioning
observed in these preclinical studies further strengthen the link between
AVP signaling and socio-behavioral dysfunction and thus offer addi-
tional support for our hypothesis that alterations to AVP signaling may
be contributing to the development of socio-behavioral dysfunction seen
in some patients with disorders of HPIT involvement.

4.3. Damage to the HPIT region

Preclinical models with damage to the HPIT region provide
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additional insight into the potential impact that HPIT involvement in
CP, CNS LCH, and IGCTs could have on OXT/AVP signaling. For
example, one study utilized lesioning electrodes to bilaterally ablate the
PVN (with varying degrees of success) in male and female rats with
central DI. Subsequent histological assessment revealed a direct corre-
lation between PVN cell number and the amount of stored neurosecre-
tory material in the pituitary (which was presumed to be OXT due to
subjects’ central DI status) (Sokol, 1970). This suggests that HPIT
damage can cause a decrease in the synthesis of OXT. This finding was
substantiated by a different study utilizing male rats, which found that
complete ablation of the PVN led to a more than 90% reduction in OXT
peptide concentration within the brainstem and spinal cord. Complete
ablation of the PVN also impacted AVP peptide concentration, which
was reduced by 50% in the brainstem and by more than 80% in the
spinal cord (Lang et al., 1983). This evidence confirms that damage to
the HPIT region disrupts both OXT and AVP production; therefore, it is
reasonable to propose that HPIT damage caused by CP, CNS LCH, or
IGCTs could similarly lead to disruptions in OXT and/or AVP signaling.
Because of the strong link these neuropeptides have to social behavior,
this provides further evidence that HPIT damage and subsequent
AVP/OXT abnormalities may be the root cause of the socio-behavioral
dysfunction seen in some patients with disorders of HPIT involvement.

4.4. Models of disorders of HPIT involvement

A literature review was conducted to investigate the impact that
disorders of HPIT involvement have on the production of OXT/AVP and
on the socio-behavioral functioning of preclinical animal models. While
there are mouse models that mimic LCH (Steiner et al., 2008; Berres
et al., 2014), there are no available models to study CNS LCH. Models of
IGCTs could also not be identified. And while various models of CP have
been developed (Gaston-Massuet et al., 2011; Martinez-Barbera, 2015;
Apps and Martinez-Barbera, 2017), much of the phenotypic analysis of
these models involves only endocrine disturbances and does not inves-
tigate alterations to socio-behavioral functioning (Roth et al., 2011). To
gain a better understanding of the impact that CP, CNS LCH, and IGCTs
have on behavior, appropriate animal models need to be developed and
more research needs to be conducted regarding the presence and
neurobiological etiology of socio-behavioral deficits in these models.

5. OXT and AVP signaling disruptions in disorders of HPIT
involvement: clinical findings

Thus far we have not only presented evidence that disorders of HPIT
involvement can lead to impairments in socio-behavioral functioning
but have also provided support for the hypothesis that alterations in OXT
and/or AVP signaling may be responsible for these impairments. To this
end, we reviewed OXT and AVP’s roles in socio-behavioral functioning
and presented evidence that OXT- and AVP-deficient preclinical animal
models show social and behavioral deficits similar to those reported for
patients with disorders of HPIT involvement. A summary of the clinical
features of CP, CNS LCH, and IGCTs—including their impact on socio-
behavioral functioning—is presented in Table 1. We also discussed
how preclinical models with HPIT damage have alterations in OXT and
AVP signaling, further strengthening the argument that the socio-
behavioral dysfunction experienced by patients with disorders of HPIT
involvement may be due to alterations in OXT and AVP signaling. While
limited in comparison to the preclinical data, we next review clinical
findings that implicate OXT and AVP signaling deficits in the altered
social and behavioral functioning observed in CP, CNS LCH, and IGCT
patients.

5.1. OXT and AVP signaling in CP

5.1.1. OXT
Studies have linked variations in CP patients’ OXT concentrations
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with altered cognitive, emotional, social, behavioral, and physiological
functioning. One study that compared CP patients to healthy controls
found that while baseline salivary OXT concentrations did not differ
between groups, CP patients experienced blunted OXT release in
response to stimulation (exercise). Additionally, CP patients with dam-
age to both the anterior and posterior hypothalamus had significantly
lower baseline salivary OXT concentrations compared to CP patients
with no hypothalamic involvement (Gebert et al., 2018), further
implicating damage to the HPIT region in the OXT dysregulation seen in
patients with disorders of HPIT involvement.

The above study found that CP patients’ blunted salivary OXT release
correlated with higher state anxiety scores (Gebert et al., 2018). Another
study found that CP patients who showed impaired salivary OXT release
following physical stress also had higher levels of self-reported autistic
traits (specifically in the domains of social skills and attention switching
as measured by the Autism-Spectrum Quotient), lower levels of hedonia
when socializing, and worse scores on an emotional recognition task
than healthy controls (Brandi et al., 2020). While the aforementioned
studies support the link between salivary OXT levels and social func-
tioning deficits in CP patients, another found no relationship between
the two even when the HPIT region was implicated (Ozyurt et al., 2020).
More research is therefore needed to further characterize the relation-
ship between OXT signaling and socio-behavioral deficits in CP patients.

Because of OXT’s known role in regulating social functioning, some
researchers have investigated the effects of administering exogenous
OXT to CP patients. One case study of this novel treatment focused on a
six-year-old female diagnosed with CP involving the infundibulum and
pituitary stalk. Following surgical resection of the tumor, the patient
developed physiologic signs of hypothalamic damage and experienced
personality changes including increased social isolation, decreased in-
terest in physical contact with family members, and the development of
obsessive-compulsive behaviors. However, following treatment with
intranasal OXT, the patient began to re-engage in play with family
members and in positive social interactions with family and peers (Cook,
Miller, and Hart, 2016). In another study involving 10 patients who had
CP with HPIT involvement, the administration of a single dose of
intranasal OXT led not only to stable or improved mood in all but one
patient but also to improved emotion recognition among the patients
with damage restricted to the anterior hypothalamus (Hoffmann et al.,
2018). These results further implicate OXT signaling disruptions in the
socio-behavioral dysfunction experienced by a subset of CP patients and
suggest that OXT administration may be a potential therapeutic inter-
vention for these patients.

5.1.2. AVP

AVP deficiency is common among CP patients. However, unlike the
studies investigating OXT deficiencies that measure the concentrations
of the neuropeptide directly, many of the studies investigating AVP
deficiencies report rates of central DI, a condition that results from a lack
of AVP (Kalra et al., 2016). The presence of central DI can therefore be
interpreted as an indication of AVP dysregulation, and the studies that
report rates of DI among CP patients allow us to indirectly infer the effect
of CP on patients’ AVP signaling. Rates of DI in CP vary widely, ranging
from eight to 35% of patients pre-operatively and 70-90%
post-operatively (Ghirardello et al., 2006). The one study we identified
that directly measured AVP concentrations found that 3.4% of CP pa-
tients had low concentrations of AVP prior to undergoing tumor resec-
tion for their CP, but this percentage increased significantly to 8.7%
after surgery. The same study found that 29.7% of CP patients who did
not have DI prior to surgery were diagnosed with the condition post-
operatively. Existing DI also worsened for 70.4% of patients after sur-
gery (Shi et al., 2017). This suggests that while AVP signaling may be
altered by CP, there may also be iatrogenic causes to the AVP dysregu-
lation seen in some of these patients. And while the study that found that
there was no correlation between central DI and OXT levels (Gebert
et al., 2018), no studies published to date have directly studied the link
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between AVP deficiency/central DI and socio-behavioral dysfunction in
patients with CP.

Without studies that assess the socio-behavioral impact of altered
AVP signaling in CP patients, we cannot state with certainty what impact
the neuropeptide has on the social and behavioral dysfunction experi-
enced by these individuals. However, with both the preclinical and
clinical literature suggesting a strong association between AVP and so-
cial behavior, it is reasonable to hypothesize that the two are related.

5.2. OXT and AVP signaling in CNS LCH

5.2.1. OXT

While a literature search was performed, we could not identify any
studies that have systematically evaluated OXT concentrations among
CNS LCH patients. However, some reports of women with childhood
CNS LCH have attempted to link challenges with aspects of parturition
and lactation to disrupted OXT signaling. One woman with CNS LCH
was included in a case report of four females with HPIT damage and
presumed OXT deficiency. While the pregnancy was uneventful, OXT
had to be administered during the third stage of labor to enhance uterine
contractions in order to control postpartum hemorrhage. Following
delivery, milk let-down did not occur and thus breastfeeding was not
possible (Shinar, Many, and Maslovitz, 2016). These observations sug-
gest that there was at least some amount of OXT dysregulation in this
individual with childhood CNS LCH. In another case study, a woman
with known central DI and presumed CNS LCH and OXT deficiency
underwent normal delivery and spontaneous lactation (Clark and
Houlden, 2018). In addition to the fact that both involved single case
studies, another limitation to these examples is that OXT was not
measured directly but was rather assumed to be deficient. Future studies
involving patients with CNS LCH that directly measure OXT concen-
trations and concomitantly assess social functioning are needed to gain a
better understanding of the relationship between potential OXT
signaling disruptions and socio-behavioral dysfunction in these patients.

5.2.2. AVP

AVP deficiency in patients with CNS LCH, like in patients with CP,
was only captured indirectly via a diagnosis of central DI. The preva-
lence of DI among patients with LCH varies depending on the location of
disease involvement and on the presence of multisystem disease. In one
study involving 1741 patients with biopsy-proven LCH, DI was present
in 6% of individuals at the time of diagnosis and in 12% of individuals at
the time the study was conducted. The 10-year risk of DI was 23% in
multisystem LCH patients and 7% in single system patients (Grois et al.,
2006). The neuroanatomical distribution of LCH also seems to influence
the development of DI (and, therefore, of AVP dysregulation). One study
reported that nine of 12 (75%) patients with LCH and DI had a thickened
pituitary stalk (Liu et al., 2013), while another found pituitary stalk
thickening in all of the patients with co-occurring LCH and DI (Tien,
Kucharczyk, and Kucharczyk, 1991).

Like the data on AVP deficiency in patients with CP, the aforemen-
tioned studies have significant limitations in regards to their application
to this review, the two primary ones being the lack of direct quantifi-
cation of AVP and no accompanying reports of behavioral data. Further
research is therefore needed before drawing conclusions on the impact
that AVP dysregulation has on social and behavioral dysfunction in this
patient population.

5.3. OXT and AVP signaling in IGCTs

5.3.1. OXT

A search of the literature revealed no studies that investigated OXT
concentrations in patients with IGCTs, highlighting the need for more
research into how IGCTs impact this neuropeptide.
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5.3.2. AVP

As with CP and LCH, AVP dysregulation in patients with IGCTs is
captured through the development central DI. The prevalence of DI
varies widely based on germ cell tumor location and subtype. Tumors in
the suprasellar region, pineal region, and pituitary stalk have all been
associated with the development of DI (Wang, Zou, and Gao, 2010; Liu
et al., 2013; Patti et al., 2022). Tumor localization plays a large role in
the likelihood of a patient developing DI. One study showed that while
86% of patients with neurohypophyseal tumors developed DI, only three
percent of those with pineal lesions developed the condition (Matsutani,
2004). Surgical intervention may also cause alterations in AVP
signaling. A study of sixteen patients with IGCTs reported that while
twelve (75%) had DI prior to surgical intervention, the remaining four
(25%) developed DI after surgical intervention (Saeki et al., 2000). It is
again important to note that none of these studies measured AVP
directly or evaluated the behavioral impacts of neuropeptide dysregu-
lation, thereby highlighting the urgent need to conduct further research
into the impact IGCTs have on AVP signaling and subsequent alterations
in socio-behavioral functioning.

6. Discussion

There is robust clinical evidence for the development of socio-
behavioral dysfunction across disorders of HPIT involvement. Addi-
tionally, the majority of CP and CNS LCH patients, as well as a smaller
fraction of IGCT patients, develop pathology in the hypothalamus and/
or pituitary: Structures implicated in OXT/AVP production and
signaling. Given OXT and AVP’s roles in regulating social behaviors
across mammalian species and the evidence suggesting that HPIT
damage disrupts the signaling of these neuropeptides, socio-behavioral
dysfunction observed in some patients with CP, CNS LCH, and IGCTs
may be due to OXT and AVP processing impairments via damaged HPIT
structures in the brain. This hypothesis presents an acquired model of
social disruption: One that is due to the presence of a developed disorder
rather than a congenital defect. Under this model, damage to the hy-
pothalamus and pituitary in disorders of HPIT involvement leads to
disrupted OXT and AVP production (hypothalamus) and/or release
(hypothalamus/pituitary). Such injuries may then, via the dysregulation
of OXT and AVP, impact downstream social behaviors and cause the
socio-behavioral dysfunction seen in some patients with CP, CNS LCH,
and IGCTs. This model therefore offers the hope that targeting these
pathways with early therapeutic interventions may prevent or reverse
socio-behavioral dysfunction in patients with these disorders.

7. Gaps in knowledge and future research directions

While the preclinical research provides a strong argument for the
role of OXT and AVP in socio-behavioral functioning and the potential
for these neuropeptides to become altered following damage to the HPIT
region, there have not been any preclinical studies investigating the
impact of CP, CNS LCH, and IGCTs on OXT/AVP signaling or on socio-
behavioral functioning. Animal models have not yet been developed
for CNS LCH or IGCTs, and while models exist for CP, they have not been
utilized to study OXT/AVP signaling or socio-behavioral functioning.
One important area for future research therefore is the development of
appropriate animal models of CNS LCH and IGCTs and the subsequent
utilization of these models, along with the pre-existing models of CP, to
study OXT/AVP signaling and socio-behavioral functioning. These
models will allow for more tractable experiments than are possible in
humans and will thus have the ability to greatly increase our under-
standing of the relationship between disorders of HPIT involvement,
OXT/AVP signaling, and socio-behavioral functioning. The results of
these experiments can then guide future research involving human
subjects, providing the foundation for studies that could impact the
clinical management and outcomes of patients with disorders of HPIT
involvement and co-occurring socio-behavioral dysfunction. These
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animal models would also facilitate future research on the impact that
disorders of HPIT involvement may have on other neurotransmitters,
such as serotonin and dopamine, which are influenced by OXT signaling
and also modulate social behavior (Lefevre et al., 2018; Nunes et al.,
2021).

The clinical evidence for the relationship between disorders of HPIT
involvement, OXT/AVP signaling, and socio-behavioral deficits is
similarly lacking in critical areas. Due to the limited clinical evidence
investigating the presence of dysregulated OXT/AVP signaling and
socio-behavioral dysfunction among patients with disorders of HPIT
involvement, more research needs to be conducted to better characterize
the deficits evidenced in the biochemical and behavioral phenotypes of
CP, CNS LCH, and IGCTs. While there have been a few studies that
directly measure the impact of CP on OXT signaling (Gebert et al., 2018;
Brandi et al., 2020), there have not been studies that investigate the
direct effect of CNS LCH or IGCTs on OXT signaling. And while clinical
evidence among pregnant women with childhood LCH show mixed ef-
fects regarding the condition’s potential impact on OXT signaling (Shi-
nar, Many, and Maslovitz, 2016; Clark and Houlden, 2018), without
directly measuring neuropeptide concentrations it is difficult, if not
impossible, to capture the disease’s direct impact on
behaviorally-relevant OXT production and release. To this end, future
research should measure baseline and stimulated OXT concentrations in
CNS LCH and IGCT patients to evaluate general OXT dysregulation as
well as whether these putative OXT production/signaling deficits
correlate with social and behavioral functional impairments.

Future research must also directly measure the impact that CP, CNS
LCH, and IGCTs have on AVP signaling. We were only able to identify
one clinical study that directly measured AVP concentrations in a cohort
of patients with CP (Shi et al., 2017); we otherwise had to utilize a
diagnosis of central DI to estimate AVP dysregulation in all other studies
included in this review. While a diagnosis of central DI is reflective of
reduced AVP concentrations (Di lorgi et al., 2012), it does not allow for
the direct quantification of AVP. Without measuring the concentration
of AVP in patients with CP, CNS LCH, or IGCTs, researchers are unable to
fully capture the effect that these disorders of HPIT involvement have on
the neuropeptide’s production and signaling. Further, while there is
some evidence suggesting alterations to socio-behavior functioning in
patients with central DI (Nabe et al., 2007), future studies that quantify
AVP concentrations in patients with disorders of HPIT involvement must
also collect social and behavioral data. This will facilitate an improved
understanding of the relationship between AVP disruption and changes
in the socio-behavioral functioning in patients with disorders of HPIT
involvement.

8. Conclusions

The present synthesis of the disease characteristics, relevant pre-
clinical research, and clinical studies of CP, CNS LCH, and IGCTs pro-
vides ample evidence to suggest that the socio-behavioral deficits
experienced by a subset of patients with these disorders of HPIT
involvement may be caused in part by OXT and/or AVP signaling dis-
ruptions that occur due to hypothalamic and/or pituitary damage. The
co-occurring socio-behavioral dysfunction experienced by patients with
CP, CNS LCH, or IGCTs can be debilitating, and there is currently no
standardized treatment available to lessen the social and behavioral
impact of these diseases. Gaining a better understanding of the biolog-
ical underpinnings of the socio-behavioral dysfunction frequently
observed in patients with disorders of HPIT involvement will help
inform clinical care and guide the development of best practices in
treating these patients. By proposing the aforementioned hypothesis
that these socio-behavioral deficits are due to a neurohormonal imbal-
ance and calling for further preclinical and clinical research on the
subject, we are one step closer to providing these patients with effective,
evidence-based pharmacological interventions that will lead to im-
provements in their socio-behavioral functioning and quality of life.
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Figure S1. MRI of a 60-year-old female with a normal hypothalamic-pituitary axis.

A: Sagittal T1-weighted MRI without gadolinium-based contrast agent demonstrates the sella
turcica superior to the sphenoid sinus (SS) and housing the normal pituitary gland, with anterior
lobe (asterisk) and posterior lobe (arrow) indicated. Note the characteristic high signal of the
posterior lobe of the gland (“bright spot”), situated immediately anterior to the dorsum sella. B:
Coronal T1-weighted MRI without gadolinium demonstrates the normal anterior lobe of the
pituitary in the sella turcica superior to the sphenoid sinus (SS). The cavernous segment of the
internal carotid artery [C] is seen on either side of the gland. The infundibulum (pituitary stalk,
long arrow) and optic chiasm (short arrow) are indicated. C: Sagittal T1-weighted MRI post-
gadolinium shows homogeneous enhancement of the adenohypophysis (arrow). The posterior
pituitary cannot be clearly appreciated on the post-contrast image as it is similar in signal
intensity to the enhancing anterior lobe. Note that the normal and slender pituitary stalk also
demonstrates enhancement. D: Coronal T1-weighted MRI post-gadolinium, with the enhancing
pituitary stalk indicated (arrow). E: Coronal T2-weighted MRI indicates the pituitary gland
(asterisk), stalk (long arrow), and optic chiasm (short arrow). The frontal horn of the right lateral
ventricle is indicated (V). F: Coronal T2-weighted image slightly posterior to E. indicates the

hypothalamus (arrows) on either side of the anteroinferior third ventricle (3).
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