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Abstract
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This study investigates paternal brain function with the hope of better understanding the neural
basis for variation in caregiving involvement among men. The neuropeptides oxytocin (OT) and
vasopressin (AVP) are implicated in paternal caregiving in humans and other species. In a doubleblind, placebo-controlled, within-subject pharmaco-functional MRI experiment, we randomized
30 fathers of 1–2 year old children to receive either 24 IU intranasal OT before one scan and
placebo before the other scan (n = 15) or 20 IU intranasal AVP before one scan and placebo before
the other scan (n = 15). Brain function was measured with fMRI as the fathers viewed pictures of
their children, unknown children and unknown adults, and as they listened to unknown infant cry
stimuli. Intranasal OT, but not AVP, significantly increased the BOLD fMRI response to viewing
pictures of own children within the caudate nucleus, a target of midbrain dopamine projections, as
well as the dorsal anterior cingulate (dACC) and visual cortex, suggesting that intranasal oxytocin
augments activation in brain regions involved in reward, empathy and attention in human fathers.
OT effects also varied as a function of order of administration such that when OT was given before
placebo, it increased activation within several reward-related structures (substantia nigra, ventral
tegmental area, putamen) more than when it was given after placebo. Neither OT nor AVP had
significant main effects on the neural response to cries. Our findings suggest that the hormonal
changes associated with the transition to fatherhood are likely to facilitate increased approach
motivation and empathy for children, and call for future research that evaluates the potential of OT
to normalize deficits in paternal motivation, as might be found among men suffering from postpartum depression.
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1. Introduction

Author Manuscript

In contrast to most mammalian species, humans have been characterized as an alloparental
species in which mothers typically receive help from other adults in raising their children
(Hrdy, 2009). In some societies and cultures, the primary helper is the father, and in this
situation, paternal involvement is associated with reduced child mortality and morbidity
(Gaudino et al., 1999; Weitoft et al., 2003), as well as improved social, psychological, and
educational outcomes (Cabrera et al., 2000; Sarkadi et al., 2008). Yet, despite these facts,
there is remarkable variation in paternal involvement (Hrdy, 2009) and father absence has
increased precipitously over the last half of the 20th century (Cabrera et al., 2000),
highlighting the importance of understanding the neurobiological influences on paternal
caregiving.

Author Manuscript

Oxytocin (OT) is a naturally occurring endogenous neuropeptide that is produced in the
paraventricular and supraoptic nuclei of the hypothalamus and released into both the brain
and the peripheral circulation (Meyer-Lindenberg et al., 2011). Peripherally, it promotes
both uterine contractions during labor and milk letdown during nursing, while centrally, it
promotes maternal caregiving (Rilling and Young, 2014) and other forms of attachment. In
rats, OT acts on the mesolimbic dopamine (DA) system to facilitate the motivation to
approach and nurture offspring (Numan, 2007). The mesolimbic DA system may also
motivate caregiving in humans. For example, nucleus accumbens activation scales to the
degree of “baby schema” (i.e., cuteness) of child pictures, as well as with the self-reported
motivation to care for the children among women (Glocker et al., 2009a; Glocker et al.,
2009b). Moreover, OT has been shown to augment activation within the mesolimbic DA
system as women view pictures of unknown crying infants (Gregory et al., 2015). Thus,
humans and rodents may share core neural mechanisms that motivate maternal behavior
(Rilling and Young, 2014).

Author Manuscript

Recent work suggests that maternal and paternal behavior rely on similar neural substrates.
For example, the medial preoptic area of the hypothalamus is now known to be a critical
node for parental behavior in both sexes (Wu et al., 2014). Perhaps, like maternal caregiving,
paternal caregiving is mediated by OT acting in the mesolimbic DA system. Married fathers
have higher levels of plasma OT than unmarried non-fathers (Mascaro et al., 2014b), and
plasma OT levels increase over the first 6 months of fatherhood (Gordon et al., 2010).
Moreover, paternal plasma OT levels are correlated with father-infant affect synchrony and
with stimulatory touch in father-infant play sessions (Feldman et al., 2011; Gordon et al.,
2010). In addition, intranasal OT treatment increases paternal stimulatory and exploratory
play with toddlers and increases the duration of episodes of father-infant touch and social
reciprocity. These augmented paternal behaviors in turn alter the infant’s behavior,
increasing the duration of infant gaze to the father and infant object manipulation, as well as
infant salivary oxytocin (Weisman et al., 2012). Overall, OT appears to motivate paternal
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behaviors that facilitate father-infant bonding. Collectively, these findings lead to the
prediction that intranasal OT will augment activation within the mesolimbic DA system as
men view pictures of their children.

Author Manuscript

Infants solicit parental caregiving not only by their appearance but also through crying. In
mice, OT in the left auditory cortex accelerates maternal retrieval of crying pups (Marlin et
al., 2015). Infant crying can also be an aversive stimulus and parents must often regulate
their initial negative emotional reaction to it in order to deliver appropriate care. In female
rats, OT acts via the medial preoptic area (MPOA) to inhibit an avoidance system that
includes the amygdala (Numan, 2007). Intranasal OT also attenuates the amygdala response
to unknown infant cries among nulliparous women (Riem et al., 2011), consistent with
inhibition of an avoidance pathway. The same study also found that intranasal OT
augmented the anterior insula response to unknown infant cries, suggesting that OT may also
enhance empathic responses to infant cries. The effect of OT on the neural response to infant
cries in fathers has not yet been investigated.

Author Manuscript

Vasopressin (AVP), which differs from OT by only two amino acids, has also been
implicated in paternal behavior. AVP injections into the lateral septum elicit paternal
behavior in male prairie voles (Wang et al., 1994), and AVP-immunoreactive staining in bed
nucleus of stria terminalis (BNST) terminals predicts paternal behavior in California mice
(Bester-Meredith and Marler, 2003). In primates, marmoset monkey fathers have increased
V1a vasopressin receptor density as well as increased dendritic spine density on neurons in
prefrontal cortex (Kozorovitskiy et al., 2006). Finally, intranasal AVP administration
increased attention to virtual baby-related avatars in human fathers-to-be (Cohen-Bendahan
et al., 2015). However, the role of AVP in human parental behavior, as well as its neural
mechanism, has not been investigated.
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In the current double-blind, placebo-controlled, within-subject pharmaco-functional MRI
experiment, we randomized 30 fathers of 1–2 year old children to receive either 24 IU
intranasal OT on one scan and placebo on the other (n = 15) or 20 IU intranasal AVP on one
scan and placebo on the other (n = 15). Brain function was measured with fMRI as the
fathers viewed pictures of their children, unknown children and unknown adults, and as they
listed to unknown infant cry stimuli. Fathers also rated their subjective reactions to cry
stimuli. Our aim was to evaluate the effect of intranasal OT and AVP on paternal brain
function and subjective ratings of cry stimuli. We also sought to determine if any such
effects were modulated by attachment security or early life experience, as has been reported
previously (Bakermans-Kranenburg and van IJzendoorn, 2013; Bartz et al., 2011). We
hypothesized that intranasal OT would augment activation within the mesolimbic DA system
as men viewed pictures of their children, and that it would also augment activation in
auditory cortex and anterior insula in response to baby cries, while suppressing activation to
baby cries in the amygdala. We further hypothesized that intranasal OT would attenuate
negative subjective reactions to cry stimuli through inhibition of the avoidance pathway.
Finally, we expected these effects of OT to be stronger among fathers with supportive family
backgrounds (Bakermans-Kranenburg and van IJzendoorn, 2013) and high levels of
attachment anxiety (De Dreu, 2012b). Given the much more limited body of research on
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AVP and paternal behavior, we did not have a-priori hypotheses as to how it would influence
brain function in fathers.

2. Material and methods
2.1. Subjects

Author Manuscript

Thirty-one biological fathers of 1–2 year old children were recruited by posting flyers
around the Emory University campus, at local parks and daycare centers. Fathers were
required to be currently cohabitating with their committed partner and child. Enrollment in
the study required participation by the father, his adult partner and their child. All enrolled
fathers had female partners. The study was approved by the Emory Institutional Review
Board, and all participants gave written informed consent (mothers signed on behalf of
children). Fathers were screened and excluded for self-reported history of head trauma,
seizures, or other neurological disorders, psychiatric illness, alcoholism, or any other
substance abuse, serious medical illness, claustrophobia, and for ferrous metal in any part of
body. Fathers were between the age of 22 and 43 years (M = 32.8, SD = 4.7) and had
between one and five children, with one as the modal number (M = 1.71, SD = 0.97).
Twenty-seven out of 31 fathers were married to their partner. The average amount of time
married fathers had been married was 5.27 years (SD = 3.70). For the 4 fathers who were not
married to their partner, the average amount of time they had lived with their partner was
4.75 years (SD = 2.36).
2.2. Study design

Author Manuscript

The mother and child came to the laboratory, and experimenters photographed children as
described in Section 2.4. Fathers received two fMRI scans on two different occasions
separated by 2–10 days (M = 5.71, SD = 2.12). 15 fathers were randomized to receive 24 IU
intranasal OT prior to one scan and placebo prior to the other scan, and a separate group of
16 fathers were randomized to receive 20 IU intranasal AVP prior to one scan and placebo
prior to the other scan (one father was excluded from image analysis due to excessive
motion during the fMRI scan; another father had excessive motion during the picture stimuli
under AVP treatment and was excluded from the relevant analyses). We choose these doses
given the large number of published studies reporting prosocial effects at these doses
(Guastella et al., 2010; Guastella et al., 2011; Hurlemann and Scheele, 2016; Tabak et al.,
2015; Thompson et al., 2006). The order of neuropeptide and placebo administration was
counterbalanced across subjects within each of the two groups (OT, AVP).
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During fathers’ first visit, a study physician or nurse practitioner completed a history and
physical examination on each father to determine their eligibility. Eligible fathers completed
self-report parenting questionnaires (described in Section 2.3) before self-administering
nasal sprays containing OT, AVP or placebo (details on the preparation of OT, AVP and
placebo nasal sprays can be found in the supplementary material). Following intranasal
administration of AVP, CSF concentrations begin rising within 10 min, continue to increase
for up to 80 min, and remain above those of placebo-treated subjects at 100–120 min after
administration (Born et al., 2002). Previous studies using intranasal OT and AVP in human
subjects have observed neural and behavioral effects at 50 min post-administration (Kirsch
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et al., 2005; Kosfeld et al., 2005; Thompson et al., 2006). fMRI scans therefore began
approximately 50 min (M = 51.29, SD = 4.69) after neuropeptide or placebo administration.
During the fMRI scans, fathers viewed pictures of their own child as well as an unknown
child and an unknown adult matched on sex and ethnicity with their own child. Afterwards,
while still in the scanner, they listened to infant cry and auditory control stimuli (described
in Section 2.5). After exiting the scanner, fathers again listened to cry stimuli and rated on a
7 point Likert scale how grating, urgent, piercing, aversive, compelling, manipulative, and
spoiled they found the cries (1 = not at all, 7 = extremely); they also rated how irritated,
sympathetic, alarmed, angry, upset, compassionate, distressed, annoyed, and tender the cries
made them feel. The procedure for the fathers’ second visit was identical to the first except
that they did not complete the history and physical examination or the questionnaires.
2.3. Questionnaires

Author Manuscript

To assess fathers’ early childhood experience, we administered the Parental Love
Withdrawal Scale (van Ijzendoorn et al., 2011), the Parental Bonding Instrument (PBI)
(Parker et al., 1979) and the Childhood Trauma Questionnaire (CTQ) (Bernstein et al.,
2003). The Parental Love Withdrawal Scale asks subjects how well statements such as “My
mother is a person who will not talk to me when I displease her” described their parents
when they were children, ranging from 1 (not at all well) to 5 (very well). The PBI is a
widely used measure of fundamental parental style as perceived by the child and assesses
two parenting dimensions, namely “care” and “overprotection”. CTQ assesses participants’
maltreatment history in childhood and has five dimensions: sexual abuse, emotional abuse,
physical abuse, emotional neglect and physical neglect. We also administered the Experience
in Close Relationships-Revised (ECR-R) Adult Attachment Questionnaire (Fraley et al.,
2000) to assess fathers’ attachment-related anxiety and attachment-related avoidance.
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2.4. Photograph stimuli

Author Manuscript

Adult photographs were obtained from male and female trained actors who were asked to
generate happy, sad, and neutral facial expressions. Unknown child photographs were
obtained from male and female age-matched children. For both own and unknown children,
we captured eight pictures of each facial expression during a play session. If the child did
not make one of the facial expressions naturally, sad faces were elicited by the mother
leaving the room or taking a favorite toy from the child, and happy faces were elicited with
singing, dancing, or tickling. Fathers were scanned while viewing pictures of happy, sad, and
neutral facial expressions of three different people: (1) their own child, (2) an unknown
child, and (3) an unknown adult. Fathers were instructed to “please observe each picture and
try to share the emotions of the person in the picture.” For each expression, fathers viewed
eight different pictures of the person making that expression over the course of four blocks,
and each picture was viewed twice (Fig. S1). During a single block, four different
photographs of the same expression type were shown, each for 3 s. There was a 0.5-s
fixation between each photograph. Thus, the duration of each block was 14 s. After every six
blocks, subjects viewed a fixation block of equal duration. The total duration of the task was
9 min 48 s ((36 face blocks + 6 fixation blocks) × 14 s per block). Photographs were
presented in pseudorandom order, and fathers always viewed own children at the end.
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Cry stimuli (C) were obtained from two infants, aged 3 and 5 months. Stimuli were
purchased from an online audio database (www.audionetwork.com), and edited to 10 s clips
using online available software (www.audacity.com). Two types of control stimuli were
synthesized for each cry using Praat 5.1 and Adobe Audition 3.0 software. For one control,
referred to as Con, an emotionally neutral baby vocalization was created to match the
duration, intensity, spectral content and amplitude envelope of the cry stimulus. The second
control, TCon, was a pure tone that preserved the mean fundamental frequency and
amplitude envelop of the cry. Participants listened to the audio stimuli through Pro Ears
Ultra 28 MRI-compatible headphones and were told prior to the task: ‘You will now hear a
series of sounds. You do not have to do anything except listen to them’. The six different
sound files (C1, C2, Con1, Con2, TCon1 and TCon2) were presented in pseudorandom
order over four blocks such that each sound was presented four times. There was an intertrial interval of 6 s between each stimulus (Fig. S2). Each of the four blocks lasted 126 s and
the total duration of the task was 8 min 24 s.
2.6. Anatomical image acquisition

Author Manuscript

Subjects were positioned in a Siemens MAGNETOM Prisma 3 T MRI scanner. Subjects lay
motionless in a supine position in the scanner with padded head restraint to minimize head
movement during scanning. High-resolution T1-weighted images were acquired using a 3D
magnetization-prepared rapid gradient-echo (MPRAGE) sequence with a GRAPPA factor of
2. The T1 scan protocol, optimized for 3 Tesla, used the following imaging parameters: a
repetition time/inversion time/echo time (TR/TI/TE) of 1900/900/3.67 ms, a flip angle of 8°,
a volume of view of 256 × 256 × 176 mm3, a matrix of 256 × 256 × 176, and isotropic
spatial resolution of 1.0 × 1.0 × 1.0 mm3. Total T1 scan time was approximately 5 min.
2.7. Functional image acquisition
T2-weighted images were collected using an Echo-Planar Imaging (EPI) sequence for
BOLD fMRI. EPI images were collected in an interleaved fashion with the following
imaging parameters selected to minimize susceptibility and distortion artifacts in the
orbitofrontal cortex: TR = 2000 ms, TE = 28 ms, matrix = 64 × 64, FOV = 224 mm, in-plane
resolution 3.5 mm, slice thickness = 2.5 mm, and 34 axial slices with a gap of 1.05 mm in
between.
2.8. Cry rating analysis

Author Manuscript

After exiting the scanner, subjects listened to the two different cry stimuli a second time and
rated them on a Likert scale. Data were analyzed with an ANOVA model with treatment
(drug vs. placebo) and cry (C1 or C2) as within subject factors and the order in which the
fathers received the drug (drug-placebo or placebo-drug) as a between subject factor. All
statistical analyses were implemented in IBM SPSS statistics 23.0 (IBM Corp., Armonk,
NY).
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2.9. Neuroimaging data analysis
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The analysis was conducted with the Oxford Center for Functional Magnetic Resonance
Imaging of the Brain’s software library (FSL, http://www.fmrib.ox.ac.uk/fsl/). The
preprocessing pipeline of the fMRI data involves (1) motion correction using the MCFLIRT
(Jenkinson et al., 2002), (2) non-brain tissue removal using the BET (Smith, 2002), (3) slice
timing correction, (4) high-pass temporal filtering with a cut-off of 200 s, (5) spatially
smoothing with a Gaussian kernel of full-width at half maximum (FWHM) of 5 mm, and (6)
normalizing to MNI space via corresponding extracted T1 brain using Boundary-BasedRegistration (Greve and Fischl, 2009).
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The preprocessed fMRI data were analyzed using the general linear model (GLM) for
univariate statistical analysis. We defined 9 regressors for the picture run: own child’s happy
face (OH), own child’s sad face (OS), own child’s neutral face (ON), unknown child’s happy
face (UH), unknown child’s sad face (US), unknown child’s neutral face (UN), unknown
adult’s happy face (AH), unknown adult’s sad face (AS), and unknown adult’s neutral face
(AN). We collapsed across the different emotions and specified three different contrasts:
own child vs. unknown child (O-U), own child vs. unknown adult (O-A) and unknown child
vs. unknown adult (U-A). We also specified emotion-specific contrasts between own child
and adult pictures (e.g., OH-AH, OS-AS, ON-AN). A separate GLM was defined for the cry
run for each subject that modeled the neural response to infant cries (C) and the two auditory
controls (Con, and TCon). We focused our analysis on the contrast C-TCon. The individuallevel GLM was implemented using FILM (FMRIB’s Improved Linear Model).
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At the group level, we performed whole brain analyses using random effect models that
were designed to investigate the effects of OT and AVP compared to placebo in both the
picture and the cry runs. We used paired t-tests to compare contrasts between neuropeptide
and placebo treatments and an Ordinary Least Square (OLS) algorithm to estimate beta
values in FEAT. The resultant Z statistics (Gaussianized t) images were thresholded using
clusters determined by Z > 2.81 (voxel-wise 2-tailed p < 0.005), and a family-wise error
(FWE)-corrected cluster significance threshold of p < 0.05 was applied to the suprathreshold
clusters, unless otherwise noted.
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We specified functional regions of interest (ROI) based on the contrast [(O-A)OT-(O-A)PL]
for picture stimuli in the caudate nucleus, anterior cingulate cortex (ACC) and visual cortex.
The functional ROIs were centered on the voxel of peak activation within each structure and
extended 10 mm in the x, y and z direction. The average BOLD percent signal change was
then plotted for each facial expression of emotion (happy, sad and neutral) for each stimulus
type (own child, unknown child and adult). Outliers, defined as ±3 * IQR (Interquartile
Range) were excluded from ROI plots and analyses. These included two subject’s visual
cortex responses for the own child - adult contrast and one subject’s response to unknown
sad faces in the caudate nucleus, ACC and visual cortex ROIs. Furthermore, to determine if
early life experience or attachment style modulated the effect of OT on brain activation, we
tested for correlations between the contrast [(O-A)OT–(O-A)PL] and scores on these
measures within the three functional ROIs and in a whole brain covariate analysis.
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3. Results
3.1. Main effects of child picture stimuli under placebo treatment
Viewing own children, compared with viewing adults, yielded widespread activation,
including the caudate nucleus, putamen, substantia nigra, thalamus, medial prefrontal cortex
(MPFC) and visual cortex, as well as deactivation in subgenual ACC (Fig. S3a,
Supplementary Table 1). The contrast between own and unknown child pictures yielded a
very similar pattern of activation (Fig. S3b; Supplementary Table 1). There was no
significant activation for the contrast between unknown child and adult pictures.
3.2. Main effects of child cry stimuli in placebo group

Author Manuscript

The contrast between listening to infant cries and listening to the auditory tone control
yielded activation in right auditory cortex, as well as deactivation in supplementary motor
cortex, somatosensory cortex, insula and visual cortex (Fig. S4; Supplementary Table 1).
3.3. OT effects
3.3.1. Pictures

Author Manuscript

3.3.1.1. Own-adult: Compared with placebo, OT robustly augmented the BOLD response to
viewing pictures of own children relative to adults in the caudate nucleus, the dACC, and
visual cortex (Fig. 1a, Table 1). For the dACC, OT effects were negatively correlated with
baseline activation under placebo treatment (Fig. S5). That is, OT-induced increases were
larger for fathers with lower levels of activation under placebo. This was not true of the
caudate nucleus or visual cortex. We also examined the effect of OT on the neural response
to each emotion separately. Similar to the overall main effect, OT augmented the neural
response to own child neutral faces in the caudate nucleus and dACC. However, OT
additionally augmented activation in both dorsomedial and dorsolateral prefrontal cortex
(DMPFC and DLPFC) (Fig. 2a). For happy faces, OT augmented the response to own child
faces in the caudate nucleus only (Fig. 2b). There was no significant effect of OT on the
neural response to own child sad faces.
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To evaluate whether early life experience or attachment style modulated the effect of OT on
activation in the regions where OT increased the response to own-adult across all facial
expressions (caudate, dorsal ACC, visual cortex), we tested for correlations across fathers
between OT effects on brain activation and scores on the Parental Love Withdrawal Scale,
the Parental Bonding Instrument (PBI), the Childhood Trauma Questionnaire, and the
Experience in Close Relationships-Revised (ECR-R) Adult Attachment Questionnaire. After
correction for multiple comparisons, there were no significant correlations. A
complementary whole brain analysis with PBI, ECR-R, CTQ and parental love withdrawal
as covariates revealed a negative correlation between maternal care in the PBI and OT
increases in the inferior frontal gyrus (IFG), anterior cingulate gyrus, precentral gyrus,
precuneus, insula and visual cortex, among other areas (Supplementary Table 2). In other
words, OT increased activation in these areas more-so in fathers reporting lower quality
bonds with their mothers during childhood (Fig. S6). There were no significant correlations
for the other measures.
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3.3.1.2. Own-unknown, unknown-adult OT effect: OT had no significant effect on the
contrast between own and unknown child pictures or the contrast between unknown child
pictures and unknown adult pictures. However, the ROI plots in Fig. 1b suggest that OT
increases the caudate nucleus and ACC responses to own child, but not unknown child or
adult stimuli.
3.3.2. Cries
3.3.2.1. Subjective ratings: After correction for multiple comparisons, there were no
significant main effects of OT on any of the 16 subjective ratings of the cry stimuli. Nor
were there any significant OT by order of administration interaction effects.
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3.3.2.2. Cry-tone control, OT effect: A whole brain analysis did not yield any significant
main effect of OT on brain activation in response to infant cries. A whole brain analysis with
PBI, ECR-R, CTQ and parental love withdrawal as covariates revealed a negative correlation
between maternal care on PBI and OT augmentation of the temporo-parietal junction (TPJ)
(Fig. S7; Supplementary Table 2), meaning that fathers reporting lower quality bonds with
their mothers during childhood had larger OT-induced increases in TPJ activation to infant
cries. There was also a significant positive correlation between maternal love withdrawal and
OT effects on cerebellar activation (Fig. S8; Supplementary Table 2).
3.4. AVP effects
3.4.1. Pictures
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3.4.1.1. Own-adult AVP effect: AVP did not significantly modulate the neural response to
viewing own child pictures vs. adult pictures. This was also true when each emotional
expression was examined separately. Neither was AVP effects modulated by our measures of
early life experience or attachment security.
3.4.1.2. Own-unknown, unknown-adult AVP effect: AVP had no significant effect on the
contrast between own and unknown child pictures or the contrast between unknown child
pictures and unknown adult pictures.
3.4.2. Cries
3.4.2.1. Subjective ratings: There was no main effect of AVP on fathers’ subjective cry
ratings. Nor was there a drug by order of administration (AVP-PL vs. PL-AVP) interaction.
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3.4.2.2. Cry-tone control, AVP effect: AVP had no effect on the neural response to infant
cries, nor were AVP effects modulated by our measures of early life experience or
attachment style.

4. Discussion
As outlined in the introduction, considerable evidence suggests that OT facilitates multiple
aspects of paternal caregiving (Feldman et al., 2011; Gordon et al., 2010; Mascaro et al.,
2014b; Weisman et al., 2012). Our study was designed to investigate the neural mechanism
for this effect. Our main finding is that intranasal OT increases the caudate nucleus, dACC
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and visual cortex response in fathers viewing pictures of their toddlers. In contrast, AVP had
no effect on paternal neural responses to viewing pictures of their toddlers. Neither OT nor
AVP significantly modulated the neural response of fathers to infant cries.
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For the placebo treatment, the contrast between viewing own children and viewing sex and
ethnicity-matched adults yielded activation in several areas that have been reported
previously in imaging studies of parental brain function, such as the substantia nigra (SN),
thalamus and medial prefrontal cortex (MPFC). These areas are implicated in reward (SN),
empathy (thalamo-cingulate) and theory of mind (MPFC) (Rilling, 2013) (Fig. S3). These
activations were specific to the fathers’ own children, as largely the same regions were
activated for own-unknown, but not unknown-adult. Relative to an auditory tone control,
infant cries activated only the right auditory cortex (Fig. S4). Multiple regions that are
commonly activated in response to infant cries did not show activation in our study. This
may have to do with the choice of control stimuli. We used a pure tone that preserved the
mean fundamental frequency and amplitude envelop of the cry, whereas some other groups
have used white noise controls. Interestingly, when we relax our voxel-level threshold to
two-tailed p < 0.01 corrected, a threshold that may be vulnerable to false positives (Eklund
et al., 2016), activation appears in the inferior frontal gyrus (IFG), a classic mirror neuron
region involved in motor simulation and empathy (Rizzolatti and Fogassi, 2007) that has
been reported in previous fMRI studies using infant cry stimuli (Mascaro et al., 2014a; Riem
et al., 2011).
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Administration of 24 IU intranasal OT augmented the caudate nucleus response to viewing
pictures of own children compared with viewing sex and ethnicity-matched adults. This was
a robust finding, with 14 of 15 fathers having a positive value for the contrast. The caudate
nucleus is a target of midbrain dopamine projections that are known to be involved in reward
processing. Our result therefore suggest that OT may increase the reward or salience of own
child visual stimuli. Although the caudate nucleus is a target of midbrain DA projections, it
is not part of the mesolimbic DA system, which is instead focused on the nucleus
accumbens. Therefore, our results are not strictly consistent with predictions based on
neurobiological models of parental caregiving in rats, in which OT activates the mesolimbic
DA approach system to motivate caregiving behaviors (Numan, 2007). However, the caudate
is part of another midbrain DA system, the nigrostriatal system, which is also involved in
reward and motivation (Ikemoto et al., 2015) and commonly activated in neuroimaging
studies of parental brain function (Rilling, 2013). This finding is also consistent with three
studies showing that intranasal OT enhances reward-based activation of the striatum in men.
One study showed that 24 IU intranasal OT augmented the caudate nucleus response to
same-sex positive social interactions among men (Feng et al., 2015). Another study found
that intranasal OT increased the nucleus accumbens response to viewing pictures of a female
partner (Scheele et al., 2013). A third study showed that 40 IU intranasal OT increased
striatum activation during reward and loss anticipation in both PTSD patients and controls
(Nawijn et al., 2016).
OT also increased the dACC response to own child pictures compared with adults. The
cingulate cortex is critically involved in parental caregiving. Remarkably, hamsters are able
to parent effectively after removal of the neocortex as long as the limbic system is spared,
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however further damage to the thalamo-cingulate pathway severely disrupts maternal
behavior (MacLean, 1990). Rat and hamster mothers with cingulate lesions often have
problems nest building, retrieving pups, and actively allowing their pups to nurse (MacLean,
1990; Murphy et al., 1981; Slotnick, 1967; Stamm, 1955). Despite this, other behaviors such
as mating, aggression and food getting remain intact suggesting that the damage does not
result in global motor or motivational deficits (Murphy et al., 1981). The cingulate cortex is
also commonly activated by child picture and/or cry stimuli in fMRI studies (Rilling, 2013).
The anterior cingulate cortex may have a special role in parental empathy. fMRI metaanalyses implicate the anterior cingulate in empathy (Fan et al., 2011), and a recent review
concluded that the anterior cingulate gyrus is central to the vicarious experience of both pain
and reward (Lockwood, 2016). Moreover, a recent study in prairie voles showed that
consolation of distressed, familiar conspecifics, a behavior likely to be motivated by
empathy or related emotional contagion, is mediated by OT-induced dACC activation
(Burkett et al., 2016). Our results therefore suggest that OT may be enhancing fathers’
empathic responses to their children. This interpretation is plausible given that we in fact
prompted the fathers to empathize with the people they viewed in the pictures. However, the
anterior cingulate is also implicated in social information processing (Apps et al., 2016) and
an alternative interpretation is that OT is simply augmenting fathers’ processing of social
information from their children. Finally, the dorsal ACC is also part of the brain’s reward
system (Haber and Knutson, 2010) and may integrate reinforcement history to guide
voluntary behavior (Holroyd and Coles, 2008). Therefore, another interpretation is that
along with the caudate nucleus, this activation reflects OT’s ability to increase the salience
or reward value of own child stimuli to fathers.

Author Manuscript

Using data from a previously published study (Feng et al., 2015), we also find that 24 IU
intranasal OT significantly increased the dACC response to same-sex positive social
interactions among men (Fig. S9). Thus, OT augmentation of dACC activation to positive
social stimuli in men is a reproducible finding. Importantly, OT augmentation of activation
within the dACC was greatest among fathers who had the lowest dACC response to their
child’s picture at baseline in the placebo group (Fig. S5). Conceivably, these are fathers that
have less empathy for their child at baseline and would most benefit from OT enhancement
of empathy.

Author Manuscript

Separate analysis of the three different facial expressions of emotion in our study revealed
that OT increased the caudate nucleus response to both neutral and happy faces, suggesting
that OT augmentation of approach motivation generalizes to children with both of these
expressions. It should be noted however that the functional ROI plots in Fig. 1 show that OT
effects for sad faces trend in the same direction. Dorsal ACC activation was only found for
neutral faces, suggesting that OT augmentation of empathic responses may be limited to
neutral faces. However, OT effects for happy and sad faces trend in the same direction as for
neutral. OT also augmented the neural response to neutral faces in DMPFC. DMPFC is
strongly implicated in perspective-taking and theory of mind (Molenberghs et al., 2016).
Thus, OT may be augmenting both emotional (dACC) and cognitive (DMPFC) empathy in
fathers.
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In addition to the caudate nucleus and the dACC, OT also increased activation in visual
cortex in response to own child pictures. This is consistent with a recent study showing that
OT enhanced visual cortex activity in response to faces more so than geometric shapes
(Andari et al., 2016). Visual cortex activation is known to be modulated by attention (Lane et
al., 1999), so OT may be enhancing the salience of one’s child relative to unknown adults.
Indeed, primate OT receptors are concentrated in visual cortex as well as other areas
involved in the allocation of attention to visual stimuli (Freeman and Young, 2016).

Author Manuscript

One previous study investigated the effect of intranasal OT on brain function in human
fathers. Unlike our study, this study found 24 IU intranasal OT to attenuate the globus
pallidus response to passively viewing own child pictures compared with viewing a familiar
child. However, this same study also reported OT-induced increased activation in the body of
the caudate nucleus for own child pictures compared with unknown child pictures (WittfothSchardt et al., 2012). While our effects are in the head of the caudate, the caudate body may
also be a target of midbrain DA projections involved in parental motivation.
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Given that OT receptors are found in both the brain and the periphery, there is some
uncertainty as to the mechanism underlying these effects (Churchland and Winkielman,
2012). AVP has been detected in human CSF following intranasal administration (Born et
al., 2002), which most have interpreted as evidence that it is able to penetrate the bloodbrain barrier. Recently, a small human study reported a 64% elevation in CSF OT following
intranasal administration (Striepens et al., 2013). Studies with non-human animals also
support the conclusion that intranasal OT increases brain OT levels. For example, Neumann
et al. (2013) combined intranasal OT and microdialysis to show increases in amygdala and
hippocampal OT 30–60 min after intranasal OT administration in rats. However, it remains
possible that these effects are mediated by OT binding to peripheral OT receptors that in turn
influence brain activity via the vagus nerve or some other mechanism.
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Effects of OT are known to be modulated by early childhood experience (BakermansKranenburg and van IJzendoorn, 2013) and attachment style (Bartz et al., 2011). We found
that fathers scoring low on maternal care in the PBI had greater OT augmentation to child
picture stimuli in several brain areas that have been linked with empathy. These included the
IFG, anterior cingulate cortex and the insula. The IFG is part of the mirror neuron system
and is believed to facilitate understanding others’ facial expressions through motor
simulation (Rizzolatti and Fogassi, 2007). The anterior cingulate and insula are both strongly
implicated in emotional empathy (Lockwood, 2016; Singer and Lamm, 2009). Thus, OT
may be facilitating empathy for children to a greater degree in fathers reporting less care
from their mother as a child. This finding seems to conflict with the evidence that OT effects
on prosocial behavior are stronger for those with supportive family backgrounds
(Bakermans-Kranenburg and van IJzendoorn, 2013).
OT augmentation of the neural response to own child pictures did not generalize to pictures
of unknown children (Fig. 1b), a finding consistent with evidence that OT supports prosocial
behavior with in-group but not out-group members (De Dreu, 2012a). That is, as in rodents,
OT may channel prosocial tendencies toward family members as opposed to strangers
(Bosch and Neumann, 2012).
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OT is known to influence both learning and conditioning (Kosaki and Watanabe, 2016; Modi
and Young, 2012; Sarnyai and Kovacs, 2014). It is therefore possible that OT effects at time
1 could extend to time 2 when subjects received placebo. This would result in a significant
drug (OT vs. PL) by order of administration (OT-PL, PL-OT) interaction effect in which the
PL-OT effect was stronger than the OT-PL effect. Within the three ROIs in Fig. 1, only
visual cortex showed a significant interaction effect. However, rather than a carryover effect,
OT had a larger effect relative to placebo when administered first (OT-PL) rather than
second (PL-OT) (Fig. S10). A complementary whole brain analysis revealed significant
interaction effects across multiple brain regions, including brain areas involved in reward
processing such as the ventral tegmental area and substantia nigra (VTA/SN), putamen and
dorsal ACC (Fig. 3, Table 2). Within each of these ROI’s, however, we again observed
stronger effects for the OT-PL group than the PL-OT group. This interaction effect does not
include the caudate nucleus, where there was no difference in OT effects as a function of
order of administration. Nonetheless, these results suggest that OT augments paternal reward
from viewing their child’s picture to a greater extent if it is administered before the father
views the picture for the first time. Given that dopamine and oxytocin are known to interact
within the ventral striatum to facilitate social bonding (Skuse and Gallagher, 2009; Young et
al., 2005), one possible explanation is that DA levels are higher when the stimulus is novel at
first presentation and that combination of high DA and high OT drives the reward system to
a greater extent than the combination of lower DA and high OT on second exposure.
Importantly, these interaction effects could also reflect habituation from scan 1 to scan 2,
irrespective of the treatment order.
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OT had no effects on fathers’ subjective ratings of the cry stimuli, and there was no
significant main effect of OT on the neural response to cry stimuli. The amygdala is a key
node within the offspring avoidance neural system of rats. Since baby cries can be aversive,
we hypothesized that intranasal OT would attenuate fathers’ amygdala activation, rendering
the cries less aversive. Moreover, a previous study found intranasal OT to attenuate the
amygdala response to cries among women (Riem et al., 2011). We did not observe this
predicted effect, however when we compare activation between OT and placebo groups at
scan 1 rather than examining the within-subject effects of OT, we find that OT attenuates the
amygdala response to the cries at a corrected threshold of p < 0.05 (Fig. S11). While this
analysis is underpowered with only 7 OT and 8 PL subjects and should therefore be
interpreted with caution, it suggests that OT effects may be strongest upon initial exposure to
cry stimuli and merits further investigation with larger sample sizes. Similar to picture
stimuli, OT-induced increases in activation to cry stimuli were stronger in fathers reporting
less care from their mother as a child, and this effect was localized to another region
implicated in empathy, the temporo-parietal junction (TPJ). In particular, the TPJ has been
linked with theory-of-mind processing (Molenberghs et al., 2016). There was also a
significant positive correlation between parental love withdrawal from the mother and OT
modulation of cerebellar activation, such that OT increased cerebellar activation to a greater
extent in fathers who had higher maternal love withdrawal as a child. While we interpret this
finding cautiously, it could reflect an augmented emotional reaction to the cries, since the
cerebellum is increasingly recognized for its role in emotion (Schutter and van Honk, 2005).
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Interestingly, testosterone administration to young women enhanced cerebellar activation to
infant crying, perhaps via conversion to estradiol (Bos et al., 2010).
Although AVP is involved in paternal behavior in a variety of species, we observed no
significant main effects of AVP on cry ratings or on the neural response to either picture or
cry stimuli. On the surface, this would seem to imply that OT is more important than AVP
for paternal motivation and empathy in humans. However, two qualifications are needed.
First, we have only investigated a single dose of AVP (20 IU) and other doses could yield
different results. Second, significant AVP effects might emerge with a larger sample and
increased statistical power.
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One important limitation of this study is that our interpretation of results is partially based
on reverse inference (Poldrack, 2011). Because many individual brain structures have
multiple functions, the functional interpretations we have offered, while plausible and we
hope even compelling, are not the only possible interpretations. Wherever possible, we have
attempted to interpret our results in light of non-human animal studies where evidence for
causal relationships between brain systems and behavior are stronger. Another limitation is
that the significant correlations plotted in Figs. S5 and S6 are based on a small sample size
and could therefore be driven by a small number of data points. It will be important to
attempt to replicate these correlations in future studies.

5. Conclusion

Author Manuscript

While it has long been known that pregnancy hormones prime mammalian females for
parental caregiving (Rilling and Young, 2014), only recently has it become clear that males
of some mammalian species, including our own, also experience hormonal changes that may
prime them for parental caregiving. These changes include decreases in testosterone and
increases in oxytocin (Gettler et al., 2011; Gordon et al., 2010; Gray et al., 2002; Mascaro et
al., 2014b). Here, in a sample of fathers of 1–2 year old children, we show that intranasal
oxytocin, but not vasopressin, augments activation in brain regions involved in empathy and
in the motivation to approach offspring. Thus, the hormonal changes associated with the
transition to fatherhood are also likely to promote male parental caregiving. Our results also
call for future research that explores the potential of OT to normalize pathological deficits in
paternal motivation, as might be found in men suffering from post-partum depression
(Paulson et al., 2006).
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Fig. 1.

OT effects on the neural response to own child picture stimuli. a) Brain regions where OT
augmented the contrast between viewing own children and adult picture stimuli (O-A), b)
average percent signal change (±1 SE) within three functional ROIs from a). Adult happy
(AH), adult neutral (AN), adult sad (AS), own happy (OH), own neutral (ON), own sad
(OS), unknown happy (UH), unknown neutral (UN), unknown sad (US).
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Fig. 2.

OT effects on the BOLD response to viewing different facial expressions of emotion in own
children. Brain areas in which OT augments the contrast a) own child neutral faces - adult
neutral faces and b) own child happy faces - adult happy faces.
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Fig. 3.

Significant drug by order of administration (OT-PL vs. PL-OT) interaction. a) Brain regions
where OT-PL group demonstrated a larger oxytocin effect than PL-OT group for own-adult
contrast; b) plot of mean % signal change with ±1 SE error bars at each scan for both orders
of administration. Note that the data are plotted such that main effects of OT would yield
lines of differing slope, whereas interaction effects yield lines with similar slopes.
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