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Abstract

Oxytocin (OT) subserves various physiological, behavioral, and cognitive processes. This paired
with the ability to administer OT with minimal and inconsistent side effects has spurred research
to explore its therapeutic potential. Findings from single-dose studies indicate that OT
administration may be beneficial, at least under certain circumstances. The state of the field,
however, is less clear regarding effects from chronic OT administration, which more closely
resembles long-term treatment. To address this gap, this review synthesizes existing findings on
the use of chronic OT administration in animal and human work. In addition to detailing the
effects of chronic OT administration across different functional domains, this review highlights
factors that have contributed to mixed findings. Based on this review, a basic framework of
interrelated regulatory functions sensitive to chronic OT administration is offered. The paper also
identifies future research directions across different contexts, populations, and outcomes,
specifically calling for more systematic and standardized research on chronic OT administration in
humans to supplement and expand what is currently known from preclinical work.
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1. Introduction

Oxytocin (OT) is a complex, multifunctional neuropeptide that is endogenously synthesized
by the magnocellular neurosecretory cells of the paraventricular and supraoptic nuclei of the
hypothalamus (Insel, 2010). OT release is related to social functioning in mammals along
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with a range of other evolutionarily adaptive and coordinated functions that span
physiological, cognitive, and behavioral domains (Macdonald and Feifel, 2013; Roney,
2016).

The ability to artificially synthesize and intranasally administer OT has catalyzed fast-
growing lines of research on clinical and healthy populations. Research has focused on the
modulatory effects of OT administration in addition to the mechanisms underlying these
effects relative to endogenous functions (Alvares et al., 2017; Du Vigneaud, 1956). The
promise of OT administration as an investigative and therapeutic tool has also been
supported by the minimal and inconsistent side effects observed in humans, primarily when
administered intranasally and in single doses (MacDonald et al., 2011).

Tempering the initial enthusiasm over OT administration as a universal treatment, more
recent investigations have indicated that its effects likely depend on contextual and
interindividual factors, such as age and sex (Ebner et al., 2016, 2015, 2013; Huffmeijer et al.,
2013; OIff et al., 2013; Shamay-Tsoory and Abu-Akel, 2016). Also, much of our current
knowledge on the effects of OT administration is restricted to short-term, single-dose trials
(MacDonald et al., 2011; Shahrestani, Kemp, & Guastella, 2013). Though short-term and
single-dose trials can be useful for determining the acute, modulatory effects of OT on
outcomes of interest, significant challenges for clinical translation persist.

Namely, acute, single-dose trials are not representative of long-term treatment. Because
certain functional impairments have lifelong impacts on quality of life (e.g., schizophrenia,
stress disorders), it is improbable that a single administration will constitute an effective
treatment plan (Macdonald and Feifel, 2013). Further, due to the quick degradation of OT
after administration (i.e., ~two minutes in the blood and ~20 minutes in the central nervous
system) (Mens et al., 1983; Striepens et al., 2013), any effects captured by single-dose trials
may not be long-lasting. Inferences made from single-dose OT trials are also limited for
clinical application because a single-dose of OT may yield effects that are practically
insignificant or even counter to therapeutic intention (Macdonald and Feifel, 2013).

Rather, investigations that use repeated, daily (i.e., chronic) OT administration offer greater
ecological validity in assessing the neuropeptide’s efficacy as a treatment. An investigative
focus on chronic OT administration can lead to new waves of evidence for treating clinical
dysfunction and may even result in support for functional optimization in healthy
populations (Bethlehem et al., 2013; Gimpl and Fahrenholz, 2001; Insel, 2010). Thus,
larger-scale trials that involve repeated exposure to OT over time in both animals and
humans are on the rise.

Exogenous OT can be chronically administered via different routes (e.g., central infusion in
preclinical trials, intranasal administration in animals and humans) and dosages (Box 1),
which has contributed to a burgeoning literature. Existing studies, however, vary widely in
conceptual application depending on the population examined. Given the literature that has
proliferated in recent years and the need for safe and effective treatments, there is a demand
for consolidating evidence on the effects of chronic OT administration across disciplines.
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To address this gap, we conducted a systematic review that synthesizes current findings from
animal and human work on chronic OT administration that assess the neuropeptide’s
efficacy as a pharmacological treatment. Bringing together cross-disciplinary findings has
the potential to advance knowledge on the effects of chronic OT and identify future
opportunities for translational research. A synthesis of findings from both animal and human
work is especially critical for a comprehensive understanding of chronic OT administration
that includes the moderating effects of contextual and interindividual factors (OIff et al.,
2013).

We first present the methods for this review, including clarification of exclusion criteria that
directed the literature selection (Figure 1). Then a systematic review of the existent literature
on the effects of chronic OT administration follows (Figure 2). Next, we highlight
conceptual and methodological factors that have contributed to mixed findings across studies
(Figure 3). We then introduce a basic framework of the broader, interrelated regulatory
functions sensitive to chronic OT administration (Figure 4) and conclude with a reflection of
future directions for conducting systematic research in different contexts and populations.
As identified through this review, several promising avenues for advancement in this field
are apparent, which have great relevance not only for those interested in the OT system but
also for pharmacological research more broadly.

Methodology and Materials

2.1 Literature search and selection

To keep this review concise and representative of investigations crucial for clinical
translation (Macdonald and Feifel, 2013), we defined chronic OT as the repeated, daily
administration of OT. The literature search was conducted by the first and second author and
a research assistant using online academic repositories, including PubMed, Google Scholar,
and OneSearch (Figure 1). Search terms included “oxytocin administration” paired with
“chronic,” “daily,” “repeated,” “long-term,” and/or “prolonged.” Bibliographies of resulting
publications were also reviewed to identify additional records. Dosage practices and
administration routes vary widely in research as summarized in Box 1. No limitations were
placed on daily dosage practices or administration routes.

We excluded investigations that involved repeated OT administration in a single session or
did not clearly state administration frequency or duration. This review did not include
studies involving prolonged OT exposure in the context of labor and lactation (Erickson and
Emeis, 2017; Smith and Merrill, 2006). Also, findings that involved repeated exposure to OT
agonists or antagonists or utilized OT knockout models were not reviewed. Furthermore,
case reports were excluded due to their low potential for generalizability but are summarized
elsewhere (Macdonald and Feifel, 2013). Current evidence shows that OT is well-tolerated
in different populations (Anagnostou et al., 2014; DeMayo et al., 2017; Finger et al., 2015;
Mameli et al., 2014; Miller et al., 2017), therefore a discussion on the side effects of chronic
OT is limited.

As summarized in Figure 1, these criteria yielded 97 peer-reviewed, journal articles
published between 1985 and early 2018 in English (55 pre-clinical and 41 human records,
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plus Zhang et al., 2013, a single publication that examined both animal models and human
patients). The literature review and selection process began in October 2017 and ended in
February 2018.

3. Results

3.1 Domains of chronic OT research

As shown in Figure 2, the literature converged around seven major research domains,
including stress and anxiety; addiction and withdrawal; inflammation and pain; sexual
dysfunction; metabolism and weight; social engagement and attachment; and social and
cognitive dysfunction.

Table 1 (animal work) and Table 2 (human work) summarize the studies included in this
review. Studies that involved chronic OT administration in conjunction with other
pharmacological and non-pharmacological treatments (i.e., as an adjunctive treatment) are
listed separately in Table 3. The Supplementary Material summarizes studies that involved
repeated, yet intermittent OT administration (e.g., once per week for 9 weeks) as they did
not fit our definition of chronic OT but may still be of interest to readers (Supplementary
Tables 1 and 2).

3.2 Literature review and synthesis

3.2.1 Stress and anxiety—Stress- and anxiety-inducing stimuli activate the central and
peripheral release of OT, supporting stress regulation as one of the major functions of the
neuropeptide (Neumann and Slattery, 2016). Similarly, OT release is associated with the
suppression of basal and stress-induced hormonal activity across the hypothalamic-pituitary-
adrenal (HPA) axis, which is the major neuroendocrine system that coordinates the stress
response (Landgraf and Neumann, 2004). OT release has also been discussed as a
physiological mechanism that facilitates social support and bonding associated with HPA-
axis downregulation (DeVries et al., 2003). The activation of the endogenous OT system in
stressful situations has led researchers to consider the extent to which OT administration can
reduce stress and anxiety in animals and humans (Landgraf and Neumann, 2004; Neumann
and Slattery, 2016).

In animals, chronic OT administration modulated receptor expression and binding in brain
regions involved in the stress response (Diaz-Cabiale et al., 2000; Havranek et al., 2015;
Petersson et al., 2005a; Petersson and Uvnas-Moberg, 2003; Windle et al., 2004). For
example, peripherally administered chronic OT in rats was associated with higher densities
of high-affinity a2-adrenoceptors and a2 agonist binding sites in regions ample in OT
receptors (OXTR) and a2-adrenoceptors like the hypothalamus and amygdala (Diaz-Cabiale
et al., 2000; Petersson et al., 2005a). Chronic OT has also been shown to prevent reductions
in OXTR binding that occurs under chronic stress (Peters et al.,2014).

The stress-regulatory effects of chronic OT were further demonstrated by reductions of
stress-related hormones in animals (e.g., corticosterone, adrenocorticotropic hormone
(ACTH)) (Parker et al., 2005; Petersson et al., 2005a, 2005b, 1999a; Windle et al., 2004,
1997) (See Rault et al., 2013 for an exception). For example, intranasal chronic OT was
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associated with attenuated ACTH levels compared to placebo after a socially stressful event
in monkeys (Parker et al., 2005). OT-related alterations in receptor expression, binding, and
peripheral hormone levels can dampen HPA-axis activity (Parker et al., 2005; Petersson et
al., 2005a, 1999a; Petersson and Uvnas-Moberg, 2003; Windle et al., 2004, 1997) or prevent
its upregulation in stressful situations (Peters et al., 2014; Windle et al., 2004).

Chronic OT positively modulated other correlates of stress and anxiety in animals. For
example, beneficial behavioral effects have been observed in animal models of high anxiety
(Slattery and Neumann, 2010) and post-traumatic stress disorder (PTSD) (Janezic et al.,
2016) as well as in animals acutely stressed by white noise (Windle et al., 1997).

Several preclinical studies have also demonstrated that chronic OT has potentially long-
lasting effects on cardiovascular responses (Petersson et al., 1999a, 1999c, 1996a).
Cardiovascular reactivity to stress (e.g., increased heart rate, blood pressure) can be
maladaptive in situations of long-term, persistent stress and may increase the risk of heart
disease, hypertension, and/or stroke. OT-related cardiovascular influence is indicated by the
presence of OXTR in the heart of animals and humans (Grewen and Light, 2011; Gutkowska
and Jankowski, 2012) and the coordinated response of the endogenous OT system (e.qg.,
greater plasma OT) with cardiovascular changes (e.g., greater vasodilation) during stress in
humans (Grewen and Light, 2011).

In animals, chronic OT administration was consistently associated with reduced blood
pressure (Holst et al., 2002; Petersson et al., 1999¢, 1999d, 1996a). One study also
demonstrated that chronic OT promoted the effects of clonidine, an a2-adrenoceptor
agonist, in reducing blood pressure (Petersson et al., 1999d). This research indicates that
chronic OT may be useful as an adjunctive treatment for hypertension.

Other preclinical work, however, has shown that chronic OT increased (Peters et al., 2014;
Rault et al., 2013) or had no effect on certain correlates of stress and anxiety (Bales et al.,
2013; Havranek et al., 2015; Huang et al., 2014). These mixed findings across preclinical
studies may be due to methodological differences, such as the animal model examined
(Peters et al., 2014; Rault et al., 2013). Importantly, these mixed effects can also be due to
differences in OT dosage. For example, reductions in blood pressure and corticosterone
levels were observed in response to higher doses of OT in studies that assessed multiple
doses (Petersson et al., 1996a; Windle et al., 1997). In contrast, lower doses appear to be
more effective in preventing anxious behavior in response to a stressful experience (Peters et
al., 2014).

The efficacy of chronic OT in improving measures of stress and anxiety also depends on
contextual factors, such as the developmental period during which chronic OT was
administered (Rault et al., 2013) and the type of stress experienced (e.g., social vs. non-
social stress; exposure to familiar vs. unfamiliar others) (Parker et al., 2005; Windle et al.,
2004, 1997)). Within studies, interindividual factors can also moderate effects, including the
sex (Bales et al., 2013) and genotype of the subject (Bales et al., 2014; Slattery and
Neumann, 2010).
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In humans, repeated and long-term exposure to stressors may dysregulate the HPA-axis and
lead to pathological disturbances characterized by persistent anxiety (Charmandari et al.,
2005; Engelmann et al., 2004). Thus, OT may be useful as a treatment for stress- and
anxiety-related disorders, especially due to its minimal side effects and low potential for
dependence compared to anti-anxiety medications (Engelmann et al., 2004; MacDonald and
Feifel, 2014; Neumann and Slattery, 2016). For reviews of OT effects on stress and anxiety,
see Neumann and Slattery (2016) and MacDonald and Feifel (2014).

To date, however, very few studies have examined the effects of daily, repeated OT
administration on stress and anxiety in humans. In patients who scored high on a clinician-
administered PTSD symptom severity scale following a traumatic event, chronic OT (40 1U,
twice-daily for eight days) compared to placebo was associated with lower symptom severity
at follow-up. Thus, chronic OT treatment may be protective for those at increased risk of
developing PTSD (van Zuiden et al., 2017). Another study on individuals with treatment-
resistant depression found that a low dose of OT (8 U, twice-daily for four weeks) used in
conjunction with the antidepressant escitalopram improved depressive and anxiety severity
scores and evaluations on quality of life. However, interpretation of these findings is limited
by the absence of placebo comparison (Scantamburlo et al., 2015).

The efficacy of chronic OT in improving measures of stress and anxiety is contextually
variable (Parker et al., 2005; Rault et al., 2013; Windle et al., 2004, 1997) and depends on
interindividual and methodological factors. More work is needed to distinguish the
moderating effects of these factors. Additionally, determination of dose-dependent chronic
OT effects on physiological and behavioral outcomes relevant to stress and anxiety reduction
will contribute to a mechanistic understanding of OT’s therapeutic effects.

While there is much preclinical evidence on chronic OT effects on physiological and
behavioral correlates of stress and anxiety, human research is critically needed. More
research on chronic OT effects in individuals with PTSD and other disorders characterized
by maladaptive stress and anxiety is especially warranted. Both animal and human work
would also benefit from longer-term, randomized, placebo-controlled trials utilizing non-
invasive administration to foster translational research.

3.2.2 Addiction and withdrawal—Repeated drug exposure can result in addiction,
which is facilitated by dysfunctional learning and memory processes (Lee et al., 20163;
Sarnyai and Kovécs, 2014). Repeated drug exposure also impacts the natural production of
OT, though the shared mechanism underlying this effect across different substances is
unclear (Lee et al., 2016a). A broad body of, mostly preclinical, research has indicated that
OT administration inhibits the maladaptive underlying processes of addiction to substances,
such as opiates, psychostimulants, and alcohol. In addition to altering learning and memory,
OT may counteract and break down addiction and assist with recovering from withdrawal by
modulating neural pathways related to reward, stress, and social behavior (Sarnyai and
Kovécs, 2014). This evidence is largely drawn from acute OT administration studies (Lee et
al., 2016a; Sarnyai and Kovéacs, 2014). Comparatively, there are relatively few studies on the
effects of chronic OT on addiction and withdrawal. See Sarnyai and Kovacs (2014) and Lee
et al. (2016a) for reviews on OT, drug addiction, and withdrawal.
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The efficacy of OT administration in altering the neuroadaptations relating to substance
abuse can vary by addictive substance and context surrounding OT administration (e.g.,
whether or not tolerance has been established prior to OT administration). For example, one
study demonstrated that heroin self-administration was acquired more quickly in heroin-
tolerant over heroin-naive rats. Although chronic OT had no effect on acquisition of this
behavior in naive rats, it slowed acquisition in tolerant rats. Similarly, chronic OT helped to
drop the self-administration rate in tolerant rats to the rate of naive rats (Kovécs et al.,
1985a). Peripheral OT pretreatment, furthermore, reduced tolerance in heroin-tolerant mice
(Kovacs et al., 1985b) and prevented the development of heroin-enkephalin cross-tolerance
(Krivén et al., 1992).

Regarding psychostimulants, chronic peripheral OT pretreatment (0.05 pg) and
intrahippocampal infusion (100 pg) prevented the development of tolerance in rats (Sarnyai
et al., 1992a). Similarly, subcutaneous OT pretreatment at a dose of 0.5 pg, compared to
lower doses, increased behavioral sensitization to cocaine in mice (Sarnyai et al., 1992b).
Efficacy of chronic OT pretreatment was found to be dose-dependent for methamphetamine
self-administration, with higher OT doses associated with reduced drug responding (Carson
etal., 2010).

Regarding alcohol, peripheral OT administered daily resulted in reduced consumption in rats
(Bowen et al., 2011), mild withdrawal symptoms in mice (Szabo et al., 1987), and prevented
tolerance in mice (Szabo et al., 1985). Peripheral OT pretreatment may specifically disrupt
conditioning related to alcohol tolerance (Tirelli et al., 1992).

Though much more limited than preclinical research, current evidence in humans supports
the notion that chronic OT attenuates addiction and withdrawal (Pedersen et al., 2013;
Stauffer et al., 2016). A two-week study demonstrated that intranasal OT (40 IU, twice-
daily) along with methadone treatment lowered cocaine craving (while it maintained heroin
craving) for individuals with heroin and co-occurring cocaine use disorder, showing promise
as a potential adjunctive treatment. OT was also associated with positive changes in drug-
related implicit cognition and more accurate self-reporting of cocaine use (Stauffer et al.,
2016). Intranasal OT, compared to placebo, administered for three days among alcohol-
dependent individuals was also associated with decreased alcohol withdrawal and lorazepam
needed for detoxification (Pedersen et al., 2013).

Overall, chronic OT may attenuate symptoms and behaviors related to addiction and
withdrawal for different substances. However, these effects depend on the specific substance
and context of OT administration. OT mechanisms of action for altering addiction and
withdrawal are currently still underspecified. For example, though chronic OT can block
tolerance for a variety of drugs this is likely via different mechanisms that are not well
understood yet. Human research across distinct phases of addiction and withdrawal is also
crucially needed (Lee et al., 2016a). It is possible that, in addition to breaking down the
learning and memory processes that facilitate drug addiction and withdrawal, the anxiolytic
and anti-stress properties of OT play a role. Also, OT-enhanced social salience may augment
therapeutic effects (Lee et al., 2016a; Shamay-Tsoory and Abu-Akel, 2016). For example,
OT may be more effective for stress relief among individuals with strong social connections
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(Heinrichs et al., 2003). It is possible that the relationship between stress-related and social
regulatory processes sensitive to OT can be leveraged to prevent stress-induced relapse (Lee
et al., 2016a). However, this link has not been systematically examined in a chronic
administration context among individuals recovering from addiction.

3.2.3 Inflammation and pain—Inflammatory cytokines released from the spinal cord,
dorsal ganglion, and nerve injury sites are associated with pathological pain (Zhang and An,
2007). Little to no pharmacological interventions are effective for long-term pathological
pain. This represents a growing public health concern given that many available pain
treatments are associated with severe side effects and dependence after prolonged use
(Goodin et al., 2015). OT, in contrast, is not associated with these risks.

OT’s involvement in pain signaling is indicated by the presence of oxytocinergic projections
from the paraventricular nucleus to the spinal cord and OX7R in nociceptive fibers (Goodin
et al., 2015; Rash et al., 2014). OT secretion has also been associated with reduced
inflammatory biomarker expression (Ahmed and Elosaily, 2011; Clodi et al., 2008;
Jankowski et al., 2010; Szeto et al., 2013) and increased pain tolerance (Rash et al., 2014).
OT administration may modulate endogenous OT and inflammatory biomarker levels
relevant for pain reduction/tolerance and wound healing (Clodi et al., 2008; Detillion et al.,
2004; Gouin et al., 2010; Rash et al., 2014). For a review on OT and analgesia, see Rash et
al. (2014).

Although inflammation and pain are interrelated, they have been independently investigated
in the context of chronic OT. Associations between inflammation and chronic OT are mixed.
On one hand, chronic OT has decreased pro-inflammatory response in animals (Ahmed and
Elosaily, 2011). Specifically, continuous OT administration reduced (Jankowski et al., 2010),
slowed (Ahmed and Elosaily, 2011), and prevented inflammation and oxidative stress
relating to heart disease (Plante et al., 2015; Szeto et al., 2013). Colonic inflammation
relating to stress has also been reduced by chronic OT (Peters et al., 2014). On the other
hand, chronic OT contributed to DNA damage in the rat hippocampus by increasing
oxidative stress over extended periods of treatment (e.g., 21 days). These mixed findings
warrant future research on the long-term safety of chronic OT (Leffa et al., 2017).
Mechanistic research on chronic OT’s anti-inflammatory properties is furthermore needed,
especially in terms of the indirect pathways by which OT modulates inflammation (e.g., via
suppression of the HPA-axis) (Peters et al., 2014).

Regarding pain, animal research has reliably demonstrated that central and peripheral
chronic OT relieves acute pain and increases long-term pain tolerance (Petersson et al.,
2005b, 1996b; Rash et al., 2014; Uvnas-Moberg et al., 1998). Human research suggests that
OT may decrease pain experience and that higher endogenous levels of OT are associated
with lower pain sensitivity (Rash et al., 2014). However, the involvement of OT in analgesia
in humans is far less researched than in animals and results are less reliable, especially in the
context of chronic administration. For example, one study indicated that 13 weeks of OT (40
IU, twice-daily) improved abdominal pain, discomfort, and depressed mood in individuals
with chronic constipation (Ohlsson et al., 2005). However, this study was not sufficiently
powered to detect significant effects when compared to the placebo group. Additionally, a

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horta et al.

Page 9

crossover study among fibromyalgia patients found no therapeutic effects of daily intranasal
OT administration (80 1U) for three weeks when used in conjunction with nonsteroidal
painkillers (Mameli et al., 2014). This investigation was limited by a small sample. The lack
of beneficial effects from OT across these two human studies, however, could have been due
to other methodological factors, such as the dosage and duration of administration.

Further investigation is needed to better determine the effectiveness of chronic OT in, and
the mechanisms underlying, inflammation and pain reduction in humans. In particular, the
indirect mechanisms by which OT can affect pain should be explored further. It is possible
that OT indirectly attenuates pain via stress and anxiety reduction (Goodin et al., 2015)
and/or via interaction with the endogenous opioid system (Garcia-Boll et al., 2018; Goodin
et al., 2015; Taati and Tamaddonfard, 2018; Yang, 1994). Systematic investigation of dosage
and treatment duration are also needed to determine therapeutic potential across other pain-
related disorders.

3.2.4 Sexual dysfunction—While early investigations in humans centered on the
effects of prolonged exposure to OT in the context of labor and post-partum (Bell et al.,
2014; Gimpl and Fahrenholz, 2001), recent work has more broadly investigated OT
modulation of sexual function and behavior (Behnia et al., 2014; Burri et al., 2008; Carter,
1992). Single-dose trials and case reports indicating an association between OT
administration and enhanced sexual function have warranted investigations on chronic OT
administration as a potential treatment for sexual dysfunction (Anderson-Hunt and
Dennerstein, 1994; IsHak et al., 2008; MacDonald and Feifel, 2012).

Physiological changes in adult development can impact sexual functioning (Kingsberg,
2002). In particular, the thinning, dryness, and inflammation of the vaginal walls due to
declines in circulating estrogen negatively affects the experience of intercourse and orgasm
in post-menopausal women. Chronic OT exposure through gel application combats post-
menopausal vaginal atrophy (Goldstein and Alexander, 2005). Several multidose and
multiweek studies have demonstrated improved vaginal atrophy measures and the
experience of painful intercourse (dyspareunia) in post-menopausal women using OT gel
(Al-Saqi et al., 2016, 2015; Torky et al., 2018).

Improved physiology and symptomatology of post-menopausal vaginal atrophy can
potentially enhance sexual function. The widely available estrogen-based treatments for this
condition, however, have been associated with little to moderate improvements in sexual
function and postmenopausal hormone use is on a decline (Constantine et al., 2015).
Chronic OT administration via gel thus may be a viable option associated with minimal side
effects for those seeking alternatives to estrogen treatment (Al-Saqi et al., 2016, 2015).

Although these findings are promising, post-menopausal vaginal atrophy represents one sex-
and developmentally specific contributor to sexual dysfunction that is closely related to the
experience of pain. OT’s involvement in analgesia and stress relief may be beneficial in
conditions characterized by pain or anxiety that affect sexual function. There are also other
potential targets for chronic OT within the domain of sexual dysfunction to be explored,
including psychological and physiological factors that impede sexual motivation and

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horta et al.

Page 10

performance apparent in sexual desire/arousal disorders (Baskerville and Douglas, 2010).
However, OT administration may be efficacious for specific forms of sexual dysfunction and
groups of people. Also, sexually dimorphic responses to chronic OT will require careful
consideration in future work (Macdonald and Feifel, 2013).

3.2.5 Metabolism and weight—OT is involved in various metabolic functions and
behaviors, such as increasing energy expenditure and reducing caloric intake (Lawson, 2017;
Roberts et al., 2017). Dysfunction in the OT system, in particular, may disrupt metabolic
processes and contribute to health problems including obesity, heart disease, and diabetes
(Miller et al., 2017; Quintana et al., 2017). OT administration may be a promising treatment
for disorders associated with abnormal weight due to its endogenous functions in regulating
appetite and digestive metabolism (Lawson, 2017). OT-related weight loss, in particular, has
been associated with maintained or increased energy expenditure, increased fat oxidation,
improved satiety, and reduced caloric intake (Blevins et al., 2016). For reviews on OT effects
on metabolism and weight, see Lawson et al. (2017) and Altirriba et al. (2015).

In animals, central and peripheral chronic OT have consistently demonstrated reductions in
caloric intake (Balazova et al., 2016; Blevins et al., 2016, 2015; Deblon et al., 2011; lwasaki
etal., 2015; Maejima et al., 2011; Morton et al., 2012; Roberts et al., 2017; Uvnas-Moberg
etal., 1996); weight (Balazova et al., 2016; Blevins et al., 2016, 2015; Deblon et al., 2011,
Iwasaki et al., 2015; Maejima et al., 2011; Morton et al., 2012; Petersson and Uvnés-
Moberg, 2008; Roberts et al., 2017); adipocyte size (Balazova et al., 2016; Eckertova et al.,
2011; Maejima et al., 2011); and body fat (Blevins et al., 2016; Deblon et al., 2011; Maejima
etal., 2011; Morton et al., 2012; Plante et al., 2015; Roberts et al., 2017). Chronic OT also
altered endogenous peptide levels (Lawson, 2017; Petersson, 2002; Petersson et al., 1999b;
Zhang et al., 2013) and enhanced fat oxidation (Blevins et al., 2016; Deblon et al., 2011),
triglyceride uptake and lipolysis (Blevins et al., 2015; Deblon et al., 2011), and satiety in
animals (Blevins et al., 2016).

In animal models of diet-induced obesity and diabetes, chronic OT improved glucose
intolerance and insulin resistance (Deblon et al., 2011; Maejima et al., 2011; Plante et al.,
2015; Zhang et al., 2013; see Balazova et al., 2016 for an exception). Chronic OT can induce
weight loss in animals through physiological and neural mechanisms that increase the time
between feedings and suppress food-related reward (Altirriba et al., 2015; Arletti et al.,
1989; Blevins et al., 2015; Morton et al., 2012). In contrast, chronic OT may not be an
effective weight-loss intervention for non-obese or slow-to-grow animals (Balazova et al.,
2016; Leffa et al., 2017; Uvnas-Moberg et al., 1996).

In humans, chronic OT may be an effective intervention for leptin-resistant obesity (Altirriba
et al., 2015; Blevins et al., 2015; Zhang et al., 2013). OT has also increased weight loss and
decreased waist-to-hip circumference in obese and prediabetic individuals (Zhang et al.,
2013). The benefits of chronic OT for treating conditions characterized by disordered eating,
however, appear to be more indirect. For example, chronic OT (18 IU, twice-daily) given to
women with anorexia undergoing nutritional rehabilitation did not alter weight gain but did
modify disordered thoughts and stress relating to food (Russell et al., 2018).
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Impaired satiety and obesity in humans may also stem from endogenous OT dysfunction, as
observed in Prader-Willi syndrome (PWS) (Einfeld et al., 2014; Kuppens et al., 2016; Miller
et al., 2017; Tauber et al., 2017). Infants with PWS experience challenges engaging in
appropriate feeding behaviors. Chronic OT improved sucking and swallowing in infants with
PWS for several weeks in addition to some positive changes to social behavior (Tauber et al.,
2017).

Physical deficiencies in OT-related neural circuitry may impact the efficacy of OT
administration in later life. Without this scaffolding, chronic OT may not sufficiently
upregulate the endogenous system (Einfeld et al., 2014). Therefore, chronic OT may be most
beneficial among infants and young children with PWS (Einfeld et al., 2014; Kuppens et al.,
2016; Tauber et al., 2017). However, there have also been null findings in early intervention
(Einfeld et al., 2014; Miller et al., 2017). In addition, higher doses (32-40 U, twice-daily)
had unintentional behavioral consequences (i.e., increased outbursts) (Einfeld et al., 2014).
Evidence from randomized controlled trials is especially lacking for this population in
support of OT as an effective treatment (DeMayo et al., 2017).

Overall, evidence points to the benefits of chronic OT in modulating metabolism and weight,
especially in the context of obesity and diabetes. However, the beneficial effects of chronic
OT may be more indirect and contextually dependent for humans, especially in clinical
populations characterized by disordered eating. Mechanistic research utilizing non-invasive
administration in populations impacted by metabolic and weight-related impairments is
needed. Factors relating to cognition, social behavior, and development will also require
specific attention in future work (Deblon et al., 2011; Zhang et al., 2013).

3.2.6 Social engagement and bonding—Investigation of OT’s involvement in social
engagement and bonding in healthy subjects has the potential to inform the treatment of
social deficits, with consideration of contextual and interindividual variability (Calcagnoli et
al., 2014; Crockford et al., 2014).

According to the current literature, chronic OT modulated social behavior with contextual
specificity. For example, positive changes to interactions with familiar and unfamiliar others
have been observed in male rats exposed to chronic OT across several administration routes
(Bowen et al., 2011; Calcagnoli et al., 2015, 2014). Chronic peripheral OT administration in
adolescence was furthermore associated with increased positive social contact in later life
along with reductions in anxiety (Bowen et al., 2011). Similarly, reduced aggression and
increased social exploration in the presence of unfamiliar others were associated with
chronic central (Calcagnoli et al., 2014) and intranasal OT administration (Calcagnoli et al.,
2015). Chronic intranasal OT also strengthened pair-bonding with familiar female partners
(Calcagnoli et al., 2015).

In contexts where unfamiliar others were observed to be under distress, mice that underwent
chronic intranasal OT administration exhibited increased sensitivity to this distress.
Researchers have argued that this OT-related facilitation of observational fear is associated
with emotional state-matching and empathic behavior. Along with this behavioral effect,
chronic OT was associated with OXT7R downregulation in the amygdala. These findings
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indicate that rather than universally attenuating stress and anxiety, it is possible that chronic
OT selectively enhances certain stressful experiences to motivate prosocial behavior
(Pisansky et al., 2017).

In contrast to these positive outcomes, one study in male mice demonstrated that up to 21
days of chronic intranasal OT reduced social interactions regardless of familiarity in addition
to reducing OXTRin the brain (Huang et al., 2014). This finding suggests that the
endogenous OT system may be overstimulated in healthy subjects.

Other preclinical studies have indicated that chronic OT affects social behavior in a sex- and
dose-dependent manner. For example, in prairie voles, chronic intranasal OT at varying
doses impacted the development of social behavior, with potentially negative consequences
for males. Specifically, low (0.08 1U/kg) and medium doses (0.8 1U/kg) over three weeks,
but not a high dose (8 1U/kg), of chronic OT were associated with long-term deficits in pair-
bonding. This contrasts with increases in partner preference behavior observed after acute
OT administration. Acute and long-term OT effects on partner preference were not
significant in female voles (Bales et al., 2013).

Another study in female voles showed that the medium dose facilitated pair-bonding and
was associated with increased OX7R binding in the nucleus accumbens. In contrast, the
medium dose decreased endogenous vasopressin concentrations and was associated with
decreased pair-bonding in males (Guoynes et al., 2018). Thus, according to this preclinical
work chronic OT may not enhance social behavior particularly for healthy, developing
males. Because OT is under consideration as a potential treatment for disorders that emerge
in early life (e.g., autism spectrum disorder, PWS), the extent to which there may be social
impairment related to chronic OT in developing subjects needs to be further explored
(YYoung, 2013).

Although investigations on the prosocial effects of single-dose OT in humans are abundant,
few chronic OT investigations relating to social engagement or bonding in healthy humans
have been conducted. In young men, two weeks of chronic intranasal OT was associated
with positive changes to attachment, especially for those with avoidant and insecure
attachment styles (Bernaerts et al., 2017). In another study, null effects of chronic OT on
social engagement in healthy older adults were observed (Barraza et al., 2013).

Overall, findings on chronic OT effects across different outcomes relating to social
engagement and bonding in healthy subjects are mixed with some variation by dosage and
sex. Human research is especially scarce in this domain.

3.2.7 Social and cognitive dysfunction—Findings from single-dose and receptor
studies on OT’s involvement in social cognition and behavior have led to investigations on
chronic OT for the treatment of conditions characterized by social and cognitive dysfunction
(Guastella and MacLeod, 2012; Kumsta and Heinrichs, 2013; MacDonald and Macdonald,
2010). To date, findings are still scarce and mixed in this domain.

3.2.7.1 ASD: Autism spectrum disorder (ASD) comprises various neurodevelopmental
conditions with core symptoms involving challenges in social communication, obsessive
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interests, and repetitive behaviors. Effective pharmacological treatments for the social
deficits associated with ASD are lacking (Anagnostou et al., 2012). Although behavioral
interventions can have positive impacts on certain social skills, access and cost are
significant barriers to treatment (DeMayo et al., 2017). OT has emerged as a potential
candidate for pharmacological treatment due to its endogenous involvement in facilitating
social cognition and behavior and through support from some preclinical and human work
using OT administration (Anagnostou et al., 2014; DeMayo et al., 2017; Meyer-Lindenberg
etal., 2011). For reviews on OT and ASD, see Anagnostou et al. (2014), Lefevre and Sirigu
(2016), and DeMayo et al. (2017).

Various multidose and multiweek investigations have been conducted to assess the efficacy
of OT in treating ASD. In male and female genotypic mice models of ASD, peripheral OT
once every two days for eight to nine days, but not acute administration, improved social
behavior in both adolescence (Teng et al., 2013) and adulthood (Teng et al., 2016). Similar
social benefits were observed in other mice models (e.g., male BALB/cByJ) (Teng et al.,
2013) and Grinl knockdown strains (Teng et al., 2016). In female BTBR mice, intranasal
OT administered daily for 30 days increased social interactions for unfamiliar others (Bales
etal., 2014).

In humans, Anagnostou and colleagues (2012) found that six weeks of intranasal OT (24 IU,
twice-daily) in adult males improved scores on the Reading-the-Mind-in-the-Eyes test and
quality of life. However, no treatment effects on primary outcomes relating to the core
symptoms of ASD, such as repetitive behaviors, were observed (Anagnostou et al., 2012).

A later, open-label pilot study from this research group found that up to 0.4 1U/kg
(equivalent to 24 1U) over 3 months was well-tolerated in a younger population (10-17 years
old) (Anagnostou et al., 2014). Some improvements to social functioning, social cognition,
anxiety, and repetitive behaviors were also observed. However, comparisons across doses
were underpowered and findings were not compared to a placebo or control group.
Similarly, another open-label study found that 8, 16, and 24 IU of intranasal OT
administered twice-daily for two months per dose was well-tolerated in children and
associated with improvements in social communication and interactions (Tachibana et al.,
2013).

Existing randomized, placebo-controlled, crossover trials have found that chronic OT at
either 8 or 24 1U twice-daily over several weeks increased social interactions (Munesue et
al., 2016) and improved social reciprocity in children and adults (Watanabe et al., 2015).
Chronic OT also enhanced functional activation in and connectivity of the medial prefrontal
cortex and improved performance during a social cognition task (Watanabe et al., 2015).
Similarly, 12 1U over five weeks in children improved evaluations of social responsiveness
(YYatawara et al., 2016). Another multiweek, multidose clinical trial in adolescents and young
adults found that higher (32 IU) compared to lower (16 1U) doses were associated with
greater global functioning after 12 weeks (Kosaka et al., 2016). In contrast, null findings on
social outcomes in children have been observed (Dadds et al., 2014; Guastella et al., 2015).
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Although there seem to be some benefits of chronic OT administration, it is important to
note that some studies reported null findings on the improvement of core symptoms relating
to ASD in adults (Anagnostou et al., 2012; Munesue et al., 2016) and youth (Dadds et al.,
2014; Guastella et al., 2015; Munesue et al., 2016; Tachibana et al., 2013). Lack of
significant effects could have been due to interindividual factors including variation in the
diagnostic subtypes or participant age (Dadds et al., 2014). Also, the outcome measures or
dosages used may have been insensitive to behavioral effects (DeMayo et al., 2017;
Tachibana et al., 2013).

Mixed evidence across open-label and randomized controlled trials challenge the notion that
chronic OT enhances ASD-related social impairment (DeMayo et al., 2017). However, there
is promise for expanding future randomized and controlled research on treating ASD
symptoms, particularly relating to social deficits, with chronic OT (Anagnostou et al., 2014;
Tachibana et al., 2013).

3.2.7.2 Schizophrenia and related disorders: Schizophrenia is associated with social and
cognitive dysfunction characterized by positive (i.e., disordered thoughts and behaviors,
delusions) and negative symptoms (i.e., blunted affect, apathy, asociality). Although
antipsychotics are effective in treating positive symptoms, there are significant risks in using
these medications and treatments for negative symptoms and social cognitive dysfunction
are still needed (Shilling and Feifel, 2016). To date, the majority of chronic OT research in
humans has been conducted as randomized controlled trials to assess the efficacy of chronic
OT in treating the symptomatology of schizophrenia and related disorders. For reviews on
the role of OT in schizophrenia, see Bradley and Woolley (2017), Shilling and Feifel (2016),
and Feifel et al. (2016).

Chronic OT used in conjunction with other therapies and medication over a few weeks to
several months has shown potential for improving positive and negative symptoms (Feifel et
al., 2010; Gibson et al., 2014; Jarskog et al., 2017; Lee et al., 2013; Modabbernia et al.,
2013; Ota et al., 2017; Pedersen et al., 2011). However, some findings point to no significant
changes in symptoms and related deficits (Bradley and Woolley, 2017; Buchanan et al.,
2017; Cacciotti-Saija et al., 2015; Dagani et al., 2016; Jarskog et al., 2017; Lee et al., 2016b,
2013).

The shortest duration of daily repeated OT administration (i.e., two weeks) was associated
with attenuation of scores in from the Positive and Negative Symptom Scale, reductions in
anxiety relating to suspiciousness, persecution, and paranoia, and some improvement in a
theory-of-mind task. However, this study was limited by small sample size and a lack of data
on cognition more broadly (Pedersen et al., 2011).

Three weeks of chronic intranasal OT, in contrast, was associated with mixed evidence
across studies. For example, whereas 20 1U administered twice-daily was associated with
improved odor identification and negative (but not positive) symptoms (Lee et al., 2013),
this dosage yielded no significant change to plasma OT levels or positive and negative
symptoms when compared to placebo (Lee et al., 2016b). This lack of findings was
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attributed to insufficient power and potential lower adherence to nasal spray application
protocol among outpatients over inpatients.

In contrast, clinical trials with a crossover design and higher cumulative dosage (20 — 40 1U,
twice-daily) were associated with improved positive and negative symptoms (Feifel et al.,
2010) and cognition (i.e., improved verbal memory and no amnestic effect) (Feifel et al.,
2012). The effects on symptomatology relating to schizophrenia emerged during the last
week of OT administration, suggesting a cumulative action of OT (Feifel et al., 2010). In
contrast, the cognitive effects of OT were only assessed in the third week of administration
and comparison across various time points during treatment was not possible (Feifel et al.,
2012).

Six weeks of OT (24 1U, twice-daily) was associated with improved fear recognition,
perspective-taking, and negative symptoms. Importantly, these findings were limited by a
small sample and were not compared to a placebo group (Gibson et al., 2014). In contrast,
randomized controlled trials using the same dosage and duration of OT treatment did not
result in improvement in symptomology and functioning relating to schizophrenia or early
psychosis when compared to placebo (Buchanan et al., 2017; Cacciotti-Saija et al., 2015).
Furthermore, null findings were observed for cognitive impairment (Buchanan et al., 2017)
and social cognition (Cacciotti-Saija et al., 2015). This lack of effects could have been due
to factors including power, diagnostic heterogeneity within schizophrenia and related
disorders (e.g., schizoaffective disorder, early psychosis), insufficient dosage levels for these
specific outcomes, and difficulties with nasal spray self-administration among unmonitored
outpatients (Buchanan et al., 2017; Cacciotti-Saija et al., 2015).

Longer treatment durations also yielded mixed findings across core symptoms of
schizophrenia and related functional outcomes. For example, two months of OT
administration (20 — 40 1U, twice daily) as an adjunct to the antipsychaotic risperidone
improved positive and negative symptoms and general psychopathology (Modabbernia et al.,
2013). A three-month open-label trial that involved chronic OT (12 U, twice-daily) also
demonstrated improvements in schizophrenia symptoms, though no comparison to a placebo
group was available (Ota et al., 2017). In contrast, a randomized controlled trial of the same
duration found that chronic OT (24 IU, twice-daily) had no impact on social cognition when
compared to placebo and was only associated with improved negative symptoms in the
schizophrenia, but not the schizoaffective, subgroup (Jarskog et al., 2017). Finally, a
randomized crossover trial found that four months of OT (40 1U per day) was not associated
with any changes to symptoms of schizophrenia or psychosocial functioning (Dagani et al.,
2016).

Schizophrenia and related disorders are the most well-researched areas concerning chronic
OT effects on social and cognitive dysfunction. Overall, findings across studies vary in their
conclusions on chronic OT as a beneficial treatment. All studies involved OT administration
in conjunction with established treatment plans that mainly comprised of antipsychotics.
Treatment plans vary by individual and it is still unclear how OT interacts with
antipsychotics (Lee et al., 2016b). Future research will benefit from systematic assessment
of the adjunctive benefit of chronic OT with individual medications when possible, similar
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to the study conducted by Modabbernia and colleagues (2013), or studies that use OT as a
singular treatment (Lee et al., 2016b). Systematic studies on dosage, duration, and
administration can help determine effective treatment plans across different contexts that are
functionally impaired in schizophrenia and related disorders (Buchanan et al., 2017; Lee et
al., 2013). Future studies with samples selected according to specific diagnostic criteria may
also uncover whether certain subtypes are associated with more optimal responding to
chronic OT (Cacciotti-Saija et al., 2015).

3.2.7.3 OCD: Obsessive-compulsive disorder (OCD) is characterized by cognitive
dysfunctions that manifest as obsessions (i.e., pathological, recurrent, uncontrollable
thoughts) and compulsions (i.e., avoidant rituals or repetitive behaviors). Some evidence has
linked OCD to over-activation of the endogenous OT system whereas others have theorized
that OT administration may help treat OCD symptoms, based on findings that low doses of
OT attenuate memory and anxiety (Leckman et al., 1994).

However, six weeks of OT (18 IU and 54 1U per day) in individuals with OCD resulted in no
reduction in compulsive behaviors or anxious and depressive symptoms. Participants also
reported no side effects relating to psychosis and memory (den Boer and Westenberg, 1992).
This lack of effects may be due to the low dosage administered (18 1U and 54 U per day).
However, a one-week treatment with much higher doses (160 1U and 320 IU per day) still
showed no improvement in OCD symptoms (Epperson et al., 1996). Though investigations
on chronic OT for the treatment of OCD are sparse, together these findings suggest that
chronic OT, regardless of dosage, may not be an appropriate treatment for this condition.

3.2.7.4 Dementia: To date, only one study has examined chronic OT effects on symptoms
of dementia. Specifically, this study was conducted on individuals with frontotemporal
dementia, which compromises executive and social functioning. Individuals with the
behavioral variant of frontotemporal dementia (bvFTD) experience dysfunctions in social
cognition, including empathy and emotion identification (Finger et al., 2015; Jesso et al.,
2011; Possin et al., 2013). Chronic OT administered to individuals with bvFTD for one week
(24, 48, or 72 U, twice-daily) was well-tolerated and associated with positive effects on
symptoms relating to apathy, empathy, and social interactions (Finger et al., 2015). Further
investigation is needed, however, to examine the potential benefits of chronic OT for those
with different subtypes of dementia.

4. Discussion

4.1 Challenges and recommendations for future research

The manifold applications of chronic OT are promising and findings from several studies
point to potential therapeutic use in different clinical contexts. However, as summarized in
Figure 3, conceptual (e.g., contextual and interindividual differences) and methodological
factors (e.g., administration route, dosage, frequency, and duration) impact the effects of
chronic OT treatment, and challenge the synthesis of this line of research. There is also
limited knowledge of the mechanisms of action by which chronic OT exerts its effects (Box
2).
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In the remainder of this paper, we discuss challenges and recommendations for future
research, including efforts to improve understanding of mechanistic action of chronic OT,
addressing understudied populations and functional outcomes, and determining and
standardizing optimal treatment plans.

4.1.1 Advancing knowledge about mechanistic action of chronic OT
administration—Chronic OT administration is associated with improvement for various
functional outcomes across research domains. However, the effects of chronic OT are not
unilateral (i.e., affecting only specific outcomes of interest) or universal (i.e., affecting all
individuals in the same way). The current literature discusses several mechanisms of action
for chronic OT, briefly summarized in Box 2. OT actions via modulation of receptor
expression, receptor binding, and endogenous release of regulatory hormones are the most
well-documented mechanisms across, mostly preclinical, studies. However, much is still left
to be understood about the endogenous OT system and how it is impacted by chronic
administration.

Though it is known that central substrates facilitate OT effects (Quintana et al., 2015a), their
response to chronic administration remains unclear. For example, limited work shows that
chronic OT administration modulates the structure and function of specific brain regions
(Havranek et al., 2015; Ota et al., 2017; Watanabe et al., 2015). However, physiological
evidence indicates that the neuropeptide disperses without hard-lined spatial or temporal
constraints (Bethlehem et al., 2013). Thus chronic OT administration may have broader
impacts on the brain that are not well-documented yet, especially in terms of structural and
functional connectivity as well as potential network-level modulation. More investigation on
the neural correlates of the OT system and their response to chronic administration is needed
to determine this.

Development of models and conceptual frameworks of OT action will help explain findings
and drive future research. Existing theoretical approaches of OT action have often served as
parsimonious explanations for observed effects of OT administration. These
conceptualizations are insufficient as they attempt to distill OT action into a generalized,
regulatory role, while not considering the multiple interrelated and coordinated effects OT
has on the body and brain (Roney, 2016).

Informed by our comprehensive systematic review, we present a basic organizational
framework that outlines the broader, interrelated regulatory functions sensitive to chronic OT
(Figure 4). Utilizing this framework, we argue that the intended modulation of one function
by chronic OT may lead to, or be facilitated by, cascading effects on others. Some preclinical
OT research includes outcome measures across multiple functional domains (Bales et al.,
2014; Bowen et al., 2011; Huang et al., 2014; Petersson et al., 2005b; Plante et al., 2015).
Following this example, future systematic research in humans may benefit from a similar
attempt at an integrated understanding of chronic OT effects on multiple regulatory
functions. This approach has the promise to identify generalizable effects as well as context-
and/or population-specific moderations and will bring us closer to evaluating chronic OT’s
therapeutic efficacy and developing precise analogs to OT for use in treatment.
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4.1.2 Addressing understudied populations and functional outcomes—While
some findings across different phenotypes and genotypes indicate that chronic OT may have
common effects (Teng et al., 2016), certain subpopulations or individuals may be more
sensitive to chronic OT than others (DeMayo et al., 2017; Feifel et al., 2010). Interindividual
or subgroup-level differences, such as OX TR distribution or specific diagnoses, may
contribute to such variations (Feifel et al., 2010). For example, broader conditions, like
ASD, schizophrenia, and dementia, can be subdivided into distinct diagnoses with varying
symptomology. Future work should seek to distinguish the unique benefits of chronic OT
across such diagnostic subtypes to develop individualized and precise treatment plans
(Guastella and Hickie, 2016; Saria and Goldenberg, 2015).

However, several challenges exist in subtyping the efficacy of chronic OT. Current research
in clinical contexts is often characterized by small and sometimes diagnostically
heterogeneous samples (e.g., schizophrenia and schizoaffective disorder) (Jarskog et al.,
2017; Lee et al., 2013). Also, comorbid disorders, like co-occurring substance disorders
(Stauffer et al., 2016) or ancillary disorders that stem from major pathology (e.g., mood,
anxiety, and sleep disorders in those with fibromyalgia; Mameli et al., 2014), are
understudied. Larger and more diagnostically homogenous samples will allow for
sufficiently powered comparisons across subtypes (Guastella and Hickie, 2016; Saria and
Goldenberg, 2015).

Findings from healthy groups also constitute an important comparison of chronic OT effects
in clinical populations. To date, only very few studies have investigated chronic OT effects
on socioemotional, cognitive, and behavioral functional outcomes in healthy samples. Also,
safety and tolerability are not conclusively determined yet across all populations
(Anagnostou et al., 2014; DeMayo et al., 2017; Finger et al., 2015; Mameli et al., 2014). As
summarized in Box 3, expanded investigations beyond young male subjects to both sexes
and different phases of development in healthy and clinical populations are warranted (Ebner
etal., 2013; Guastella and Hickie, 2016; Huffmeijer et al., 2013).

4.1.2. Determination and standardization of optimal treatment plans—
Investigations on OT’s modulatory effects have also proliferated because of the diverse
administration routes and dosage practices available (Box 1). However, this methodological
breadth impacts generalizability across studies (Lee et al., 2016a). Systematic research to
determine optimal administration routes and treatment plans for specific populations and
conditions are needed (Lee et al., 2015) with consideration for OT pharmacodynamics
(Calcagnoli et al., 2015). This is especially relevant given the short half-life of OT and the
central pathways by which OT binds (Quintana et al., 2019, 2015a).

4.1.2.1 Evaluation of OT administration routes: Currently, there is mixed evidence
regarding the effectiveness of different routes. For example, central chronic OT
administration in rats elicits stronger effects and may be more effective in influencing the
endogenous OT system than intranasal administration (Calcagnoli et al., 2015, 2014).
However, central OT administration constitutes a stressful experience for animals (Teng et
al., 2013), which can perturb the endogenous OT system or interact with OT administration.
Well-controlled studies can help disentangle potential confounds.
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Also, central OT administration, though important for preclinical investigation, is not
pragmatic for use in human research due to its invasive nature. Peripheral OT injections are
comparatively less invasive and stress-inducing than central infusion. However, there are
concerns that peripheral OT may not efficiently cross or circumvent the blood-brain barrier
to bind to central targets and thus degrade in the blood over time. Tolerability of repeated
injections is also a limiting factor (Lawson, 2017). Non-invasive administration routes
should be prioritized in research that assesses therapeutic efficacy.

Intranasal administration is primarily used in human work though still largely constrained to
single-dose application. One advantage of intranasal administration in humans is the ability
to self-administer the neuropeptide, allowing for feasibly longer, unmonitored duration of
treatment. Adhering to self-administration protocol, however, is a challenge for individuals,
particularly in clinical contexts, and monitoring may still be needed (Buchanan et al., 2017;
Cacciotti-Saija et al., 2015). Inappropriate self-administration, which can lead to imprecise
dosing, may be difficult to identify and control for (Lawson, 2017). Thus the use of
specialized devices that consistently deliver the intended dose of OT has been evaluated to
reduce user error and ensure delivery to nasal-neural pathways (Quintana et al., 2016,
2015b). Administration through a nebulizer may be more effective than a nasal spray
(Calcagnoli et al., 2015; Modi et al., 2014). However, as most studies currently do not
compare different administration routes, it is difficult to conclude if one method of nasal
administration is superior to another.

One systematic comparison of intravenous and intranasal OT administration found that both
routes produce similar OT plasma levels compared to placebo. However, only a lower dose
of intranasal OT (8 1U), using a specialized breath-powered device, was associated with the
modulation of social cognition compared to placebo. Specifically, the low-dose reduced the
perception of anger from ambiguous faces (Quintana et al., 2015b) and reduced amygdala
response to angry faces (Quintana et al., 2016). These findings provide mechanistic evidence
of nasal-neural OT delivery relevant to social cognition in humans.

4.1.2.2. Evaluation of OT dosages: The majority of current research used dosage levels
informed by previous practices and recommendations largely based on single-dose trials
(Guastella et al., 2013; MacDonald et al., 2011). However, a clear rationale for the dosages
used was not always provided, which may be related to uncertainty surrounding optimal
treatment plans and experimental schemes necessary to elicit predicted effects.

Systematically comparing multiple dosages within a study is advantageous for determining
the optimal levels to yield effects on outcomes of interest, also in light of dose-dependent,
non-linear responses (Guoynes et al., 2018; Yamasue, 2016). For example, higher doses of
chronic OT may be less effective than lower doses for particular contexts (e.g., psychosocial
stress, drug tolerance) (Kovécs et al., 1985a, 1985b; Peters et al., 2014).

Another methodological inconsistency that impacts dosage is the frequency of OT
administration per day. Given the fast degradation of OT (Striepens et al., 2013), intranasal
administration at least twice-daily, a practice which is already employed in several human
studies (Table 2 and 3), may help ensure continuous exposure to OT and lead to lasting
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effects on the endogenous OT system (Bethlehem et al., 2013). Also, the time of OT
administration relative to experimentation is a crucial design factor as acute effects may be
inadvertently measured if administration occurs directly prior to the measurement of relevant
outcomes.

4.1.2.3. Evaluation of OT administration durations: Whereas some studies investigated
chronic OT effects for an extended period of time, other investigations spanned just a few
days. Short durations of administration may not be enough to observe lasting effects
(Macdonald and Feifel, 2013). Also, many clinical conditions are characterized by long-term
dysfunction. Thus, clinical studies should strive for experimental designs that resemble long-
term treatment plans and acquire data at various time points.

However, longer treatment does not necessarily lead to optimal outcomes (Yamasue, 2016).
Chronic OT may have unintended negative consequences on social behavior in certain
populations (Bales et al., 2013; Calcagnoli et al., 2015; Neumann and Slattery, 2016; Young,
2013). Shorter treatment plans may be more adequate for some contexts.

5. Conclusions

There has been a notable surge in research in the last few decades on the functions and
therapeutic potential of OT. This review synthesized findings on chronic OT as an
investigative tool and clinical intervention. We conclude that growing evidence supports OT
as a treatment for certain clinical conditions but the potential for therapeutic application
outside of research is still limited. This limited translatability is characterized in part by
methodological inconsistencies and divergent findings across studies. We have identified
promising avenues for advancement, including mechanistic OT research in humans,
investigation of multiple, coordinated functions sensitive to chronic OT as well as systematic
dosage comparison, and assessment of safety and tolerability, especially in currently
understudied, populations. We are confident that strong theoretical conceptualization and
application of rigorous and transparent methodology will propel this field forward.
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Highlights

. Oxytocin (OT) subserves adaptive physiological, behavioral, and cognitive
functions

. Literature synthesis shows chronic OT improves outcomes in different
circumstances

. Multiple, interrelated regulatory functions are sensitive to chronic OT

. More systematic and mechanistic research needed to determine therapeutic
efficacy

. Attention to interindividual and contextual factors will advance the field
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Box 1:
OT Administration Routes
Non-invasive routes:

Intranasal administration is currently the most practical non-invasive method for
investigating central and peripheral OT effects in humans (Quintana et al., 2018).
Intranasal administration comprises of OT in an aerosolized form and can be self-applied
via a hand-held spray. Common dosages for single administration of OT nasal spray are
between 24 and 40 U but can be as low as 8 IU for humans (Guastella et al., 2013;
Quintana et al., 2016). Administration dosage, frequency, and duration vary between
studies. Some studies adopt intranasal administration to assess the effects of chronic OT
exposure in animals similar to humans (Bales et al., 2014; Parker et al., 2005). Dosages
for animal models are often weightadjusted to reflect similar amounts given to humans or
other well-established models of OT function like the prairie vole (Bales et al., 2014;
Guoynes et al., 2018; Huang et al., 2014). Some researchers argue that intranasal self-
administration can lead to interindividual imprecision in dosing (Lawson, 2017). At the
same time, however, there is growing evidence for increases in both peripheral and
central concentrations of OT after intranasal administration (Dal Monte et al., 2014;
Striepens et al., 2013) and several pathways for intranasal OT delivery have been
proposed (i.e., olfactory, trigeminal, peripheral) (Quintana et al., 2015a). OT
administration via specialized apparatuses (e.g., breath-powered devices, nebulizers) are
being explored as they constitute more controlled methods of intranasal delivery to
central targets (Chang et al., 2012; Quintana et al., 2016). Structure of the nasal passage
and nasal spray formulation also affect OT delivery and absorption (DeMayo et al. 2017).
For reviews on intranasal delivery of OT, see Quintana et al. (2015, 2018).

OT administration via a topical gel was developed for the non-invasive study and
treatment of wounds and atrophy of the skin and mucous membranes (Al-Saqi et al.,
2016). OT gel locally affects the area of application potentially by increasing cell
proliferation (Torky et al., 2018) and can increase OT plasma levels via vaginal
absorption (Petersson et al., 2005b). Dosages can range from 100 to 600 IU (Al-Saqi et
al., 2016; Nielsen et al., 2017).

Invasive routes:

In humans, intravenous administration is largely used in the context of promoting labor
and lactation though this method may not be well-tolerated in other circumstances
(Guastella et al., 2013). Pre-clinical studies for basic scientific investigation typically
employ peripheral injection or central infusion of OT (Quintana et al., 2018).
Intraperitoneal (IP) injection involves OT administration into the abdominal cavity;
subcutaneous injection involves administration under the skin. Intracerebroventricular
(ICV) infusion involves direct delivery via bolus injection or implantation of a catheter
into the cerebrospinal fluid or into specific brain regions (DeVos and Miller, 2013;
Quintana et al., 2018). Chronic ICV infusion can also be achieved by an osmotic
minipump, a device which continuously administers OT over time (DeVos and Miller,
2013). ICV administration is considered to be more stressful than IP administration and

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 January 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Horta et al.

can require the use of anesthesia, which can potentially interact with OT (Teng et al.,
2013). Dosages for these methods can be bodyweight adjusted.
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Box 2:
Brief Overview of Mechanisms of Action for Chronic OT Administration
Modulation of receptor expression and binding:

Current evidence suggests that chronic OT administration modulates receptor expression
and binding to suppress the activity of the HPA-axis during stress and anxiety. This
modulation may be specific to certain stress- and anxiety-related brain regions. For
example, OT may reduce HPA-axis activity via modulation of glucocorticoid and
mineralocorticoid receptor expression in the hippocampus. The hippocampus is one of
the main regions that receive feedback from HPA-axis activation. Glucocorticoid and
mineralocorticoid receptors play roles in stress-response and -recovery and dysregulation
of these receptors can increase the risk of stress-related disorders (Groeneweg et al.,
2012; Petersson and Uvnas-Moberg, 2003). OT administration may also enhance a2-
adrenoceptor and cardiovascular function to promote stress regulation (Diaz-Cabiale et
al., 2000; Holst et al., 2002; Petersson et al., 2005a, 1999d, 1996a). Furthermore, OT
interaction with dopaminergic receptors is associated with social bonding, cognition, and
reward yet systematic work using chronic OT administration is still needed (DeMayo et
al., 2017).

Chronic OT also affects OX 7R expression and binding, which are subject to individual
differences in density, distribution, and polymorphisms (Gimpl and Fahrenholz, 2001;
Havranek et al., 2015). OT can have differential effects according to individual endocrine
profiles and sensitivity to OT (Bowen et al., 2011; Uvnds-Moberg et al., 1996).
Upregulation of OXTR may be one mechanism by which OT exerts its anti-inflammatory
effects (Ahmed and Elosaily, 2011). Repeated exposure to OT, however, can result in
lowered OXTR expression, consistent with desensitization and downregulation of the
endogenous OT system (Gimpl and Fahrenholz, 2001). For example, at high doses,
reductions in OXTR binding and cross-interactions with vasopressin receptors may
contribute to anxious behavior (Peters et al., 2014). Further, reductions in OXTR binding
may result in impaired social interactions (Huang et al., 2014; Peters et al., 2014). More
mechanistic research is needed to determine the extent to which chronic OT either
downregulates or upregulates OX 7R and whether these effects are dose-dependent.

Modulation of physiological regulators:

Chronic OT acts by modulating the endogenous release of physiological regulators. For
example, OT can inhibit or reduce the release of stress-induced HPA-axis regulators, such
as corticotropin-releasing factor, ACTH, and corticosterone (Parker et al., 2005; Peters et
al., 2014; Petersson et al., 2005b, 1999a; Windle et al., 2004, 1997), likely in a dose-
dependent manner (Peters et al., 2014; Windle et al., 2004). OT can increase insulin
secretion and sensitivity as well as glucose tolerance in animal models of diabetes and
obesity. OT may have indirect benefits on metabolism through downregulation of the
HPA-axis and inhibition of cortisol release (Lawson, 2017) and may indirectly exert
analgesic effects through facilitating generation and release of endogenous opioids,
particularly in the spinal cord (Petersson et al., 1996b; Rash et al., 2014).
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Modulation of specific brain regions and networks:

Chronic OT may play a role in regulating hippocampal plasticity and memory formation
(Havranek et al., 2015). It has also shown to increase functional activity and connectivity
in frontal regions associated with impairment in ASD (Watanabe et al., 2015). Larger
insula and anterior cingulate volumes were associated with improved schizophrenia
symptoms after chronic OT administration (Ota et al., 2017). OT may also have
inhibitory effects on specific brain regions relating to stress, such as the amygdala,
though this has not been well-documented in chronic OT work yet (OIff et al., 2013).
Very little work to date has incorporated neuroimaging methods to elucidate chronic OT
effects on the brain and its neural mechanisms of action.

Modulation of psychological and social factors:

Chronic OT has also shown to modulate psychological and social factors in a context-
dependent manner. For example, chronic OT selectively enhanced the experience of
stressful situations in a social context in order to elicit prosocial or approach-oriented
behavior (Pisansky et al., 2017). OT may also alleviate pain and stress indirectly through
improving mood and lowering anxiety (Ohlsson et al., 2005; Rash et al., 2014; Russell et
al., 2018). Facilitation of positive social interactions and support, furthermore, constitutes
a crucial indirect mechanism by which chronic OT may exert therapeutic effects, which is
relevant for cases relating to the alleviation of pain, stress, and addiction (Rash et al.,
2014).
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Box 3:
Chronic OT across development
Chronic OT in early development:

Preclinical studies have indicated that developmental trajectories can shift as a result of
exogenous OT either during prenatal or postnatal development (Bales and Perkeybile,
2012; Carter, 2003; Guoynes et al., 2018). Chronic OT administered over two months in
pregnant rats resulted in lower birth weight and postnatal growth in offspring. Reductions
in postnatal brain size and cerebellar DNA were also found (Boer, 1993). Though effects
were small and indirect, chronic OT may alter prenatal physiology and may not be
beneficial for early development (Carter, 2003). OT is a major regulator of physiological
and social functions at the end of pregnancy (e.g., labor, lactation, maternal behavior). OT
administration prior to delivery may alter plasma OT levels long term (Prevost et al.,
2014), cautioning prenatal use for reasons other than assisting in delivery.

In contrast, postnatal chronic OT administered peripherally to rat pups over five days
resulted in long-term positive physical and metabolic changes that were similar to the
benefits observed in kangaroo care for premature infants (Uvnés-Moberg et al., 1998).
Repeated postnatal OT exposure may also be neuroprotective (e.g., prevention of
hypertension; Vargas-Martinez et al., 2014). Preclinical work also reports mixed and sex-
and dose-dependent findings regarding the development of social behavior (Bales et al.,
2013; Bowen et al., 2011; Guoynes et al., 2018; Rault et al., 2013).

Chronic OT in aging:

Aging is characterized by a variety of physiological, cognitive, social, and emotional
changes that may potentially benefit from chronic OT yet research is lacking (Ebner et
al., 2014, 2013). To date, only one study has addressed the effects of chronic OT in
healthy older adults (Barraza et al., 2013) and found that individuals in the OT, compared
to the placebo, group reported less decline in physical functioning and fatigue. Other
functional outcomes impacted by aging have yet to be examined.

Safety and tolerability in early and later life:

Evaluation for safety and long-term consequences of chronic OT across development is
needed in light of its potential therapeutic use in early-life developmental disorders (e.g.,
ASD, PWS) (Carter, 2003; Young, 2013) as well as in healthy and pathological aging
(Ebner et al., 2013; Finger et al., 2015). In particular, the current data on OT safety and
tolerability are insufficient to recommend either short- or long-term OT use in younger
populations (Anagnostou et al., 2014; DeMayo et al., 2017; MacDonald et al., 2011;
Tachibana et al., 2013). There is also only one systematic investigation on OT safety and
tolerability in pathological aging (Finger et al., 2015), which suggested that chronic
intranasal OT for one week was generally well-tolerated in frontotemporal dementia at
varying doses (24-72 1U) (Finger et al., 2015). Side effects for longer durations and
among healthy older adults will still have to be determined. (See DeMayo et al., 2017 for
recommendations regarding adequate assessment of OT safety and tolerability).
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Figure 1.

Diagram of the literature search and selection process. The search and selection process was
constrained to studies that administered oxytocin repeatedly, on a daily basis.
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Figure 2.
At-a-glance overview of domains and outcomes of chronic oxytocin research in animals

(Panel A) and humans (Panel B). For more details on findings see Tables 1-3. This is not an
exhaustive list of all outcomes in each study; also, some studies examined multiple
outcomes, which are depicted as individual examinations. ASD = Autism spectrum disorder,
FTD = Frontotemporal dementia, OCD = Obsessive-compulsive disorder, PTSD = Post-
traumatic stress disorder, PWS = Prader-Willi syndrome.
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Figure 3.
Conceptual and methodological factors that impact chronic oxytocin administration effects.
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Broader Regulatory Functions
Sensitive to Chronic Oxytocin
Administration
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Figure 4.
Basic organizational framework identifying the broader regulatory functions sensitive to

chronic oxytocin administration based on this literature review.
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