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Abstract

Mothers are highly responsive to their offspring. In non-humanmammals, mothers secrete dopamine in the nucleus accumbens (NAcc)
in response to their pups. Yet, it is still unknown which aspect of the offspring behavior elicits dopaminergic responses in mothers.
Here, we tested whether infants’ affective signals elicit dopaminergic responses in the NAcc of human mothers. First, we conducted
a behavioral analysis on videos of infants’ free play and quantified the affective signals infants spontaneously communicated. Then,
we presented the same videos to mothers during a magnetic resonance-positron emission tomography scan. We traced the binding of
[11C]raclopride to free D2/3-type receptors to assessmaternal dopaminergic responses during the infant videos. Whenmothers observed
videos with many infant signals during the scan, they had less [11C]raclopride binding in the right NAcc. Less [11C]raclopride binding
indicates that less D2/3 receptors were free, possibly due to increased endogenous dopamine responses to infants’ affective signals. We
conclude that NAcc D2/3 receptors are involved in maternal responsiveness to affective signals of human infants. D2/3 receptors have
been associated with maternal responsiveness in nonhuman animals. This evidence supports a similar mechanism in humans and
specifies infant-behaviors that activate the maternal dopaminergic system, with implications for social neuroscience, development
and psychopathology.
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Introduction
Maternal responsiveness and attuned care are imperative for opti-

mal child development and well-being, with major long-term

outcomes (Atzil et al., 2018). This is because many physiologi-

cal processes in the infant are socially regulated by the mother

(Atzil et al., 2018). Due to their immature brains, infants cannot

independently regulate their own physiology, affect and behav-

ior (Tronick, 1989; Leckman et al., 2004; Atzil et al., 2018). Thus,

maternal behaviors are largely aimed at infant care and share

a unifying purpose of keeping the infant bio-behaviorally regu-

lated (Atzil et al., 2018). Social regulation of another human is

based on social communication. Infants communicate their reg-

ulatory changes, often using affective signals, such as smiling,

crying or fussing. These affective signals are salient for caregivers
(Seifritz et al., 2003; Stein et al., 2010; Wass et al., 2019), poten-
tially because they bare information that is important for the
regulation of infants. In turn, accurate recognition of affective
signals communicated by the infant enables caregivers to provide
attuned care aimed at regulating the infant.

The neural circuits that underlie maternal responsiveness
to offspring are mostly studied in rodents (Walker et al., 2004;
Numan, 2006). These studies point that individual differences
in maternal care are associated with dopaminergic func-
tion (Champagne et al., 2004; Numan and Stolzenberg, 2009;
Shahrokh et al., 2010). Specifically, micro-dialysis studies in
rats demonstrate that mothers secrete dopamine in the nucleus
accumbens (NAcc) in response to their pups (Hansen et al., 1993;
Champagne et al., 2004; Afonso et al., 2008, 2009, 2011, 2013;
Shahrokh et al., 2010). Both D1 and D2 receptors have been
reported to underlie maternal behavior, although each type is
associated with the regulation of different maternal behaviors
(Keer and Stern, 1999; Byrnes et al., 2002; Miller and Lonstein,
2005; Parada et al., 2008). While D1 receptors have been shown
to regulate pup licking (Miller and Lonstein, 2005), D2 recep-
tors are associated with the retention of maternal behavior, and
their blockade is associated with the enhancement of nursing
behaviors (Keer and Stern, 1999; Byrnes et al., 2002). Both types
of receptors are shown to be involved in the consolidation of
maternal memory, potentially by enhancing the saliency of pup
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stimulation (Parada et al., 2008). Direct evidence for the involve-
ment of dopamine receptors in human maternal behavior is
lacking (Mileva-Seitz et al., 2012), although one study reported
that genetic variation in D2 receptors in mothers is associated
with infant-directed vocalizations (Mileva-Seitz et al., 2012).
In a different context of social bonding, D2 receptors in theNAcc—
but not D1—are necessary for the selectivity of partner preference
in pair bonds in prairie voles (Wang et al., 1999; Gingrich et al.,
2000; Liu and Wang, 2003). Thus, D2 receptors in the NAcc
are suggested to be involved in the selective responses to an
attachment partner (Numan and Young, 2016). Evidence from
functional magnetic resonance imaging (fMRI) in humans also
highlights the NAcc as a central node for maternal responsive-
ness by repeatedly demonstrating that when mothers observed
their infants in the scanner, they showed an increase in blood-
oxygen-level-dependent responses in the NAcc (Glocker et al.,
2009; Strathearn et al., 2009; Atzil et al., 2011; Kim et al., 2011).
Moreover, structural changes in the NAcc were observed in moth-
ers after pregnancy and the transition to motherhood (Hoekzema
et al., 2020).

Despite evidence connecting dopamine transmission in the
NAcc to maternal responsiveness, it is still unknown which fea-
tures of the offspring’s behavior elicit a dopaminergic response in
mothers and whether D2 receptors are involved in human mater-
nal responsiveness. In this study, we tested the involvement of
NAcc D2 receptors inmaternal responsiveness to infant behaviors
in human mothers. To do so, we used magnetic resonance-
positron emission tomography (MR-PET) neuroimaging and exam-
ined the binding of [11C]raclopride, a selective D2/3-radiotracer
(Farde et al., 1985; Svensson et al., 2019), in the NAcc of moth-
ers while they were watching videos of their infants freely play.
We conducted a high-resolution analysis quantifying infants’
behaviors during the video and hypothesized that the amount of
infants’ behavioral signals of affect in the video mothers watched
during their scan will determine the level of [11C]raclopride bind-
ing in their NAcc.

Method
Nineteen mothers were scanned with a simultaneous MR-PET
scanner (Schlemmer et al., 2008; Catana et al., 2013) while watch-
ing a video of their own infant playing. We conducted a fine-tuned
behavioral analysis on the infant videos and coded infants’ affec-
tive signals throughout the video. After the initial coding, we
quantified the signals: shifting from neutral to positive valence
was defined as a positive signal and shifting from neutral to nega-
tive valencewas defined as a negative signal. Thismethod allowed
us to quantitatively measure ongoing affective signals in each
video (Figure 1). Then, we assessed maternal free D2/3 receptors
while watching the video by tracking changes in nondisplaceable
binding potential (BPnd) of [11C]raclopride to D2/3-type dopamine
receptors in the NAcc (Svensson et al., 2019). We calculated the
association between changes in [11C]raclopride binding and the
number of infant signals mothers observed during the scan.

Participants
Nineteen mothers (age range 21–42 years) and their infants (age
range 4–24months) completed the study. Participants had no
psychiatric history and were not breastfeeding nor pregnant.
The Massachusetts General Hospital Institutional Review Board
approved the study, and all mothers signed an informed consent
prior to participating. Analyses are controlled for infants’ age.
This work follows up on a previous study published in 2017 (Atzil

et al., 2017) in the same cohort ofmothers, inwhichwe report that
mothers who are more attuned to their infants have increased
dopamine responses. The results presented here provide a sig-
nificant step forward by recognizing the specific behaviors of the
infants that recruit the dopaminergic system in mothers.

Normality test
Shapiro-Wilk test for Normality was performed on the neural and
behavioral variables and was insignificant, suggesting that the
variables are normally distributed (left NAcc:W=0.929, P<0.173;
Right NAcc: W=0.966, P<0.694; Number of infant signals in the
video: W=0.959, P<0.543).

Procedure
The study comprised of a home visit followed by an imaging
session. During the home visit, study staff collected video record-
ings of the infants playing freely. The video was used as the
stimulus (Atzil et al., 2011) in an MR-PET scan. While lying in the
scanner, mothers passively watched the video of their infants for
10 min prior to the injection of the radiotracer [11C]raclopride,
and PET data collection continued for 90 min. Following a 20-min
video of the own infant, mothers passively watched a fixation
point for 5 min, followed by a 20-min video of the unfamiliar
infant (see analysis comparing maternal responses in the own
infant condition versus unfamiliar infant condition in Atzil et al.
(2017)). During a second scan, mothers watched the same com-
ponents of the stimuli with the order of the infants reversed. The
initial order of the movies was randomized across participants
(Atzil et al., 2017).

Combined MR-PET scanner
PET data were acquired using the Siemens BrainPET scanner. This
prototype device consists of a head-only PET insert (BrainPET) that
fits in the bore of the 3T TIM Trio MRI scanner (Siemens Health-
care, Erlangen, Germany). Each of the 192 BrainPET detector
modules consists of a 12×12 array of 2.5 × 2.5 × 20mm3 lutetium
oxyorthosilicate (LSO) crystals readout by a 3×3 array ofmagnetic
field insensitive avalanche photodiodes. A PET-compatible circu-
lar polarized (CP) transmit coil and an 8-channel receive array coil
were used to acquire the MR data simultaneously.

MRI data acquisition and analysis
Structural data were acquired using a T1-weighted magnet
ization-prepared rapid acquisition with a gradient echo sequence
(repetition time (TR)=2530ms, echo time (TE)=1.63ms,
inversion time (TI)=1200ms, flip angle=7◦, and 1mm isotropic
voxels). MRI data analysis was performed using FreeSurfer
(http://surfer.nmr.mgh.harvard.edu) and included unpacking,
reconstruction, motion correction, intensity normalization, spa-
tial normalization, white matter segmentation, registration, seg-
mentation, and labeling of cortical and subcortical structures.

PET data acquisition and analysis
[11C]raclopride is a selective D2/3 receptor antagonist, primar-
ily used as a PET radioligand to study receptor availability of
D2/3 in striatal regions (Svensson et al., 2019; Farde et al., 1985).
[11C]raclopride was synthesized from the O-desmethyl raclopride
precursor and [11C]methyl iodide. The synthesis and subsequent
purification by high-performance liquid chromatography were
performed according to Farde et al. (1985) with minor modi-
fications. 10.2±1.67 mCi of [11C]raclopride was injected intra-
venously as a manual bolus for each scan. [11C]raclopride is

http://surfer.nmr.mgh.harvard.edu
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Fig. 1. Using infant behavior to model maternal brain function. We quantified affective signals of infants during free play to test if they recruit the
maternal dopaminergic system. Human infants are born helpless in optimizing their own internal milieu, or Allostasis (Barrett, 2017), and depend on a
dedicated caregiver for on-going regulation of allostasis (Atzil et al., 2018). Accordingly, infants continuously communicate their regulatory
requirements using affective signals. Infants communicate negative deviations of allostasis (e.g. pain, hunger, frustration or fatigue) by frowning,
fussing or crying. Infants communicate positive changes in allostasis (e.g. soothing, enjoyment and interest) by smiling, laughing and engaging. Thus,
infants’ affective signals bare information about their allostatic requirements, which is salient for caregivers. In this study, we filmed infants while
playing freely, as they spontaneously express affective signals. We applied a high-resolution behavioural analysis, in which we systematically traced
the second-by-second infant behavior and quantified the affective signals in each video. Then, mothers observed the same infant video during an
MR-PET brain scan. To test the role of maternal dopamine in encoding infant affective signals, we assessed [11C]raclopride binding as a function of
how many affective signals each mother observed in her infant video during the scan.

useful to indirectly measure changes in endogenous dopamine
response because both compete for binding to D2/3 receptors.
Thus, an increase in [11C]raclopride binding to the D2/3 recep-
tor indexes a proportional decrease in endogenous dopamine
transmission (Laruelle, 2000). The BPnd (Innis et al., 2007) of
[11C]raclopride was the primary outcome measure of the PET
scan. BPnd refers to the radioligand molecules that are specifi-
cally attached to a neuroreceptor (as opposed to free radioligand
in the tissue) and is the typical measure when using a refer-
ence tissue method (Innis et al., 2007). Regional analyses were
performed using COMKAT (Muzic and Cornelius, 2001) and a ref-
erence tissue model with the time activity curve derived from
the cerebellar cortex as a reference (Logan et al., 1996). The
cerebellum was chosen as reference region because it does not
contain specific D2/3 receptor–like binding sites and can be used
for the determination of nonspecific binding and free radioli-
gand in the brain (Logan et al., 1996; Salimpoor et al., 2011).
[11C]raclopride BPnd was reported to be sensitive to differences
in short-term cognitive states between groups, presumably medi-
ated by changes in endogenous dopamine concentration (Yoder
et al., 2008). [11C]raclopride BPnd was tested in bilateral NAcc,
defined based on FreeSurfer segmentation on the T1-weighted
MRIs of all subjects. The NAcc was chosen because both human
(Swain et al., 2007; Atzil et al., 2011, 2014, 2017) and nonhu-
man (Numan, 2006; Lavi-Avnon et al., 2008) research repeatedly
reported this region to be central for maternal responsiveness.
Moreover, [11C]raclopride BPnd quantification in this region com-
pared to the cerebellum as a reference tissue is reliable (Alakurtti
et al., 2015; Svensson et al., 2019). BPnd values in the right and
left NAcc for all subjects were imported to SPSS for individual
differences analysis testing the association between maternal
[11C]raclopride BPnd during the infant’s video and the number of
infant’s signals in the video (Pearson Correlation).

Behavioral coding of infant signals
Human infants constantly sense their allostatic needs and
socially communicate them to caregivers (Atzil et al., 2018). Pre-
vious literature proposes that experiencing affect represents
the mental interpretation of interoceptive allostatic changes
ascending from the body (Barrett, 2017; Kleckner et al.,
2017). When infants display affective signals, they effectively

communicate information about their body budget. For example,
frowning, fussing or crying can represent the behavioral display
of negative deviations from allostatic regulation as in cases of
pain, hunger or discomfort. Smiling, laughing and engaging repre-
sent the behavioral display of positive deviations from allostatic
balance, such as in cases of soothing, contentment, interest or
joy. Thus, the subjective experience of allostatic deviations in
the infant can be modeled by tracking the moment-to-moment
behavioral display of affect (Barrett, 2017; Kleckner et al., 2017).
We conducted a behavioral analysis on videos of infants’ free play.
Trained coders coded the moment-by-moment shift in infants’
valence during the video: Each secondwas coded as 1 (positive), −1
(negative) or 0 (neutral). Positive signals were defined as shifting
from neutral to positive valence. The average number of positive
signals across all infant videoswas 14.6 times per infant (range: 3–
26 times per video). Negative signals were defined as a shift from
neutral to negative valence. Negative signals were less frequent,
averaged at 5.2 times per infant (range: 0–19 times per video).
Inter-rater reliability was conducted for 10% of the videos and
averaged 94% of agreement (k=0.76).

Brain and behavior analyses
Infant videos were presented to mothers starting 10 min
prior to [11C]raclopride injection, potentially eliciting endoge-
nous dopamine responses. We then injected an intravenous
[11C]raclopride bolus to mothers and traced the [11C]raclopride
BPnd in eachmother following her infant video. To test the associ-
ation between the individual differences in infant signals in each
video and the [11C]raclopride BPnd, Pearson Product Correlations
were calculated in SPSS between the amount of affective signals
in each infant video during the 10 min prior to [11C]raclopride
injection and the following maternal [11C]raclopride binding in
the NAcc. Bootstrapping with 5000 iterations was calculated to
determine the confidence interval of each association. Negative
infant signals were far less common than positive signals. Thus,
we assessed the distribution of dopamine responses inmothers to
infant videos with primarily positive or primarily negative signals
and found no significant difference between [11C]raclopride BPnd
in the NAcc during videos with primarily positive or negative sig-
nals (see Supplementary Figure S1). Therefore, the quantification
of infant signals included both positive and negative signals.
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Fig. 2. Increased affective signals of infants during the video is
associated with decreased [11C]raclopride specific binding (BPnd) in
mothers’ right NAcc. The X-axis, depicts the number of affective signals
mothers observed in the infant video during her scan. In the Y-axis,
[11C]raclopride nondisplaceable binding potential (BPnd) indicates the
relative amount of free D2/3 receptors. (A) A significant association
between infant signals and [11C]raclopride BPnd in the right NAcc:
r=−0.605, P<0.004, 95% confidence interval= [−0.818, −0.191].
Decreased BPnd indicates that less D2/3 receptors were free, possibly due
to increased endogenous dopamine response to infant signals. (B) A
similar trend is observed in the right NAcc: r=−0.336, P<0.08, 95%
confidence interval= [−0.674, 0.16].

Results
Results show that [11C]raclopride binding in the NAcc of human
mothers is associated with the number of infant signals seen dur-
ing the scan (Figure 2). One-tailed PearsonCorrelationCoefficients
were calculated for the association between the number of the
infant signals in the video and the [11C]raclopride BPnd in moth-
ers watching the video. The analysis was controlled for infant age.
Bonferroni correction was applied to control for multiple hypoth-
esis testing (e.g. left and right NAcc), and bootstrapping (5000
iterations) was applied to determine confidence intervals of the
correlation effects. The Pearson Correlation Coefficient between
the number of infant signals and [11C]raclopride BPnd in the right
NAcc is r=−0.605, P<0.004, 95% confidence interval= [−0.818,
−0.191]. The Pearson Correlation Coefficient between the num-
ber of infant signals and [11C]raclopride BPnd in the left Nacc is
r=−0.336, P<0.08, 95% confidence interval= [−0.674, 0.16].

Discussion
This study demonstrates that dopamine D2/3 receptors in the
NAcc are involved in maternal responding to infants: mothers
who watched videos with increased infant signals during the scan
had less free D2/3 receptors in the right NAcc compared tomothers
who watched videos with few infant signals. This provides novel
evidence that D2/3 receptors in the NAcc are involved in human
maternal responsiveness. Moreover, these results imply that
mothers secrete endogenous dopamine in the NAcc in response
to the infants’ affective signals.

Previous research has demonstrated that increased dopa-
mine transmission in human mothers is associated with
attuned maternal behavior (Atzil et al., 2017). The results pre-
sented here advance previous findings by proposing a potential

neuro-behavioral mechanism, by which maternal dopamine is
sensitive to the affective signals of the offspring and by that pro-
mote attuned maternal responding. Monitoring and successfully
regulating the basic allostatic requirements of another human
requires heightened sensitivity and attention (Atzil et al., 2018).
As such, infants’ affective signals point to their allostatic state
and are thus extremely salient for caregivers, potentially stimu-
lating dopamine secretion in mothers’ NAcc. Maternal sensitivity
to their infants’ affective signals potentially enables mothers
attuned responding to the infant’s needs, which enables effi-
cient social regulation. The inhibitory function of D2 receptors
is suggested to be essential for selective behavioral reactivity by
gating strong and salient sensory input (Nicola et al., 2000) that
allows accurate behavioral responsiveness. The results empha-
size the relevance of allostasis and co-regulation as mechanisms
of mother–infant bonding.

The study includes a relatively small cohort of mothers (19).
While numerous fMRI studies focus on reward circuitry in a
social context, actual measurement of the dopaminergic system
in human mothers is rare, hard-to-attain and involves smaller
cohorts of subjects. Yet, this research complements human fMRI
studies and nonhuman neurotransmission studies, adding highly
novel and significant knowledge on the neural transmission of
dopamine during social brain processing in humans. Moreover,
the findings of this study, linking infants’ affective signals to
maternal D2/3 receptors in the right NAcc, show a strong effect
size and robust statistical significance, thus suggested to be reli-
able. Future studies are needed to replicate this finding in larger
cohorts, also assessing other factors in mothers and infants that
can affect dopamine transmission, such as age, relationship
status, and other sociodemographic parameters.

Our approach utilizes a high-resolution behavioral analysis,
applied to the scan stimulus to understand which aspect of the
infant’s behavior triggers maternal brain response. Using this
approach, we were able to associate maternal dopaminergic
responses to specific infant behaviors. Importantly, this research
evaluates maternal dopaminergic responses to ecological valid
infant signals that are spontaneously communicated during free
play of the infant.

Interestingly, there were no differences between the
dopaminergic responses to infants’ positive and negative affect.
The lack of valence specificity suggests that dopamine is involved
in processing salient information rather than positive rewards.
For mothers, both positive and negative infant signals are salient
because both bare information about the infant’s allostasis and
are thus important for the provision of attuned maternal behav-
ior. Similar dopaminergic responses to positive or negative infant
signals is in line with previous evidence showing that dopamin-
ergic neurons encode salient stimuli that require attention rather
than rewarding or ‘hedonic’ events of positive valence (Schultz,
1994; Schultz et al., 1997; Berridge and Robinson, 1998; Horvitz,
2000; Zink et al., 2004). Moreover, fMRI studies in humans show
increased responses in mothers’ NAcc to both positive and nega-
tive infant signals (Strathearn et al., 2009; Kim et al., 2011).

Human and nonhuman animal research establishes that
dopamine supports maternal responding to infants, yet this
mechanism is not specific to social responding. In rats, postpar-
tum hormones reduce the baseline levels of dopamine and by
that increase the dopaminergic sensitivity to pup stimuli (Afonso
et al., 2009). However, food is also salient for mother rats (Afonso
et al., 2013) and elicits a behavioral response and a correspond-
ing dopamine response (Afonso et al., 2009). In humans, previous
studies using similar methodology found reduced [11C]raclopride
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binding, in the ventral striatum, indicating increased dopamine
responses to music (Salimpoor et al., 2011), to monetary rewards
(Jonasson et al., 2014) and to food (Small et al., 2003). Like social
stimuli, all three are relevant for allostasis in the sense that they
can elicit a behavioral response that is required to obtain a reward
(or ‘effort’) (Montague et al., 2004; Salamone et al., 2007; Floresco
et al., 2008; Phillips et al., 2008). These studies support the idea
that maternal behavior is supported by domain-general neural
circuits that underlie motivated behavior and not by a dedicated
social system.

This study suggests that dopamine is involved in encoding
affect in other humans. Future studies are warranted to mech-
anistically test the role of dopamine in the recognition and reg-
ulation of affect and allostasis in the mother–infant dyad, as
well as in other human bonds. Linking maternal D2/3 recep-
tors in the NAcc to infant regulation has implications for basic
and clinical research. This is of particular interest in the con-
text of impaired social bonding, such as in cases of postpar-
tum depression and autistic spectrum disorders, where maternal
responsiveness is impaired (Beck, 1995; Rutgers et al., 2004) and
may thus benefit from behavioral and pharmacological inter-
ventions that target the social regulation of allostasis and D2/3

receptors in order to improve maternal responsiveness and child
well-being.

Conclusion
Here, we aim tomodel ecologically valid aspects of social respond-
ing in a neuroimaging setting to understand the role of dopamine
transmissions in mothers’ NAcc in encoding affective signals of
infants. We demonstrate in human mothers that the occupancy
of D2/3 receptors is sensitive to affective signals spontaneously
communicated by infants during the scan. This work points to
a dopaminergic role in encoding the partner’s behavior during
social interaction and sheds light on the neural and behavioral
processes that underlie social interactions in humans and the
involvement of striatal dopamine in it.

Funding
This research was funded by National Institute of Child Health
and Human Development Grant R21HD076164 and National
Institute of Biomedical Imaging and Bioengineering Grant
R01EB014894.

Supplementary data
Supplementary data are available at SCAN online.

Conflict of interest
None declared.

References
Afonso, V.M., Grella, S.L., Chatterjee, D., Fleming, A.S. (2008).

Previous maternal experience affects accumbal dopaminergic
responses to pup-stimuli. Brain Research, 1198, 115–23.

Afonso, V.M., King, S., Chatterjee, D., Fleming, A.S. (2009). Hor-
mones that increase maternal responsiveness affect accumbal
dopaminergic responses to pup-and food-stimuli in the female
rat. Hormones and Behavior, 56(1), 11–23.

Afonso, V.M., King, S.J., Novakov, M., Burton, C.L., Fleming, A.S.
(2011). Accumbal dopamine function in postpartum rats that

were raised without their mothers. Hormones and Behavior, 60(5),
632–43.

Afonso, V.M., Shams, W.M., Jin, D., Fleming, A.S. (2013). Distal pup
cues evoke dopamine responses in hormonally primed rats in the
absence of pup experience or ongoing maternal behavior. Journal
of Neuroscience, 33(6), 2305–12.

Alakurtti, K., Johansson, J.J., Joutsa, J., et al. (2015). Long-term
test–retest reliability of striatal and extrastriatal dopamine
D2/3 receptor binding: study with [11C] raclopride and high-
resolution PET. Journal of Cerebral Blood Flow & Metabolism, 35(7),
1199–205.

Atzil, S., Hendler, T., Feldman, R. (2011). Specifying the neurobiolog-
ical basis of human attachment: brain, hormones, and behavior
in synchronous and intrusive mothers. Neuropsychopharmacology,
36(13), 2603–15.

Atzil, S., Hendler, T., Feldman, R. (2014). The brain basis of
social synchrony. Social Cognitive and Affective Neuroscience, 9(8),
1193–202.

Atzil, S., Touroutoglou, A., Rudy, T., et al. (2017). Dopamine in the
medial amygdala network mediates human bonding. Proceedings
of the National Academy of Sciences of the United States of America,
114(9), 2361–6.

Atzil, S., Gao, W., Fradkin, I., Barrett, L.F. (2018). Growing a social
brain. Nature Human Behaviour, 2(9), 624–36.

Barrett, L.F. (2017). How Emotions are Made. Boston, New-york:
Houghton Mifflin Harcourt.

Beck, C.T. (1995). The effects of postpartum depression onmaternal-
infant interaction: a meta-analysis. Nursing Research, 44(5),
298–304.

Berridge, K.C., Robinson, T.E. (1998). What is the role of dopamine in
reward: hedonic impact, reward learning, or incentive salience?
Brain Research Reviews, 28(3), 309–69.

Byrnes, E.M., Rigero, B.A., Bridges, R.S. (2002). Dopamine antag-
onists during parturition disrupt maternal care and the reten-
tion of maternal behavior in rats. Pharmacology, Biochemistry, and
Behavior, 73(4), 869–75.

Catana, C., Guimaraes, A.R., Rosen, B.R. (2013). PET and MR imag-
ing: the odd couple or a match made in heaven? Journal of Nuclear
Medicine, 54(5), 815–24.

Champagne, F.A., Chretien, P., Stevenson, C.W., Zhang, T.Y.,
Gratton, A., Meaney, M.J. (2004). Variations in nucleus accumbens
dopamine associated with individual differences in maternal
behavior in the rat. Journal of Neuroscience, 24(17), 4113–23.

Farde, L., Ehrin, E., Eriksson, L., et al. (1985). Substituted benzamides
as ligands for visualization of dopamine receptor binding in the
human brain by positron emission tomography. Proceedings of the
National Academy of Sciences of the United States of America, 82(11),
3863–7.

Floresco, S.B., Maric, T., Ghods-Sharifi, S. (2008). Dopaminergic
and glutamatergic regulation of effort-and delay-based decision
making. Neuropsychopharmacology, 33(8), 1966–79.

Gingrich, B., Liu, Y., Cascio, C., Wang, Z., Insel, T.R. (2000). Dopamine
D2 receptors in the nucleus accumbens are important for social
attachment in female prairie voles (Microtus ochrogaster). Behav-
ioral Neuroscience, 114(1), 173–83.

Glocker, M.L., Langleben, D.D., Ruparel, K., et al. (2009). Baby schema
modulates the brain reward system in nulliparous women. Pro-
ceedings of the National Academy of Sciences, 106(22), 9115–9.

Hansen, S., Bergvall, Å., Nyiredi, S. (1993). Interaction with pups
enhances dopamine release in the ventral striatum of mater-
nal rats: a microdialysis study. Pharmacology, Biochemistry, and
Behavior, 45(3), 673–6.

https://academic.oup.com/scan/article-lookup/doi/10.1093/scan/nsab116#supplementary-data


508 Social Cognitive and Affective Neuroscience, 2022, Vol. 17, No. 5

Hoekzema, E., Tamnes, C.K., Berns, P., et al. (2020). Becoming a
mother entails anatomical changes in the ventral striatum of the
human brain that facilitate its responsiveness to offspring cues.
Psychoneuroendocrinology, 112(p), 104507.

Horvitz, J.C. (2000). Mesolimbocortical and nigrostriatal dopamine
responses to salient non-reward events. Neuroscience, 96(4),
651–6.

Innis, R.B., Cunningham, V.J., Delforge, J., et al. (2007). Consen-
sus nomenclature for in vivo imaging of reversibly binding
radioligands. Journal of Cerebral Blood Flow & Metabolism, 27(9),
1533–9.

Jonasson, L.S., Axelsson, J., Riklund, K., et al. (2014). Dopamine
release in nucleus accumbens during rewarded task switching
measured by [11C] raclopride. Neuroimage, 99, 357–64.

Keer, S., Stern, J. (1999). Dopamine receptor blockade in the nucleus
accumbens inhibits maternal retrieval and licking, but enhances
nursing behavior in lactating rats. Physiology & Behavior, 67(5),
659–69.

Kim, P., Feldman, R., Mayes, L.C., et al. (2011). Breastfeeding, brain
activation to own infant cry, and maternal sensitivity. Journal of
Child Psychology and Psychiatry, 52(8), 907–15.

Kleckner, I.R., Zhang, J., Touroutoglou, A., et al. (2017). Evidence for a
large-scale brain system supporting allostasis and interoception
in humans. Nature Human Behaviour, 1, 1–14.

Laruelle, M. (2000). Imaging synaptic neurotransmission with in
vivo binding competition techniques: a critical review. Journal of
Cerebral Blood Flow & Metabolism, 20(3), 423–51.

Lavi-Avnon, Y., Weller, A., Finberg, J.P., et al. (2008). The reward sys-
tem and maternal behavior in an animal model of depression: a
microdialysis study. Psychopharmacology, 196(2), 281–91.

Leckman, J., Feldman, R., Swain, J., Eicher, V., Thompson, N.,
Mayes, L. (2004). Primary parental preoccupation: circuits, genes,
and the crucial role of the environment. Journal of Neural Transmis-
sion, 111(7), 753–71.

Liu, Y., Wang, Z. (2003). ‘Nucleus accumbens oxytocin and dopamine
interact to regulate pair bond formation in female prairie voles’.
Neuroscience, 121(3), 537–44.

Logan, J., Fowler, J.S., Volkow, N.D., Wang, G.-J., Ding, Y.-S.,
Alexoff, D.L. (1996). Distribution volume ratios without blood
sampling from graphical analysis of PET data. Journal of Cerebral
Blood Flow & Metabolism, 16(5), 834–40.

Mileva-Seitz, V., Fleming, A., Meaney, M., et al. (2012). Dopamine
receptors D1 and D2 are related to observed maternal behavior.
Genes, Brain, and Behavior, 11(6), 684–94.

Miller, S.M., Lonstein, J.S. (2005). Dopamine d1 and d2 recep-
tor antagonism in the preoptic area produces different effects
on maternal behavior in lactating rats. Behavioral Neuroscience,
119(4), 1072–83.

Montague, P.R., Hyman, S.E., Cohen, J.D. (2004). Computational roles
for dopamine in behavioural control. Nature, 431(7010), 760–7.

Muzic, R.F., Cornelius, S. (2001). COMKAT: compartment model
kinetic analysis tool. Journal of Nuclear Medicine, 42(4), 636–45.

Nicola, S.M., Surmeier, D.J., Malenka, R.C. (2000). Dopaminergic
modulation of neuronal excitability in the striatum and nucleus
accumbens. Annual Review of Neuroscience, 23(1), 185–215.

Numan, M. (2006). Hypothalamic neural circuits regulating mater-
nal responsiveness toward infants. Behavioral and Cognitive Neuro-
science Reviews, 5(4), 163–90.

Numan, M., Stolzenberg, D.S. (2009). Medial preoptic area inter-
actions with dopamine neural systems in the control of the

onset and maintenance of maternal behavior in rats. Frontiers in
Neuroendocrinology, 30(1), 46–64.

Numan, M., Young, L.J. (2016). Neural mechanisms of mother-infant
bonding and pair bonding: similarities, differences, and broader
implications. Hormones and Behavior, 77, 98–112.

Parada, M., King, S., Li, M., Fleming, A.S. (2008). The roles of accum-
bal dopamine D1 and D2 receptors in maternal memory in rats.
Behavioral Neuroscience, 122(2), 368.

Phillips, A.G., Vacca, G., Ahn, S. (2008). A top-down perspective on
dopamine, motivation and memory. Pharmacology, Biochemistry,
and Behavior, 90(2), 236–49.

Rutgers, A.H., Bakermans-Kranenburg, M.J., van Ijzendoorn, M.H.,
van Berckelaer-onnes, I.A. (2004). Autism and attachment: a
meta-analytic review. Journal of Child Psychology and Psychiatry,
45(6), 1123–34.

Salamone, J.D., Correa, M., Farrar, A., Mingote, S.M. (2007). Effort-
related functions of nucleus accumbens dopamine and associ-
ated forebrain circuits. Psychopharmacology, 191(3), 461–82.

Salimpoor, V.N., Benovoy, M., Larcher, K., Dagher, A., Zatorre, R.J.
(2011). Anatomically distinct dopamine release during
anticipation and experience of peak emotion to music. Nature
Neuroscience, 14(2), 257–62.

Schlemmer, H.-P.W., Pichler, B.J., Schmand, M., et al. (2008). Simul-
taneous MR/PET imaging of the human brain: feasibility study.
Radiology, 248(3), 1028–35.

Schultz, W. (1994). Behavior-related activity of primate dopamine
neurons. Revue Neurologique, 150(8–9), 634–9.

Schultz, W., Dayan, P., Montague, P.R. (1997). A neural substrate of
prediction and reward. Science, 275(5306), 1593–9.

Seifritz, E., Esposito, F., Neuhoff, J.G., et al. (2003). Differential sex-
independent amygdala response to infant crying and laughing in
parents versus nonparents. Biological Psychiatry, 54(12), 1367–75.

Shahrokh, D.K., Zhang, T.-Y., Diorio, J., Gratton, A., Meaney, M.J.
(2010). Oxytocin-dopamine interactions mediate variations in
maternal behavior in the rat. Endocrinology, 151(5), 2276–86.

Small, D.M., Jones-Gotman, M., Dagher, A. (2003). Feeding-induced
dopamine release in dorsal striatum correlates with meal pleas-
antness ratings in healthy human volunteers. Neuroimage, 19(4),
1709–15.

Stein, A., Arteche, A., Lehtonen, A., et al. (2010). Interpretation
of infant facial expression in the context of maternal postnatal
depression. Infant Behavior & Development, 33(3), 273–8.

Strathearn, L., Fonagy, P., Amico, J., Montague, P.R. (2009). Adult
attachment predicts maternal brain and oxytocin response to
infant cues. Neuropsychopharmacology, 34(13), 2655–66.

Svensson, J.E., Schain, M., Plavén-Sigray, P., et al. (2019). Validity and
reliability of extrastriatal [11C] raclopride binding quantification
in the living human brain. Neuroimage, 202(p), 116143.

Swain, J.E., Lorberbaum, J.P., Kose, S., Strathearn, L. (2007). Brain
basis of early parent–infant interactions: psychology, physiol-
ogy, and in vivo functional neuroimaging studies. Journal of Child
Psychology and Psychiatry, 48(3–4), 262–87.

Tronick, E.Z. (1989). Emotions and emotional communication in
infants. American Psychologist, 44(2), 112–9.

Walker, C.-D., Deschamps, S., Proulx, K., et al. (2004). Mother to
infant or infant to mother? Reciprocal regulation of responsive-
ness to stress in rodents and the implications for humans. Journal
of Psychiatry & Neuroscience, 29(5), 364–82.

Wang, Z., Yu, G., Cascio, C., Liu, Y., Gingrich, B., Insel, T.R.
(1999). Dopamine D2 receptor-mediated regulation of partner



L. Zeevi et al. 509

preferences in female prairie voles (Microtus ochrogaster): a
mechanism for pair bonding? Behavioral Neuroscience, 113(3), 602.

Wass, S.V., Smith, C.G., Clackson, K., Gibb, C., Eitzenberger, J.,
Mirza, F.U. (2019). Parents mimic and influence their infant’s
autonomic state through dynamic affective state matching. Cur-
rent Biology, 29(14), 2415–2422 e2414.

Yoder, K.K., Kareken, D.A., Morris, E.D. (2008). What were they
thinking? Cognitive states may influence [11C]raclopride binding
potential in the striatum. Neuroscience Letters, 430(1), 38–42.

Zink, C.F., Pagnoni, G., Martin-Skurski, M.E., Chappelow, J.C.,
Berns, G.S. (2004). Human striatal responses to monetary reward
depend on saliency. Neuron, 42(3), 509–17.


