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Abstract

Although positive effects of oxytocin (OT) on social functioning are well-demonstrated, little is known
about the mechanisms through which OT may drive early social development, or its therapeutic
efficacy in infancy. To address these critical issues, we investigated the effects of exogenous OT on
neural (EEG) and behavioral responses during observation of live facial gestures in infant macaques
with limited social exposure (i.e. nursery-reared). Three key findings were revealed. First, OT increased
alpha suppression over posterior scalp regions during observation of facial gestures but not non-
biological movement, suggesting that OT targets self-other matching and attentional cortical networks
involved in social perception from very early infancy. Second, OT increased infant production of
matching facial gestures and attention towards the most socially-relevant facial stimuli, both
behaviors typically silenced by early social deprivation. Third, infants with higher cortisol levels
appeared to benefit the most from OT, displaying greater improvements in prosocial behaviors after
OT administration. Altogether, these findings suggest that OT promotes prosocial behaviors and
associated neural responses likely impacted by early social adversity, and demonstrate the potential
of OT administration to ameliorate social difficulties in the context of neurodevelopmental and early-

emerging psychiatric disorders, at a developmental stage when brain plasticity is greatest.

Keywords: infancy, EEG mu/alpha suppression, self-other matching, social attunement, oxytocin
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1. Introduction

Although first recognized as a regulator of parturition and lactation, the hormone and neuropeptide
oxytocin (OT) has now been implicated in a wide range of social behaviors in diverse mammalian
species (Chang and Platt, 2014; Guastella and MaclLeod, 2012; Lukas et al., 2011). Critically, the
oxytocinergic system is functional very soon after birth, and is modulated via early social interactions
and other components of early parenting (Clark et al., 2013; Feldman et al., 2010; Hammock, 2015;
Weisman et al.,, 2012). OT signaling could therefore represent a main driver of early social
development (Hammock, 2015; Miller and Caldwell, 2015), with perturbations in the oxytocinergic
system likely to result in the emergence of impaired socio-emotional functioning (Meyer-Lindenberg

et al., 2011; Rajamani et al., 2018).

Intranasally administered OT enhances various socio-emotional processes, including emotion
recognition (Lischke et al., 2012), social attention (Dal Monte et al., 2014; Guastella et al., 2008), and
empathy (Domes et al., 2007b). Neuroimaging studies in adult populations (e.g., Domes et al., 2007a;
Gamer et al., 2010; Labuschagne et al., 2010) suggest that these effects are likely mediated by the
amygdala, a subcortical structure strictly involved in emotion processing and social perception. The
amygdala is OT-receptor dense in rodents (e.g. Bale et al., 2001; Insel et al., 1993), with one study
providing immunohistochemical evidence for OT receptors (OXTRs) in the human amygdala as well
(Boccia et al., 2013); though see Freeman et al. (2014) for discussion regarding the specificty of such
findings. In nonhuman primates (NHPs), OXTRs are largely expressed in the nucleus basalis of Meynert
(Freeman et al., 2014; Putnam et al., 2018), a source of cholinergic innervation to the amygdala and
cortical mantle, and a major regulator of visual attention. Therefore, this cholinergic input could
represent a core neural mechanism through which OT mediates visual attention in response to socially
relevant cues (Freeman et al., 2014; Putnam et al., 2018). Research with rhesus macaque monkeys
also indicates that OT modulates serotonergic communication between the raphe nucleus and
amygdala via 5HT1A receptors (Lefevre et al., 2017). Interestingly, some prosocial consequences of
OT have been linked to reduction in anxiety and increased stress coping (Campbell, 2010; Heinrichs et
al., 2003), with such anxiolytic effects proposed to rely on the amygdala and other affective brain
structures (Bethlehem et al., 2013; Labuschagne et al., 2010). OXTRs are also expressed in the superior
colliculus (SC) of NHPs, an area of the brain involved in gaze control (Freeman et al. 2014). As such,
another possibility is that OT effects on social behavior are mediated by an increase in visual orienting
responses to social relevant stimuli, and thereby modulating amygdala activity in relation to social

perception and social-decision making (Forcelli et al., 2016; Gangopadhyay et al., 2021).
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Adult human electroencephalography (EEG) and magnetoencephalography (MEG) studies indicate
that OT also influences widespread cortical activity during social perception tasks, particularly in the
alpha frequency band (8-13 Hz in adults; 5-9Hz in infants) (Festante et al., 2020; Levy et al., 2016; Perry
et al., 2010). Oscillations in this frequency band are maximally expressed in amplitude (they are
‘synchronized’) during periods of rest, becoming suppressed (or desynchronized) during tasks
requiring cortical engagement. Alpha synchronization is classically related to a cortical idling state that
results from the synchronous neural firing of wide cortical areas (Nunez et al., 2001), while more
recent theories posit that high amplitude oscillations in this band also reflect a selective cortical
inhibition of thalamo-cortical and cortico-cortical information transfer associated with task-irrelevant
or task-competing processes (Klimesch, 2012). Conversely, a suppression of alpha oscillations typically
represents task-dependent cortical activation (Klimesch, 2012). In particular, suppression of alpha
band activity over centro-parietal cortical regions (i.e., the mu rhythm or sensorimotor alpha) has been
linked to self-other mapping (Arnstein et al., 2011; Fox et al., 2016), and over parieto-occipital regions
to attentional processes (i.e., visual/attentional alpha)(Pfurtscheller et al., 1994). Altogether, this

indicates that OT modulates cortical network activity underlying both these cognitive processes.

Through activation of socio-emotional brain networks, OT signaling has been proposed to play a
critical role in the emergence of social behavior during early development (Hammock, 2015; Miller
and Caldwell, 2015). However, this proposal remains largely unexplored, and very few studies thus far
have investigated the relationship between OT and social behavior in infants and young children. One
study showed that OT administration increases affiliative behavior in infant monkeys (Simpson et al.,
2014), and a recent fNIRS study has linked oxytocin receptor gene methylation (OXTRm) in 5-month-
old infants to later neural responses to emotional faces (Krol et al., 2019).

In older children and adolescents, plasma OT levels positively predict socio-cognitive performance in
both typically developing (TD) and autism spectrum disorders groups (Parker et al., 2014). Recently, it
has also been reported that children exposed to early life adversity have lower levels of endogenous
oxytocin, and show reduced social attention towards face stimuli compared to TD children (Suzuki et
al.,, 2020). These findings in pediatric populations are also in line with adult research where a
dysfunctional oxytocinergic system has been linked to maladaptive socio-emotional processing in the
context of various psychiatric and neurodevelopmental disorders (Bakermans-Kranenburg and van |

Jzendoorn, 2013; Meyer-Lindenberg et al., 2011; Rajamani et al., 2018).

From a therapeutic perspective, although there is mixed evidence concerning the efficacy of OT
administration (Erdozain and Pefiagarikano, 2020), several clinical trials have demonstrated beneficial

OT effects on social functioning (e.g., Guastella et al., 2010; Parker et al., 2017). Additionally, in some
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cases where no social improvement was reported, specific OT-related effects in other symptom
domains were found (e.g. decrease in repetitive behaviors) (Bernaerts et al., 2020).

It is therefore of particular importance to better clarify the role of oxytocin in early social
development, especially in the context of early-emerging socio-emotional deficits, and elucidating
whether neuromodulatory dysregulation and negative behavior associated with impaired oxytocin
signaling can be reversed via early interventions in infants and young children is vital to achieve this
goal. Accordingly, the current study was designed to address these critical questions by investigating
the effects of exogenous OT administration on infant cortical activity and behavioral responses to live
facial gestures, in a group of three-month-old nursery-reared rhesus macaques (Macaca mulatta).
Nursery-reared macaques (i.e. raised in a nursery since birth) have limited early social experience and
are at increased risk for maladaptive social outcomes, including increased stress reactivity (Dettmer
et al., 2012) and socio-emotional difficulties from the earliest months of life (e.g., Paukner et al., 2020;
Simpson et al., 2019, 2016; Vanderwert et al., 2015). Such deficits can be predictive of longer-term
negative outcomes, such as an increased risk for anxiety (Conti et al., 2012; Dettmer and Suomi, 2014).
These NHP findings parallel those from human studies concerning the negative consequences of early
social deprivation (Nelson, 2017; Sonuga-Barke et al., 2017; Wade et al., 2019). In addition, and of
particular relevance here, nursery-rearing in macaques has been associated with dysregulation of the
OT system in previous research (Baker et al., 2017; Winslow et al., 2003).

Here we used a blind, placebo-controlled, within-subjects design and infants were nebulized with
oxytocin or saline (one per day) on two different days, before undergoing EEG testing. EEG
assessments were performed while infants observed an experimenter producing dynamic facial
gestures, a paradigm that has been found to elicit EEG alpha/mu suppression previously in human
infants (Rayson et al.,, 2017, 2016) and macaque neonates (Ferrari et al.,, 2012). Infant prosocial
behaviors displayed throughout the assessments, namely attention to the stimulus and production of
facial communicative gestures, were also assessed. Finally, we measured infant cortisol levels prior to
EEG recording in order to evaluate the relationship between infant stress-responsivity or anxiety and

OT effects.

2.Materials and Methods
2.1. Subjects and housing conditions

The sample consisted of 22 (12 females) three-month-old rhesus macaques (Macaca mulatta) from

two cohorts of healthy infants, born in 2014 (n = 10) and 2015 (n = 12) respectively. All infants were
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born and raised at the Laboratory of Comparative Ethology at the National Institutes of Health. All
animal care and testing procedures adhered to the NIH Guide for the Care and Use of Laboratory
Animals, and were approved by the Eunice Kennedy Shriver National Institute of Child Health and
Human Development (NICHD) and the University of Maryland Institutional Animal Care and Use
Committee. Infants were separated from their mothers on the day of birth, and subsequently raised
in a nursery following the protocol reported by Simpson et al., (2016). Further details concerning
rearing procedures are provided in Supplementary Information (SI) Methods. Three infants were
excluded from the original sample due to technical issues during EEG data acquisition, therefore the

final sample comprised 19 infants (11 females).
2.2. Oxytocin administration for EEG experiment

Infants were tested on two separate days in their third month of life (Mgays =96.10 SDgays = 3.94) using
a blind, placebo-controlled design. During these test sessions, either OT (25 IU/mL; Bimeda- MTC
Animal Health) or a sterile saline solution was administered using a Pari Baby Nebulizer (established
protocol from previous research; Simpson et al.(2014)). The order of administration (OT/saline) was
counterbalanced across subjects. Further details concerning solution administration and analysis are

provided in SI Methods.

2.3. Saliva collection procedure

To evaluate OT and cortisol levels after oxytocin/saline administration, saliva sample were collected
one hour after the end of nebulization and prior to the EEG assessment on both testing days. See SI

Methods for more details concerning saliva collection procedure, processing and analysis.
2.4. Experimental procedures

At the beginning of each treatment session, infants were brought to a testing room. During EEG
acquisition, one experimenter held the infant while a second served as the stimuli-presentation
model. The procedure was based on an imitation task previously developed for infant macaques
(Ferrari et al., 2006), and comprised three conditions: 1) lip-smacking (LS), an affiliative gesture in
macaques; 2) tongue protrusion (TP), a non-communicative facial gesture; and 3) a nonsocial control
comprised of a white plastic rotating disk with black/red orthogonal stripes (Disk). Condition order
was randomized across infants and treatments.

Each condition (LS/TP/Disk) started with a 40-second static period, in which the model either displayed
a neutral facial expression in the LS and TP conditions, or held the disk still in the Disk condition. The

model then displayed a LS or TP gesture for 20s, or rotated the disk for the same period of time. The
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model then displayed either a neutral expression/still disk again for 20 seconds. This movement-still
face sequence was repeated three times in total. A schematic representation of the experimental
procedure is illustrated in Fig. 1.

All the three conditions were presented during the same EEG recording session. Each session lasted
approximately 15 minutes, which included the time to place the EEG cap and short breaks (~ 1-2
minutes) between each condition. All experimenters were familiar caretakers, blind to the treatment
(i.e., oxytocin or saline) at the time of testing. Stimuli were presented to all infants by the same

presenter, who wore the same lab scrubs consistently across subjects, sessions and treatments.

TESTING ROOM B CONDITIONS

STATIC DYNAMIC STIMULUS

G@&ﬂ
VIDEO CAMERA  pRecENTER @ @ @ Disk

HOLDER

EEG
BIOAMPLIFIER

=
O
L
o 40 sec 20 sec 20 sec 20 sec 20 sec 20 sec 20 sec

Fig. 1: Experimental procedure. Schematic representation of the experimental procedure during EEG
acquisition. A. Experimental setting. A familiar caretaker held the capped infant monkey in front of a
second experimenter who served as the stimulus model (presenter). A camera, positioned behind the
presenter, recorded the infant monkey. B. Experimental conditions: TP, tongue protrusion; LS, lip
smacking; Disk, rotating disk. C. Design and timings for each experimental condition.

2.5. Behavioral coding

All testing sessions were video recorded using a 30 Hz video camera (Sony Digital Video Camcorder
ZR600, USA), positioned behind the human model. The video was time-stamped with a vertical

integrated time code, synchronized online with the EEG acquisition system (James Long Company, NY,
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USA). Videos were then coded off-line frame-by-frame using the Video Coding System (James Long
Company, NY, USA). The following infant behaviors were coded: (a) attention to the experimental
stimuli (i.e. gaze towards the stimulus or away from it); (b) LS (i.e., rapid opening and closing of the
mouth); (c) TP (i.e. extension of the tongue that crosses the inner edge of the lower lip, then retraction
of tongue); (d) arm and hand movements; and (e) gross body movements. Inter-observer agreement
was calculated for a random 20% of all videos using percent agreement, with a minimum of 75%

achieved for each behavior scored.

2.6. EEG acquisition

All EEG recordings were obtained using a custom lycra cap (Electro-Cap International, OH, USA) fitted
with ten tin electrodes (see Fig. 2). Four anterior electrodes were placed approximately over the
frontal/motor cortex (A1, A3: anterior left; A2, A4: anterior right) and four posterior electrodes were
placed approximately over the parietal cortex (P1, P3: posterior left; P2, P4: posterior right). The vertex
served as the reference, while an electrode located on the forehead served as the ground. The
subject’s head was shaved and a mild abrading gel was applied to clean the scalp and improve
impedances, which were kept below 20 kQ throughout data acquisition. The EEG signal was band-pass
filtered online from 0.1 to 100 Hz, digitized with a 16-bit A/D converter (x5V input range) at 1 KHz.
Data acquisition was performed using the James Long recording system (James Long Company, NY,
USA). EEG preprocessing details can be found in SI.

EEG suppression was computed in the alpha frequency band: 5-7Hz in infant macaques (Ferrari et al.,
2012; Vanderwert et al., 2012). This was calculated as the percentage change in average absolute
power (1V?) during the stimulus presentation (i.e., LS, TP or disk rotation) from baseline (i.e., still face
or still disk), with condition-specific (averaged across epochs in that condition) baselines utilized. As
in previous EEG studies of alpha activity in macaques (Ferrari et al., 2012; Festante et al., 2018;
Vanderwert et al., 2015), suppression was calculated for two clusters of electrodes: one anterior (4
electrodes) and one posterior (4 electrodes). For each cluster (anterior/posterior), in each
experimental condition (LS/TP/disk) and treatment (oxytocin/saline), suppression values were
calculated for each subject.

EEG suppression was also computed in the beta band (15-17 Hz in infant macaques(Festante et al.,
2018) ), another sub-component of the mu rhythm. However, no effects of OT were revealed in this

frequency band (See results of this analysis in SI Results).
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Fig. 2: Custom lycra EEG cap fitted with 10 tin electrodes. A. Schematic representation of electrode
positions on the scalp. Four anterior electrodes were placed approximately over the frontal/motor
cortex and four posterior electrodes were placed approximately over the parietal cortex. Anterior left
electrodes: Al and A3; Anterior right electrodes: A2 and A4; Posterior left electrodes: P1 and P3;
Posterior right electrodes: P2 and P4; Reference electrode: R; Ground electrode: G. B. Close-up view
of the EEG cap fitted on a 3-month-old macaque.

2.7. Statistical analyses

A mixed model framework was used for statistical analysis using R v3.6.3 (R Development Core Team,
2020). Further details on the R packages utilized and model checks are provided in SI Methods. For
analysis of the EEG, linear mixed models were utilized with alpha suppression during observation
treated as the dependent measure. For each condition (LS/TP/disk), a model was run that included
electrode cluster (anterior/posterior), treatment (saline/oxytocin), and their interaction as fixed
effects, and subject-specific intercepts and by-treatment subject-specific slopes as random effects.
Linear mixed models were used to explore infants’ own behavior during the different experimental
conditions (LS/TP/disk). For each condition, models were run to investigate the proportion of time
infants spent gazing at the stimulus (i.e. time attending to the stimulus divided by total time the
stimulus was presented), log-transformed to avoid issues with analyzing raw proportions using linear
models (Jaeger, 2008). Treatment (OT/saline) was included as a fixed effect and subject-specific
intercepts as a random effect. To examine infants’ own gesture production (frequency of lip-smacks
or tongue protrusions; i.e. count data), a Poisson generalized linear model with a logit link function
was run for each condition (LS/TP/disk), with treatment included as a fixed effect (saline/oxytocin)
and subject-specific intercepts as a random effect. The same models were also run with infants’
cortisol level added as a fixed effect.

Comparable models to all those described above were run with sex and cortisol level as an additional

factor. No significant effects were revealed (all p > 0.05) apart from those concerning cortisol level
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and attention/facial gestures described in section 3.3. Cortisol level and infant behavior. Similarly, no
relationships were found between EEG suppression and infant behavioral responses.

P-values for fixed effects and their interactions were obtained using type 11l Wald chi-square or F tests,
and all post-hoc tests (least-square means) were corrected for multiple comparisons using Tukey-

Kramer contrasts.

3. Results

To ensure the administration of oxytocin was successful, oxytocin level was assessed from saliva
samples collected prior to EEG assessments. Analysis of these samples confirmed that oxytocin levels
were higher in the oxytocin than the saline treatment. Detailed results are reported in Sl (see section

2. Sl Results and Fig. S1).
3.1. Infant alpha suppression during observation

To be included in the following analyses, subjects were required to have a minimum of five epochs
per condition (disk/lip-smacking/tongue protrusion) and treatment (oxytocin/saline) after pre-
processing of the EEG data, in keeping with similar EEG studies (Rayson et al., 2017, 2016). The number
of remaining subjects and average epoch numbers can be found in SI (Table S1). Exploratory mixed
model analyses revealed no significant differences between the number of usable EEG epochs in the

different conditions or treatments (all p > 0.05).

During observation of lip-smacking (LS), a significant main effect of electrode cluster
(anterior/posterior) was revealed [F1, 34) = 6.49, p = 0.016], as well as a significant electrode cluster
by treatment (oxytocin/saline) interaction [F(1, 34) = 5.35, p = 0.027]. Follow-up analyses revealed
that in the OT treatment, more alpha suppression occurred in the posterior compared to anterior
electrode cluster [t(34) = 2.55, p = 0.016]; and in the posterior cluster, more suppression occurred in
the OT treatment compared to saline treatment [t(31.8) = -2.08, p = 0.046]. During observation of
tongue protrusion (TP), there was a significant main effect of electrode cluster (more suppression in
the posterior compared to anterior electrode cluster [F(1, 33) = 5.31, p = 0.028]), but no significant
interaction between cluster and treatment. A significant main effect of electrode cluster was also
revealed in the disk condition, with more decrease in power in the posterior compared to anterior
cluster [F(1, 52) = 5.25, p = 0.026] but not significant alpha suppression revealed in either clusters.
These results are illustrated in Fig. 3. See Table S2 in Sl for results concerning power differences from

baseline.

10
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Fig. 3: Alpha suppression for each condition in anterior and posterior electrode clusters. Mean
percentage of alpha power change from baseline during observation of the Disk, lip-smacking (LS),
and tongue protrusion (TP) conditions, in the saline and oxytocin (OT) treatments. Error bars represent
11 standard error. Significant differences from baseline and between treatments are denoted by
asterisks (* p < 0.05, ** p < 0.01).

3.2. Infants’ own facial gestures and gaze towards experimental stimuli

In the LS condition, there was a significant main effect of treatment on the frequency of infants’ own
lip-smacks [z =-1.98, p = 0.003], with more gestures produced in the OT treatment (n = 18; M = 3.00,
SD = 5.33) than in the saline (n = 19; M = 0.947, SD = 2.738) treatment. No significant effect of
treatment on infant lips-smacks was found in the disk or TP condition. In the TP condition, there was
a significant main effect of treatment on the frequency of infants’ own tongue protrusions [z =-1.98,
p =0.048], with more gestures produced in the OT (n = 18; M = 2.06, SD = 3.02) compared to saline (n
=19; M =0.95, SD = 2.17) treatment. In the disk condition, a significant main effect of treatment on
the frequency of infant tongue protrusions was also revealed [y2(1) = 8.08, p < 0.01], however in this
condition, more tongue protrusions were produced in the saline (n = 19; M = 1.21, SD = 2.59)
compared to the OT (n = 18; M = 0.33, SD = 0.69) treatment. Results concerning infants’ own facial

gesture production are outlined in Fig. 4.

11
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Fig. 4: Frequency of infant lip-smacking and tongue protrusion. Infant production of lip-smacks (LS)
and tongue protrusions (TP) during observation of the disk, LS, and TP, in the saline and oxytocin (OT)
treatments. Error bars represent +1 standard error. Significant differences between treatments are
denoted by asterisks (** p < 0.01, *** p < 0.001).

In the LS condition only, a significant main effect of treatment was revealed on the proportion of time
infants spent looking at the experimenter presenting the stimulus [F(1, 17.48) = 10.32, p = 0.005], with
more gaze to the experimenter in the OT treatment (n = 18; M = 0.44, SD = 0.16) versus saline (n = 19;
M = 0.32, SD = 0.11) treatment. No significant differences between OT and saline were found in the
TP or disk condition (all p > 0.05). Results concerning the proportion of infant attention during stimuli

presentation are illustrated in Fig. S2.
3.3. Cortisol level and infant behavior

In the LS condition, a significant cortisol by treatment interaction was revealed [F(1, 15.96) = 9.66, p =
0.007]. Specifically, higher levels of cortisol were related to more gaze towards the stimulus in the OT
treatment (n = 16; M = 0.43, SD = 0.16), and less gaze towards the stimulus in the saline treatment (n
=18; M =0.31, SD = 0.11). Similarly, a significant cortisol by treatment interaction was revealed in the
TP condition [F(1, 22.53) = 5.98, p = 0.023], with higher levels of cortisol again related to more
attention towards the experimenter presenting the stimulus in the OT treatment (n = 16; M = 0.41, SD
=0.14), but less gaze towards the experimenter in the saline treatment (n=18; M =0.36, SD = 0.17).
No significant effects of cortisol were found in the disk condition (all p> 0.05). See Fig. 5 for illustration

of these results.

12
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Fig. 5: Relationship between cortisol and attention to stimuli. Scatter plots reflect the relationship
between cortisol level and infants” attention toward the stimuli during the disk, LS, and TP conditions,
in the saline and OT treatments. Shaded regions around each line represent £1 standard error.

In the LS condition, a relationship between cortisol levels and infants’ own facial gestures was also
found. Specifically, cortisol was linked to infants’ own LS, but not own TP, with a significant interaction
between treatment and cortisol revealed [x2(1) = 6.362, p = 0.012]. That is, higher levels of cortisol
were related to more infant LS in the oxytocin treatment (n = 16; M = 3.38, SD = 5.55), but lower levels
of infant LS in the saline treatment (n = 18; M = 0.33, SD = 0.59). No effects of cortisol on infant facial

gestures were revealed in the TP or disk condition (all p> 0.05). These results are illustrated in Fig S3.

4. Discussion

Three key effects of OT administration on infant macaque responses to live facial gestures were
revealed here: i) increased cortical activation in the alpha frequency band; ii) more frequent
production of infant own facial gestures; and iii) modulation of a relationship between cortisol levels
and prosocial behavior. Altogether, this suggests that OT has an active role in the early emergence of
social competences, targeting neural circuits associated with social perception and facilitating

prosocial behavior.
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Our EEG analysis revealed an effect of acute exogenous OT on activity in the alpha frequency band
during observation of an experimenter performing lip-smacking (LS) and tongue protrusion (TP)
gestures. In the OT treatment, alpha suppression occurred over the posterior electrode cluster in both
conditions, but not in the control disk condition. We also found an increase in alpha suppression in
the OT compared to saline treatment during LS observation. Significant suppression did not occur in
any condition following saline administration. These results represent the first neurophysiological
evidence for exogenous OT targeting cortical regions involved in social processing and socially-driven
visuomotor development early in infancy, and substantiates the idea that the oxytocinergic system
modulates activity in brain networks that support face perception (Dal Monte et al., 2014; Liu et al.,
2015; Taubert et al., 2019; Tillman et al., 2019) and other socio-cognitive processes (Festante et al.,

2020; Levy et al., 2016; Perry et al., 2010) .

Increased alpha suppression after OT administration is in keeping with adult action observation
studies (Festante et al., 2020; Levy et al., 2016; Perry et al., 2010) pointing to the mirror system as a
neural target of OT. Classically, this system comprises premotor regions, the inferior frontal gyrus, and
more posterior regions within the parietal cortex, and is involved in self-other social mapping
(Rizzolatti and Sinigaglia, 2016). Alpha suppression over sensorimotor regions is considered a reliable
proxy measure of the mirror system activity (Arnstein et al., 2011; Fox et al., 2016), and occurs in both
adults and infants during observation and execution of facial gestures (Ferrari et al., 2012; Moore et
al., 2012; Rayson et al., 2017, 2016; Vanderwert et al., 2015). As such, effects on activity in the 5-7Hz
band in our study could reflect the recruitment of this system, suggesting it could be an OT target in
macaques from early infancy. This interpretation is supported by a recent study with human infants,
where methylation of oxytocin receptor (OXTRm) was associated specifically with inferior frontal
cortex activity in response to faces later on in development (Krol et al., 2019). Not only is this a key
region of the human mirror system (Rizzolatti and Sinigaglia, 2016), but it is also linked consistently to
various forms of social dysfunction (Dapretto et al., 2006; Patriquin et al., 2016). Notably, putative
mirror system activity during facial gesture observation has already been associated with early social
deprivation in macaques (Vanderwert et al., 2015) and the quality of mother-infant interactions in
humans (Rayson et al., 2017), which may explain the lack of suppression observed in our nursery-

reared animals during the saline session.

In the infant EEG research outlined above (Ferrari et al., 2012; Rayson et al., 2017, 2016; Vanderwert
et al.,, 2015), cortical activity corresponded closely to central/anterior scalp regions where
sensorimotor versus visual alpha is classically recorded (Fox et al., 2016). However, in our study, alpha

suppression during the OT session was more posteriorly located, indicating that it may not, or may
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not exclusively, reflect sensorimotor activity, but instead could represent visual/attentional alpha
modulation. In  human adults, OT does increase alpha suppression over much of the scalp during
action observation (Festante et al., 2020; Perry et al., 2010), not just in central regions. An interesting
possibility is that suppression in parietal locations found in our study reflects increased functional
connectivity between occipital and central brain regions, and thus greater coupling of mirroring and
attentional processes, which are likely to occur concurrently (Debnath et al., 2019; Festante et al.,

2020).

A possible mechanism through which OT influences alpha suppression involves OT-sensitive
cholinergic innervations from NBM to the amygdala and the cerebral cortex (Freeman et al., 2014).
Across NHP species, NBM is a key regulator of visual attention, especially in response to social
stimulation, and its activity has been linked to alpha band reactivity in humans (Wan et al., 2019). It is
therefore plausible that OT-OXTR binding in NBM activates this cholinergic circuitry, thereby
facilitating alpha suppression linked to social attention and facial gesture coupling. It is also possible
that mechanisms of visual attention mediated by the SC modulate visual orienting responses, and
therefore influence how a face stimulus is explored and processed, both in terms of gesture
recognition and its reward value. Here, it is important to note that the effects of OT on social
perception and social responsiveness could result from several mechanisms that act synergistically at
different levels. For example, this could occur via modulation of visual attention mechanisms involving
the NBM or SC (Freeman et al., 2014; Putnam et al., 2018); while at the same time, through activation
of mechanisms related to stress /anxiety inhibition which involve the amygdala and other affective

brain regions (Gangopadhyay et al., 2021).

In keeping with our neurophysiological findings, behavioral results here also suggest that OT affected
both attentional and self-other matching mechanisms. In fact, infants increased their attention toward
the most socially-relevant stimulus (LS) following OT administration, which is consistent with previous
research showing that OT modulates social attention and gaze toward faces (Dal Monte et al., 2014;
Liu et al., 2015; Nishizato et al., 2017; Parr et al., 2013). Moreover, OT administration affected infant
production of facial gestures. Intriguingly, not only did own facial gestures increase after OT
administration, but infant gesture production was also very well attuned to the gestures produced by
the experimenter. In fact, increases in TP occurred specifically in the TP condition, and increases in LS
in the LS condition. This result is somewhat surprising as macaques do not typically express such
synchronous, matched responses at three months. Newborn macaques do tend to respond to their
mother’s LS with LS themselves (Ferrari et al., 2009), but this kind of response becomes increasingly
scarce over the first month of life. In infants with limited early social experience, the frequency of

matched responses drops even more dramatically, almost disappearing within a week (Ferrari et al.,
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2006). This indicates that, without adequate social stimulation from the mother, infant’s capacity to
respond appropriately to social stimuli can be impaired. Results from the current study suggest that
in similarly limited social conditions, OT is capable of ‘promoting’ matching responses to facial stimuli,
and thus that OT administration can positively impact impaired socio-emotional behavior often linked
to early social adversity. As implied by our EEG results, and in keeping with adult findings, this could
involve a self-other matching mechanism. For example, in adults, intranasal OT in adults enhances
motor facilitation during manual action observation (Prinsen et al., 2018), and increases both facial
and finger movement mimicry (De Coster et al., 2014; Korb et al., 2016). Our study demonstrates
similar motor facilitation effects of OT in early infancy.

Oneideais that OT is involved in experience-dependent plasticity processes whereby OT mediates the
effects of therapeutic agents or social inputs linked to the reopening of sensitive developmental
periods for social reward learning (Feldman, 2015; Nardou et al., 2019). Our results are in line with
this proposition to some extent, with OT administration increasing prosocial behaviors likely impacted
early on by a lack of typical parenting input. Other evidence that early adversity, in the form of social
deprivation, affects functioning of the oxytocinergic system in macaques (Baker et al., 2017; Winslow
et al.,, 2003) further supports the idea that this system was compromised in our nursery-reared

sample, though this should be explored more explicitly in future research.

Finally, we found a relationship between infant cortisol and prosocial behaviors, with higher cortisol
levels related to more time spent gazing towards facial gestures, and increased production of LS
gestures in the LS observation condition only. This could indicate that more stressed or anxious infants
benefited most from OT due to its anxiolytic effects, in accordance with studies suggesting that
prosocial effects of OT, at least in part, are linked to reductions in anxiety (Campbell, 2010). More
anxious or stressed individuals might be more inhibited in their social behavior, as suggested by
previous infant NHP research (Dettmer et al., 2012; Dettmer and Suomi, 2014), and consequently,
may demonstrate a greater magnitude of positive OT-induced effects on social responsiveness. This
idea would also be consistent with research showing that OT promotes prosocial behavior and related
neural responses to a greater extent in individuals with lower social processing capacities at baseline

(Hecht et al., 2017).

There are some limitations of our study that must be considered. First, effects of OT can differ
depending on dosage and whether it is chronically versus acutely delivered (Parr et al., 2016; Rault et
al., 2013), so the use of only acute administration here limits the extendibility of our findings. Second,
we only assessed infants at one-time point, so possible long-term rescue effects of OT remain
unknown. Finally, it is possible that our sample size limited our ability to detect relationships between

our different variables. Therefore, although these findings further our understanding and are
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extremely promising in terms of potential therapeutic application, further investigations into the

effects of OT in infancy and its usefulness in terms of early therapeutic treatments is necessary.

To conclude, findings from the current study constitute the first evidence for exogenous OT enhancing
prosocial responsiveness and related cortical activity in infant macaques at a developmental stage
when brain plasticity is greatest. This adds to our knowledge concerning the role of OT in early socio-
emotional development, and can guide future research with human infants. Our results also have
important translational and clinical implications, suggesting that OT administration can promote social
responses that were potentially impacted by early social adversity. Ultimately, such knowledge could
be used to inform the design of early OT interventions aimed at manipulating specific brain
mechanisms underlying social dysfunction, in the context of neurodevelopmental disorders and early-

emerging psychopathology.
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