
B

R

T
t

K
M
a

b

c

d

W

h

•
•
•

a

A
R
R
A
A

K
P
I
M
E
O
P

v

m

h
0

ARTICLE IN PRESSG Model
BR-10431; No. of Pages 12

Behavioural Brain Research xxx (2016) xxx–xxx

Contents lists available at ScienceDirect

Behavioural  Brain  Research

journa l homepage: www.e lsev ier .com/ locate /bbr

esearch  report

he  neural  basis  of  responsive  caregiving  behaviour:  Investigating
emporal  dynamics  within  the  parental  brain

atherine  S.  Young a,b,  Christine  E.  Parsons b,c,  Alan  Stein b,d, Peter  Vuust c,
ichelle  G.  Craske a,  Morten  L.  Kringelbach b,c,∗

Anxiety and Depression Research Center, Department of Psychology, UCLA, Los Angeles, CA, USA
Department of Psychiatry, University of Oxford, Oxford OX3 7JX, UK
Center for Music in the Brain (MIB), Department of Clinical Medicine, Aarhus University, DK & The Royal Academy of Music, Aarhus/Aalborg, Denmark
MRC/Wits Rural Public Health and Health Transitions Research Unit (Agincourt), School of Public Health, Faculty of Health Sciences, University of the
itwatersrand, Johannesburg, South Africa

 i g  h  l  i g  h  t  s

Synthesis  of  findings  from  EEG,  MEG  and  LFPs  across  studies  investigating  early  sensitivity  to infant  cues.
Proposed  model  of  rapid  neural  reactivity  to infant  cues  within  the  ‘parental  brain’.
Summary  of emerging  literature  on experience-dependent  plasticity  and  disruptions  to  neural  activity  in  the  parental  brain.

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 2 July 2016
eceived in revised form 1 September 2016
ccepted 5 September 2016
vailable online xxx

eywords:
arenting

nfant
agnetoencephalography

lectroencephalography
rbitofrontal cortex
eriaqueductal gray

a  b  s  t  r  a  c  t

Whether  it  is  the  sound  of  a distressed  cry or the  image  of  a cute  face,  infants  capture  our  attention.
Parents  and  other  adults  alike  are drawn  into  interactions  to engage  in  play,  nurturance  and  provide  care.
Responsive  caregiving  behaviour  is  a key  feature  of the  parent-infant  relationship,  forming  the founda-
tion  upon  which  attachment  is built.  Infant  cues are  considered  to be ‘innate  releasers’  or  ‘motivational
entities’  eliciting  responses  in nearby  adults  (Lorenz  1943;  Murray,  1979)  [42,43].  Through  the  advent
of  modern  neuroimaging,  we  are  beginning  to understand  the  initiation  of this motivational  state  at  the
neurobiological  level.  In this  review,  we first  describe  a current  model  of  the  ‘parental  brain’,  based  on
functional  MRI  studies  assessing  neural  responses  to infant  cues.  Next,  we  discuss  recent  findings  from
temporally  sensitive  techniques  (magneto-  and  electroencephalography)  that  illuminate  the  temporal
dynamics  of this  neural  network.  We  focus  on converging  evidence  highlighting  a specific  role  for  the
orbitofrontal  cortex  in  supporting  rapid  orienting  responses  to  infant  cues.  In  addition,  we  consider  to
what  extent  these  neural  processes  are  tied  to parenthood,  or whether  they  might  be  present  universally

in  all  adults.  We  highlight  important  avenues  for  future  research,  including  utilizing  multiple  levels  of
analysis  for  a  comprehensive  understanding  of  adaptive  caregiving  behaviour.  Finally,  we  discuss  how
this  research  can help  us  understand  disrupted  parent-infant  relationships,  such  as  in situations  where
parents’  contingent  responding  to  infant  cues  is disrupted;  for  example,  in  parental  depression  or  anxiety
where  cognitive  attentional  processes  are  disrupted.

©  2016  Published  by  Elsevier  B.V.
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within the parental brain, Behav Brain Res (2016), http://dx.doi.org/1
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1. Characteristics of infant cues and adults’ responses to
them

From the cuteness of their happy smiling faces to the frustra-
tion of hearing their cries, infants’ emotional expressions engage
our attention. This is a vital evolutionary process. By attending to
sponsive caregiving behaviour: Investigating temporal dynamics
0.1016/j.bbr.2016.09.012

the pre-verbal cues of our offspring, we  can provide sensitive care,
promoting infant well-being and ultimately ensuring the survival
of the species [1,2]. Reacting promptly and sensitively to infant

dx.doi.org/10.1016/j.bbr.2016.09.012
dx.doi.org/10.1016/j.bbr.2016.09.012
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
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mailto:morten.kringelbach@queens.ox.ac.uk
dx.doi.org/10.1016/j.bbr.2016.09.012
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ommunicative cues is a key parenting capacity [3]. There is broad
cientific consensus that child development is profoundly impacted
y the quality of early caregiving [for reviews, see [4,5–7]]. More
pecifically, it has been shown that the sensitivity of parental
esponses to infant cues can affect children’s cognitive and socio-
motional development [8,9].

Infant cues play two primary roles in establishing the relation-
hip between infant and caregiver. First, these cues provide the
dult caregiver with a wealth of information about the infants’
hysiological and affective state [10–12]. In combination with
ther contextual factors, these signals help to guide the selec-
ion of appropriate caregiving behaviour. Secondly, from within
ays after birth, parents and their infants mirror each other’s emo-
ional expressions [13,14]. Parents also modify their behaviour to

atch the infants’ developmental stage, such as by using high
nd exaggerated pitch in their speech (‘infant-directed speech’ or

motherese’), a feature of parental behaviour implicated in sustain-
ng infant attention [15,16]. These pre-verbal interactions form the
oundation of a socio-emotional understanding upon which com-
lex attachment relationships can be built [17,18].

Infant cries typically have high and dynamic pitch [ranging
etween 250 and 700 Hz; [19]] a ‘falling’ or ‘rising-falling’ melody,
ith single bursts lasting between one to three seconds [see Fig. 1;

20]]. In the first few months after birth, infant cries are thought to
e largely reflexive [21], occurring when infants are hungry, tired,

n pain or separated from their caregiver. Beyond two to three
onths after birth, greater motor control of the vocal tract per-
its more variation in cry acoustics and the production of a wider

ange of vocalisations including laughter and pre-verbal ‘babbling’
10,16,22–24]. Investigation of the acoustic characteristics of infant
ries supports the notion of the cry as a ‘graded signal’ in which
hanges in acoustic features indicate varying levels of distress [25].

 number of studies have demonstrated that higher pitched cries
re perceived as sounding ‘more distressed’ and as having ‘greater
rousal’ by adult listeners, with and without parenting experience
26–29].

Infant faces are characterized by large rounded foreheads and
mall chins, large low-set eyes, short and narrow noses and bulging
Please cite this article in press as: K.S. Young, et al., The neural basis of re
within the parental brain, Behav Brain Res (2016), http://dx.doi.org/1

heeks [see Fig. 1; [30–32]]. This configuration, is typically per-
eived as pleasant and rewarding and has come to be known as
he ‘Kindchenschema’, or more commonly ‘cuteness’ [33–35]. Soon
fter birth, infants are capable of producing a range of facial expres-

ig. 1. Examples of infant communicative cues. (A) Waveform (upper) and spectrogram
emonstration of the physical features of a typical infant face, reflecting the ‘infant sche

30–32].
 PRESS
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sions, including smiling and frowning [36]. Improvements in the
control of facial muscles support the development of a broader
array of facial expressions, including displays of surprise and anger
around four months of age [37]. Adult observers are highly sen-
sitive to variations in both infant facial configuration [cuteness;
[32,38–40]] and infant facial expression [41].

Early theoretical accounts of parental responsiveness to infants
provided different descriptions dependent on the modality of the
infant cue. For infant facial cues, Lorenz [42] initially proposed the
concept of ‘Kindchenschema’, whereby the specific configuration of
the infant face acted as an ‘innate releaser’ of caregiving behaviour
in adults. For infant vocalisations, early accounts suggested a range
of motivations for promoting caregiving behaviour including: (i)
terminating an aversive stimulus; (ii) empathic responding to
reduce another’s distress; or (iii) evolutionarily-driven respond-
ing ensuring the wellbeing of offspring [for overview, see [43]].
Later, Murray [43] proposed the ‘motivational entity’ model for
responding to infant vocalisations, more analogous to the ‘Kind-
chenschema’ concept. The motivational entity model states that the
specific acoustic structure of an infant cry rapidly and universally
alerts the listener, while other factors such as the context of care
and cognitive appraisal impact the selection of specific caregiving
behaviours [44].

These early theories are broadly supported by the modern
neuroscientifically-informed model of emotional experience com-
prising rapid emotional reactions (‘core-affect’), which can be
modulated by contextual factors, attentional states and cognitive
appraisal [45]. The model of ‘dual-stream’ emotional process-
ing describes the neural architecture supporting such responses,
with quick imprecise processing recruiting primarily subcortical
regions and slower, more detailed analyses occurring in sensory
and higher-order cortical regions [46–48]. Within the dual streams
model of emotional processing, the orbitofrontal cortex (OFC) is
considered the central hub, providing an interface between the
fast and slow processing routes [48]. In the following sections, we
describe the neural circuitry implicated in responding to infant
cues. It should be noted that this review is not a comprehen-
sive description of studies in this rapidly expanding field, instead
aiming to broadly summarize key findings and emerging trends,
sponsive caregiving behaviour: Investigating temporal dynamics
0.1016/j.bbr.2016.09.012

focusing on temporally-sensitive neuroimaging techniques [for
additional recent reviews, focusing of different imaging modalities,
see [49,50]].

 (lower) of a typical infant cry burst, characterized by high and variable pitch. (B)
ma’: large rounded forehead and cheeks, large low-set eyes, small nose and chin

dx.doi.org/10.1016/j.bbr.2016.09.012
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Table  1
Summary of findings from fMRI studies of the ‘parental brain’, highlighting neural
regions reactive to infant vocal and facial expressions. (MTG: middle temporal gyrus;
STS/G: superior temporal sulcus/gyrus; FFG: fusiform gyrus; OFC: orbitofrontal cor-
tex; PFC: prefrontal cortex; PAG: periaqueductal gray; VTA: ventral tegmental area;
SMA: supplementary motor area).

Infant vocal
expressions

Infant facial
expressions

Temporal lobe
MTG  Kim et al. [60]

Lorberbaum et al.
[61]
Riem et al. [62]
Montoya et al. [63]

Montoya et al. [63]
Ranote et al. [64]
Barrett et al. [65]
Strathearn et al. [66]

STS/G Kim et al. [60]
Lorberbaum et al.
[61]
Mascaro et al. [67]
Bos et al. [68]
Riem et al. [62]
Montoya et al. [63]

Montoya et al. [63]
Ranote et al. [64]
Noriuchi et al. [69]
Barrett et al. [65]
Bartels and Zeki [70]
Strathearn et al. [66]

FFG – Caria et al. [71]
Bartels and Zeki [70]
Nitschke et al. [72]
Strathearn et al. [66]

Frontal lobe
OFC Laurent et al. [73]

Mascaro et al. [67]
Baeken et al. [74]
Glocker et al. [29]
Leibenluft et al. [75]
Montoya et al. [63]
Nitschke et al. [72]
Ranote et al. [64]
Strathearn et al. [66]
Bartels and Zeki [70]
Noriuchi et al. [69]

Anterior cingulate Lorberbaum et al.
[61]
Laurent et al. [73]

Caria et al. [71]
Noriuchi et al. [69]
Barrett et al. [65]
Bartels and Zeki [70]
Strathearn et al. [66]

PFC Kim et al. [60]
Lorberbaum et al.
[61]
Laurent et al. [73]
Mascaro et al. [67]

Noriuchi et al. [69]
Barrett et al. [65]
Bartels and Zeki [70]
Ranote et al. [64]
Strathearn et al. [66]

Insula Kim et al. [60]
Laurent et al. [73]
Mascaro et al. [67]

Caria et al. [71]
Noriuchi et al. [69]
Barrett et al. [65]
Bartels and Zeki [70]

Subcortical
Basal ganglia Lorberbaum et al.

[61]
Laurent et al. [73]
Mascaro et al. [67]
Montoya et al. [63]

Montoya et al. [63]
Noriuchi et al. [69]
Barrett et al. [65]
Bartels and Zeki [70]
Strathearn et al. [66]

PAG/VTA Laurent et al. [73] Noriuchi et al. [69]
Bartels and Zeki [70]
Strathearn et al. [66]

Amygdala Riem et al. [62] Barrett et al. [65]
Leibenluft et al. [75]
Ranote et al. [64]
Seifritz et al. [76]
Strathearn and Kim
[77]
Bartels and Zeki [70]
Strathearn et al. [66]

Thalamus/hypothalamus Lorberbaum et al.
[61]

Caria et al. [71]
Noriuchi et al. [69]
Barrett et al. [65]
Strathearn et al. [66]

Motor
Motor cortex Kim et al. [60] Strathearn et al. [66]
Premotor/SMA Montoya et al. [63] Caria et al. [71]
 PRESS
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2. Neural responses to infant cues: characterizing networks
of the ‘parental brain’

Functional MRI  studies of adults’ responses to infant vocalisa-
tions and facial expressions have highlighted a network of regions
that may  support caregiving behaviour. We  refer to this group of
regions as the ‘parental brain’, to encompass both responses in
non-parents (the so-called caregiving or parental ‘instinct’, [51])
and responses among parents that may  be experience-dependent
(see Table 1; Fig. 2). Studies of responses to both infant facial
and vocal cues have demonstrated reactivity in temporal lobe
regions (middle temporal gyrus, superior temporal gyrus/sulcus
and inferior temporal gyrus/sulcus), frontal lobe regions (anterior
cingulate, prefrontal, orbitofrontal and insular cortices), subcortical
regions (basal ganglia, amygdala, periaqueductal grey) and motor
regions (motor cortex, premotor cortex, supplementary motor
area). Cortical areas of the ‘parental brain’ overlap with those of
the ‘social brain’, a network of neural areas sensitive to social cues
[for reviews, see [52,53–55]]. Subcortical (amygdala) and cortical
(superior temporal gyrus/sulcus, middle temporal gyrus) regions of
the temporal lobe are recruited in the initial processing of affect in
the voice [56–59], while occipital and temporal regions (including
the fusiform gyrus) are principally recruited for the sensory pro-
cessing of facial expressions [60]. Activity in these regions is then
hypothesised to project to frontal regions, such as the OFC and
inferior frontal gyrus for evaluation and higher-order processing
[61–63].

The proposed ‘social brain’ and the ‘parental brain’ differ in
the extent to which they recruit ‘survival circuitry’, encompass-
ing subcortical and brainstem areas that support reflexive-like
responses. Compelling evidence regarding the functioning of sub-
cortical brain regions in parenting behaviour has been obtained
from rodent studies. These studies often involve surgical or chem-
ical lesions to specific brain regions to disrupt functioning and
observation of behavioural changes. This allows inferences to be
made regarding how necessary and/or sufficient specific regions
are for the initiation of appropriate caregiving behaviours, con-
clusions that are difficult to determine in human correlational
imaging studies. These studies have demonstrated roles for the
amygdala, periaqueductal grey (PAG) and ventral tegmental area
in responding to infant distress cues [64]. Each of these regions has
also been detected in human neuroimaging studies (see Table 1).
Detection of reactivity to infant cues across species within the
same brain regions suggests some degree of functional conserva-
tion across evolution. Within the parental brain, the amygdala is
thought to play a ‘vigilance’ role, supporting preferential attending
to the infant [6]. Rodent studies suggest that the PAG and ventral
tegmental area are implicated more in the selection and initiation
of caregiving behaviour [64,65].

3. Temporal dynamics of the ‘parental brain’

Electroencephalography (EEG), magnetoencephalography
(MEG) and local field potential (LFP) recordings have begun to
inform our understanding of the time-windows during which
specific cortical and subcortical regions are differentially sensitive
to infant cues. The majority of studies investigating temporal
dynamics within the parental brain have used EEG to assess
differences in amplitude or latency of event-related potentials
sponsive caregiving behaviour: Investigating temporal dynamics
0.1016/j.bbr.2016.09.012

(ERPs; see Box 1) between different types of stimuli or across
different groups of participants. Through this work we can begin
to build a picture of functional processing in different time frames
(see summary in Fig. 3).

dx.doi.org/10.1016/j.bbr.2016.09.012
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Box 1: Overview of ERPs discussed, including observed
latency ranges, putative sources and suggested pro-
cessing functions. Note that the peak latencies of
individual components vary across studies and exper-
imental designs. The putative neural sources and their
proposed functions are still actively under investigation
[158–162].
ERP Name Typical latency

range (ms)
Putative neuronal
source

Proposed function

N100 80–120 Primary and
association cortices

‘unexpected
stimulus’ detection,
modified by
attention

N170 140–200 Fusiform and
inferior temporal
gyri

Neural processing
of faces

N200/N2/N245 160–220 Recorded at
frontocentral sites,
frontal lobe regions

Task relevant
physical properties,
stimulus
classification,
visual attention,
response conflict

P300 300–500 Recorded at
occipital and
parietal sites

Detection of
stimulus salience

LPP 400–800 Central/Midline,
occipital/posterior
parietal

Emotion regulation

Fig. 2. (A) Schematic diagram of ‘parental brain’—networ

Fig. 3. Proposed timeline of neural activity in response to infant cues across subcortical 

infant  cues has been observed in the PAG of the brainstem. Classical sensory processing
facial  expressions. At 130 ms,  there is evidence of salience detection, localised to the OF
time  frame to the initiation of preparatory motor responses. Beyond 200 ms,  other region
noted  that early contributions of subcortical regions, such as the amygdala and ventral teg
to  cortical sources of activity, relative to subcortical sources. However, direct recording 

subcortical regions also contribute to early differential processing.
 PRESS
 Research xxx (2016) xxx–xxx

3.1. Early detection of infant vocalisations in the brainstem

Recording from deep brain stimulation electrodes implanted
in the PAG of the midbrain, we  observed differences in LFPs in
response to infant vocalisations compared to constructed control
sounds as early as 49 ms  after stimulus onset [66]. Compared to
natural control sounds (adult cries and animal distress sounds),
significant differences were observed at 86 ms.  The PAG has been
implicated in maternal responsiveness to infant cues in rodent
studies [67–69]. Whereas the spatial resolution of LFPs is not
sufficient to differentiate PAG activity from that of neighbouring
regions, such as the inferior colliculus, these findings suggest that
subcortical human brain regions such as the PAG, are involved in
fast discrimination of infant vocalisations.

The PAG has an extensive network of anatomical connections
including the nearby inferior colliculus [70], amygdala and frontal
lobe regions, such as the OFC [71], plausibly allowing rapid prop-
agation of differential responding to infant cues throughout the
parental brain network. In addition, this early detection in brain-
stem regions might support initiation of a state of heightened
physiological arousal upon detection of infant cues. Peripheral psy-
chophysiological studies have demonstrated that hearing infant
cries can impact the listener’s heart rate, respiration and hand grip
sponsive caregiving behaviour: Investigating temporal dynamics
0.1016/j.bbr.2016.09.012

strength [although the direction of these effects varies across stud-
ies; [72,73–77]]. It is hypothesised that heightened physiological
arousal aids the initiation of rapid, effortful caregiving behaviour.
Early detection of salient infant cues in the brainstem might there-

ks of regions recruited in responding to infant cues.

and cortical regions of the parental brain. Evidence of early detection (<100 ms) of
 ERPs (N100/P100) have been shown to be modulated by some features of infant

C. Subsequently, further detailed processing of infant cues occurs in a comparable
s of the parental brain may support responsive caregiving behaviour. It should be
mental area are less well established due to the greater sensitivity of EEG and MEG

from subcortical regions, as in the case of LFP recordings of the PAG, indicate that

dx.doi.org/10.1016/j.bbr.2016.09.012
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ore constitute the first step in the pathway to supporting sensitive
aregiving behaviour.

.2. Rapid cortical sensitivity: modulation of the N100

There is conflicting evidence regarding the earliest stage of corti-
al processing that is sensitive to the affective content of infant cues.
ne study has demonstrated a main effect of valence of infant facial
xpressions (happy, neutral, distressed) on the amplitude of N100
esponses in both mothers and nulliparous women [78]. Other
tudies have reported no significant effect of valence on such early
esponses [79,80]. One proposed explanation for these conflicting
ndings relates to differences in tasks employed across studies,
nd specifically in their attentional demands. Directing attention
owards infant stimuli (e.g. by requiring participants to identify
motion in stimuli) appears to be linked to differences in earlier
tages of stimulus processing [81].

.3. An early role for the OFC in salience detection of infant cues

The OFC is uniquely positioned at an interface between subcor-
ical and cortical pathways and has established roles in both reward
rocessing and social cognition [4,82–85]. As a central hub linking
he dual streams of emotional processing, the OFC is thought to play

 crucial role in the coordination of both fast and slow responses to
motional stimuli [47,48,86,87]. The ‘affective prediction hypoth-
sis’ suggests that early in time, the OFC is implicated in ‘tagging’
motionally salient stimuli [88–90]. This rapid salience detection is
hought to influence ongoing sensory processing and prime rapid

otor responses [88–90]. Beyond this brief early ‘tagging’ process,
ctivity in the OFC has been shown to represent the reward value
f stimuli, likely based on more detailed processing [91]. Represen-
ation of stimulus reward is thought to be an important feature of
igher-order processing and decision making [92].

There is mounting evidence that the OFC is implicated in the
arly salience detection of infant cues. In two separate MEG studies
f responses to infant facial stimuli, we observed rapid differential
ctivity in the OFC in response to images of infant and adult faces
93,94]. Occurring at around 130 ms  post-stimulus presentation,
his differential processing is in line with the affective prediction
ypothesis and is most likely pre-conscious in nature [95]. In the
econd of these studies, we additionally demonstrated that early
FC responses to infant faces were disrupted by the presence of

 minor facial abnormality [cleft lip; [94]]. This suggests that the
pecific configuration of infant facial features is critical for eliciting
uch early neural responses. Extending this work to the auditory
omain, we compared neural responses to infant and adult cry
ocalisations [96]. Again, we observed a peak of early differential
ctivity localized to the OFC (125–135 ms), as well as a second peak
f differential activity slightly later in time (190–200 ms). In combi-
ation, these findings support the notion of modality-independent
alience detection of infant cues in the OFC (see Fig. 4), a response
hich could plausibly support rapid orienting towards infant cues.

.4. Detailed sensory processing (N170 and beyond)

Studies investigating the effect of valence in infant facial expres-
ions on the N170 response, the classical marker of ‘pre-attentive
ace recognition’, have demonstrated mixed results. Some studies
eported no effect of valence on N170 responses [80,81]. However,
nother study demonstrated larger N170 amplitudes to nega-
ive compared to positive infant facial expressions during focused
Please cite this article in press as: K.S. Young, et al., The neural basis of re
within the parental brain, Behav Brain Res (2016), http://dx.doi.org/1

ttention in both mothers and non-mothers, as well as a main
ffect of valence on latency of N170 responses [78]. For later
EG components, findings show greater concordance. Two stud-

es demonstrated effects of valence on responses between 200 and
 PRESS
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300 ms  (early posterior negativity at 240–300 ms,  [78]; N245 at
210–280 ms,  [79]). Both intensity and valence of emotional expres-
sion were shown to affect the amplitude of P300 responses in one
study (375–600 ms,  [79]), although another study found no such
difference in a comparable time window (300–450 ms,  [78]). Two
studies have demonstrated modulation of the late positive poten-
tial (LPP; 500–800 ms)  by valence in infant cues [81,97]. Finally,
larger N2 (250–300 ms)  responses were demonstrated in response
to infant faces compared to pre-pubertal child faces, which in turn
had greater responses than that to adult faces [98], an effect which
was subsequently localized to fusiform gyrus, anterior cingulate
cortex and OFC. These latter differences may  be part of the more
detailed sensory processing and appraisal proposed in the dual
streams models of emotional processing.

3.5. Evidence for preparatory motor responses?

Some preliminary findings suggest that early responses to infant
cues might also occur in motor regions of the brain, as proposed
in the affective prediction hypothesis. Broadly, fMRI studies have
demonstrated motor and supplementary motor cortex reactivity
to infant facial and vocal cues (see Table 1). This has led some
authors to suggest that this reactivity indicates a preparatory motor
response [99], initiated by biologically salient stimuli [100]. In line
with this proposal, using MEG, we also observed early differen-
tial responding, occurring at around 180 ms  to infant vocalisations,
localized to motor cortex [96]. In addition, another recent study
using transcranial magnetic stimulation demonstrated enhanced
motor evoked potentials 100–200 ms  after hearing infant cries [an
effect which may  be specific to female listeners; [101]]. At the
behavioural level, both listening to infant cries and looking at infant
faces promotes a self-reported desire to enact caregiving responses
in adult listeners [32,73,102]. Hearing infant cries has also been
shown to significantly increase the speed of motor responses on
an effortful motor task [103,104]. Similarly, viewing infant faces
promotes effortful responding in adults, as demonstrated through
key-pressing tasks [105].

3.6. Summary of temporal dynamics within the parental brain

We outline a proposed timeline of neural activity to infant cues
in subcortical and cortical regions of the ‘parental brain’. In brief,
specialised processing of infant cues originates in the brainstem,
rapidly propagating to sensory cortical regions and the OFC (within
100–150 ms), a process thought to support salience detection. OFC
responses then impact both detailed sensory processing in tem-
poral lobe regions and preparatory motor responses in cortical
motor regions. Within this ‘parental brain’ network, we there-
fore propose critical roles for the PAG and OFC. As a key ‘survival
structure’ in the brainstem, the PAG may  act as a rapid route for
engaging broader cortical circuitry, while simultaneously trigger-
ing a cascade of adaptive physiological responses. The OFC may
then perform more refined ‘salience detection’, influencing ongoing
sensory processing and priming cortical motor reactivity, support-
ing orienting responses towards infants. Through these processes,
we suggest that infant cues provide privileged access to neural
mechanisms that ignite motivational states across the whole brain,
a phenomenon thought to be self-supporting and ‘metastable’ in
nature (as described by Kringelbach and colleagues [35]).

4. Experience-dependent plasticity in the parental brain
sponsive caregiving behaviour: Investigating temporal dynamics
0.1016/j.bbr.2016.09.012

Infants’ needs are constantly evolving through development and
so too must parenting skills. As the infant’s perceptual and commu-
nicative skills change, parents automatically, unconsciously adapt
their own  interactive style, often referred to as ‘intuitive parenting’

dx.doi.org/10.1016/j.bbr.2016.09.012
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ig. 4. Rapid salience detection of infant cues occurring around 130 ms  in the OFC. (
n  an independent sample, demonstrating disruption to this response in the presen
nfant  and adult cry vocalisations was also observed in the OFC and temporal lobe r

106,107]. As with any skill, the development of parenting abili-
ies likely modifies functioning of the underlying neural circuitry
experience-dependent plasticity). Individual differences in the
arental brain have been investigated in three primary domains:
1) presumed gender differences in sensitivity to infant cues, (2)
he general impact of parental experience through comparison of
arents and nulliparous individuals, and (3) the specific impact of
xperience with one’s own  infant through comparison of parental
esponses to own and unknown infant cues.

.1. Gender differences in sensitivity to infant cues

Behavioural studies of gender differences in responding to infant
ues have yielded complex results [for review, see [108]]. Where
ifferences have been demonstrated, these tend to be small in
ature, consistent with meta-analytic evidence on gender dif-

erences in non-verbal emotion processing [109]. Relatively few
tudies have investigated these effects at the neural level, although
here is evidence to suggest that early (P1) responses to infant faces
ere greater in women than in men  [79,98]. Functional MRI  studies

ave also demonstrated differential responding to infant cries in the
n the cingulate cortex between men  and women [110,111]. While
Please cite this article in press as: K.S. Young, et al., The neural basis of re
within the parental brain, Behav Brain Res (2016), http://dx.doi.org/1

ften assumed that women are both more emotionally reactive and
ore ‘biologically primed’ to care for infants, there is limited evi-

ence to support this notion with respect to early differences in
eural responding.
id differentiation of infant and adult facial stimuli [93]. (B) Replication of this effect
 an infant facial abnormality [cleft lip; [94]]. C–D) Differential cortical reactivity to
s, peaking around 130 ms [96].

4.2. The effect of parenthood on early cortical responses

Parenting experience appears to afford neural processing advan-
tages for infant stimuli. For example, mothers were found to
demonstrate shorter N1 latencies in response to infant facial
expressions [78] and greater amplitude of N1 peaks in response
to cry vocalisations [112] and facial expressions [79] compared to
non-mothers. However, other studies have demonstrated no effect
of parental status on P1 responses [80]. Across both genders, greater
N170 and P3a responses were observed in response to infant faces
in parents (both mothers and fathers) compared to non-parents
[men and women; [113]], and different patterns of hemispheric
asymmetry were observed in N170 responses between mothers
and non-mothers [responses were asymmetric in non-mothers, but
symmetric in mothers; [80]].

While preliminary, studies including male participants (fathers
and non-fathers) have shown potential interaction effects between
parental status and gender. Gender differences specific to parents
were observed early in time (N160, N245), with mothers showing
greater responses than fathers, but no differences between genders
in the nonparent group [79]. An interaction between parenthood
and gender was also observed in the occipital P300 response,
where mothers demonstrated greater responses to infant faces
than fathers, who  showed greater responses than nonparents [both
sponsive caregiving behaviour: Investigating temporal dynamics
0.1016/j.bbr.2016.09.012

men  and women; [79]].
The extent to which these neural processing differences are

driven by experience of caregiving or pregnancy and related neu-

dx.doi.org/10.1016/j.bbr.2016.09.012


 ING Model
B

 Brain

r
r
i
d
s
s
s
e
i
i
d
w
e
o
t
s

4

n
s
r
c
a
n
i
s
o
r
6

t
p
v
a
s
E
g
e
h
l
l
p
f
f
t
e
e
s

5

s
m
r
a
i
n
t
n
[

ARTICLEBR-10431; No. of Pages 12

K.S. Young et al. / Behavioural

oendocrinal effects has been assessed in studies comparing neural
esponses to infant cues in biological and adoptive mothers. Find-
ngs to date are mixed, with one study demonstrating no significant
ifferences in ERP responses to infant faces [114], while another
howed differences in theta power recorded at frontal electrode
ites in responses to smiling, crying and neutral facial expres-
ions between biological and adoptive mothers [115]. There is
vidence to suggest that amount of time spent in contact with an
nfant, and direct caregiving experience are important in modulat-
ng parental brain responses, at least in men. One recent fMRI study
emonstrated that the amount of time fathers spent in childcare
as associated with changes in functional connectivity between

arly sensory processing regions [116]. This supports the notion
f experience-dependent plasticity in the parental brain, an effect
hat might usefully be investigated in longitudinal studies of the
ame individuals at different stages of parenthood.

.3. Learned sensitivity to own infant cues

Shortly after birth, mothers and fathers can accurately recog-
ise their own infant, even on the basis of single non-visual cues,
uch as smell, cry or touch [for review, see [117]]. These remarkable
ecognition capacities have been the subject of numerous studies
omparing parental responsivity to one’s own  infant compared to
n unfamiliar infant or adult. Overall, this work suggests that recog-
ition or responding to own infant cues modulates activity later

n time (beyond 200 ms), although again findings are mixed. One
tudy demonstrated no impact of own vs. unknown infant on n170
r P300 responses [113], while two other studies found differential
esponding to own infant images from 240 to 500 ms  [114] and at
00 ms  [with no effect at N100/N170; [118]].

Regarding mixed findings across EEG studies discussed above,
hree general methodological issues can be noted. First, the sam-
le sizes of these studies vary considerably [individual group sizes
ary from N = 10 [79] to N = 47, [81]], and lack of power may  be
n issue particularly for effects such as gender which are typically
mall in nature. Second, the time windows used for analyses of
RPs vary across studies. Future investigations might benefit from
reater standardization or reporting of time windows of inter-
st [119]. In addition, the majority of EEG papers discussed here
ave examined ERP responses, comparing the amplitude and/or

atency of waveforms of interest. Relatively fewer papers have ana-
ysed the spectral content of EEG and MEG  signals. One recent
aper using this approach demonstrated evidence for rapid dif-

erential responding to images of own versus unfamiliar infant
aces in gamma  band activity [120]. This finding is notable given
hat ERP analysis of the same data failed to demonstrate such an
arly difference [118]. Analyses of induced activity, in addition to
vent-related potentials, will provide us with a more comprehen-
ive understanding of the neural mechanisms of caregiving.

. How do neural responses relate to caregiving behaviour?

Several innovative studies have begun to address the relation-
hip between neural responses to infant cues and behavioural
easures of parenting. To date, these studies have compared neu-

al responses either with aspects of caregiving behaviour in healthy
dults or in groups of parents affected by conditions known to
mpact the quality of the parent-infant relationship (such as post-
Please cite this article in press as: K.S. Young, et al., The neural basis of re
within the parental brain, Behav Brain Res (2016), http://dx.doi.org/1

atal depression). An emerging body of work has begun to assess
he effect of neuroendocrinal responses (particularly oxytocin) on
eural responses to infant cues and caregiving behaviour [e.g.,
116,121,122]].
 PRESS
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5.1. Altered reactivity to infant cues

A number of studies have underlined the importance of sen-
sory brain regions in supporting behavioural sensitivity to infant
cues. For instance, fMRI studies have reported that greater activ-
ity in auditory cortex to infant cries was  associated with better
reported maternal care in mothers [123] and more positive parent-
ing thoughts in fathers [124]. Studies of clinical populations have
similarly implicated sensory brain regions. Reduced sensory sen-
sitivity to infant cues was demonstrated in pregnant women with
depression and in mothers found to neglect their infants. In the
study of pregnant women, depressive symptomology was associ-
ated with decreased P300 responses to distressed infant faces, but
with no effect for responses to happy or neutral faces or infant cry
vocalisations [125]. Compared to healthy mothers, mothers who
neglected their infants demonstrated reduced modulation of N170
responses to infant facial expressions and reduced LPP responses
to crying compared to neutral expressions [97]. In contrast, neu-
ral markers indicative of heightened sensitivity to infant cues were
observed in mothers with depressive and anxious symptoms. In
one study, depressive symptomatology was  positively correlated
with the amplitude of N170 responses to infant faces [80]. This
effect was  specifically linked to cognitive and affective, and not to
somatic, symptoms. Higher state anxiety in mothers has also been
associated with greater LPP amplitude to infant neural expressions
[81].

The apparent contradiction across these EEG studies is par-
alleled in fMRI studies investigating individual differences in
emotional reactivity to infant cues, focusing on the amygdala. For
example, reduced amygdala reactivity to infant cries was  observed
in mothers with higher quality relationships with their infants
[126]. Increased amygdala activity has been found in mothers with
postnatal depression in response to positively-valenced infant face
stimuli [both own  and other infant faces; [127]], and to negatively
or positively-valenced own  infant faces [128] compared to healthy
mothers. However, not all findings relating to the amygdala have
been in the same direction. Barrett and colleagues [129] reported
that greater amygdala activity to own  positive infant faces was
related to lower maternal anxiety, lower parental distress, fewer
symptoms of depressed mood, and more positive attachment feel-
ings. Another study found a negative correlation between amygdala
response to faces, albeit adult only, and postpartum depression
severity, and a negative correlation between amygdala response
to faces and infant-related hostility [130].

These contradictory findings require further investigation, both
in understanding the network dynamics of activity across regions
involved in face processing, as well as possible differences in coping
strategies with depressive symptomatology in pregnancy com-
pared to postpartum. Rutherford and colleagues [125] suggest that
their findings in pregnant women  with depression are associated
with heightened avoidance of infant negative affect, perhaps linked
to dampening of salience or emotional reactivity to infant distress
cues. Noll et al. [80], who  demonstrated heightened neural activity
to infant cues, instead suggest that this may  reflect a maladaptive
sensitization to these cues, which might still behaviourally mani-
fest in avoidance behaviour.

A further explanation for these findings may be that ‘sensi-
tive’ responding to infant cues lies on a U-shaped curve, whereby
too little neural reactivity to infant cues is problematic (hypo-
reactivity), as is too much reactivity (hyper-reactivity). Participants
experiencing depressive symptomology may  fall at either end of
this proposed curve and demonstrate behavioural interaction dif-
sponsive caregiving behaviour: Investigating temporal dynamics
0.1016/j.bbr.2016.09.012

ficulties. This would account for differences in the direction of
neural effects, with amygdala dysregulation nevertheless being an
important mechanism disrupting parental sensitivity. Future work
may  also consider the impact of comorbid symptoms of anxiety,

dx.doi.org/10.1016/j.bbr.2016.09.012
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iven that differential sensitivity to infant facial emotion has been
bserved across mothers with depression compared to generalized
nxiety disorder [41]. Additionally, it is plausible that sub-regions
ithin the amygdala (or regions located nearby such as the bed

ucleus of the stria terminalis) are implicated in different aspects
f processing, a possibility that might usefully be investigated with
igher-resolution neuroimaging techniques [131,132].

.2. Prefrontal emotional regulation

For frontal regions, studies overall suggest that greater reac-
ivity to infant cries is correlated with more sensitive parenting
ehaviour. Greater OFC and right ventro-lateral prefrontal cortex
ctivity was associated with higher quality of attachment between
others and their infants [126]. A similar pattern was observed

or the inferior frontal gyrus, with greater activity associated with
ore sensitive maternal behaviour [133] and less ‘restrictive pater-

al attitudes’ [an index of fathers’ controlling/negative approach to
aregiving, [134]]. In addition, more middle frontal gyrus activity
as associated with better perceived maternal care in childhood

123].
Again, clinical studies have provided good evidence for the

mportance of specific frontal regions in responding to infant cues.
n one study comparing responses to negative infant facial emo-
ion, mothers with depression showed reduced responses to their
wn infant in the dorsal anterior cingulate cortex compared to
ealthy mothers [135]. Furthermore, greater depressive sympto-
ology was correlated with decreased activity to an ‘own infant

ace’ in the OFC and insula, which was interpreted as deficits in
elf-regulatory and motivational responding. Another study by the
ame authors, but focused on crying, reported that mothers with
epression showed less activity to infant cries in frontal (OFC, pre-

rontal and anterior cingulate cortices) and reward regions [nucleus
ccumbens; 135]. Using a different paradigm involving observation
nd empathizing, another fMRI study again implicated the medial
refrontal cortex and OFC, reporting that maternal depression was
ssociated with greater deactivation of these regions relative to

rest’ [128].
Overall, these studies point to an association between more

daptive caregiving responses and both reduced subcortical and
ncreased prefrontal reactivity to infant cues. This pattern of
ncreased prefrontal activity, paired with decreased subcortical
ctivity has been implicated in ‘top-down’ emotion regulation
apacities, or the ability to control affective responses to expe-
iences [136]. Prefrontal regions are proposed to help regulate
he activity of subcortical limbic regions (particularly the amyg-
ala), supporting shifts in emotional reactions. Dysregulation of
his system is thought to underlie anxiety disorders, whereby
yper-reactivity of the amygdala to potentially threatening cues,
aired with failure to regulate using prefrontal regions, is thought
o disrupt regulation of emotional experiences [137]. From this
erspective, greater frontal reactivity to infant cries might be
onsidered as a measure of engagement of top-down regulation
apacities. It has been suggested that the regulation of emotional
esponses to infant cues in the context of caregiving behaviour
elies on maintaining a balance between amygdala and prefrontal
ortical activity [138]. Those individuals with more adaptive par-
nting behaviours might engage frontal regions more effectively,
ossibly regulating emotional responses to infant cues.

.3. The role of oxytocin in sensitizing neural networks of the
arental brain
Please cite this article in press as: K.S. Young, et al., The neural basis of re
within the parental brain, Behav Brain Res (2016), http://dx.doi.org/1

Both the oxytocinergic and dopaminergic neuroendocrine sys-
ems are thought to play key roles in the parent-infant relationship
139]. While oxytocin may  be particularly involved in social pro-
 PRESS
 Research xxx (2016) xxx–xxx

cesses, the dopaminergic system is more broadly involved in
reward processing, reinforcement learning and decision-making
[140,141]. These two systems interact across subcortical and corti-
cal brain regions, with oxytocinergic neurons in the hypothalamus
projecting to key dopaminergic reward regions of the parental
brain, including the ventral tegmental area and ventral striatum
[for more detailed overviews, see [6,139,142]].

Early studies of the effects of oxytocin on neural responses
to infant cues considered groups of individuals thought to differ
in experiences of hormonal fluctuations related to childbirth and
breastfeeding. Oxytocin, among other hormones, is central in both
processes and so by comparing mothers who  had vaginal com-
pared to caesarean section deliveries, and who breast fed compared
to bottle fed, observed alterations in neural reactivity might be
linked to hormonal differences. Both vaginal delivery and breast-
feeding were found to be associated with stronger neural reactivity
to the sound of infant cry vocalisations across the superior frontal
gyrus and amygdala [143,144], while vaginal delivery was addi-
tionally linked to greater reactivity of the hypothalamus [143] and
breastfeeding with heightened reactivity in the insula and striatum
[144]. These findings from cross-sectional studies have provided an
important basis for recent investigations taking peripheral mea-
sures of key neuropeptides across individuals to directly assess
these relationships.

Studies have demonstrated that close contact with an infant
can lead to an increase in oxytocin levels in both mothers and
fathers [145], as well as in foster parents [146], demonstrating the
ongoing impact of childrearing on hormonal fluctuations. One fMRI
study demonstrated that mothers with secure attachment relation-
ships (as compared to mothers with insecure/avoidant attachment)
demonstrated both greater oxytocin production upon interaction
with their infant and greater activation in the ventral striatum
when viewing images of their own  infant [147]. Similarly, an EEG
study of foster mothers demonstrated that the level of oxytocin
release following close contact with their infants was associated
with greater P3 ERP responses (a component involved in process-
ing stimulus salience, see Box 1) to images of infant faces [146].
In addition, intranasal oxytocin administration in women without
children was  associated with greater reactivity in the insula and
inferior frontal gyrus and reduced reactivity in the amygdala upon
hearing infant cries [148]. Together, these studies suggest that oxy-
tocin may  play a key role in sensitising reactivity of reward regions
in the ‘parental brain’, potentially mediating the effect of parent-
infant interactions on neural reactivity. This remains an active area
of research, with much potential to further our understanding of
how our brains adapt to accommodate the demands of parenting.

6. Future directions

While decades of studies have provided a detailed understand-
ing of caregiving in nonhumans, investigations of the human
parental brain are coming to the fore [35]. Studies of adults’ brain
responses to infants have primarily focused on visual cues, encom-
passing responses to both negatively and positively-valenced facial
expressions. The other focus, albeit to a lesser extent, has been
on adult responses to negative vocal affect, ‘crying’. Infant cry-
ing is clearly a powerful, salient stimulus, but parental interactive
behaviour is also motivated by positive infant cues (e.g. infant
laughter). While not yet thoroughly investigated, responding to
infant cues, both positively and negatively valenced, is likely to
recruit neural reward circuitry (such as the nucleus accumbens,
sponsive caregiving behaviour: Investigating temporal dynamics
0.1016/j.bbr.2016.09.012

ventral tegmental area and OFC). Building on previous work, inves-
tigation of a range of infant cues varying in valence may  help refine
the proposed model of the parental brain. More widespread use of
temporally-sensitive neuroimaging techniques in the investigation

dx.doi.org/10.1016/j.bbr.2016.09.012
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f parental experience and disrupted parental behaviour would
lso be useful in this regard.

The majority of studies described here are passive view-
ng/listening paradigms in socially isolated contexts. Such studies
an of course be criticized for a lack of ecological validity, attempt-
ng to measure aspects of social behaviour in the absence of
nteraction with another individual [149]. One opportunity to over-
ome this limitation is the use of ‘hyperscanning’, simultaneous
easurement of neural activity from two or more individuals [150].

his would be of particular interest for a broader investigation
f parent-infant interactions. Combining measures of behavioural,
eural, endocrinal and peripheral psychophysiological responses
ould also be of much interest, as it has been established that par-

nts and infant synchronise not only in social behaviours (mirroring
acial expressions and vocalisations), but also in heart rhythms and
xytocin levels; a constellation of effects known as ‘biobehavioural
ynchrony’ [6].

One major future avenue will be to conduct longitudinal
tudies of adults before, during and after pregnancy, combining
ehavioural and neuroimaging measures. Such studies are clearly
hallenging, but hold much promise in providing insight into the
eural plasticity underpinning parenting. Similarly, investigation
f the evolving relationship at key developmental stages could

nform our understanding experience-dependent plasticity within
he parental brain. One such stage important for social develop-

ent is that of shared attention: the capacity to recognise the focus
f another’s attention and shift one’s own attention to the same
arget (e.g. following another’s eye-gaze [151]). This capacity is
hought to develop in infants at around 18 months of age [152,153]
nd is considered a developmental milestone that supports learn-
ng and the understanding of others’ intentions and behaviours
153]. The process of following another’s eye-gaze is thought to
e specific to human interactions [154], which may  be of par-
icular relevance in understanding the biological basis of human
arent-infant relationships. At this stage (18 months), studies of

nteractions with other familiar adults, such as close family mem-
ers and day care workers, might be helpful in understanding the
roader impact of the ‘small world network’ of the infant’s social
xperience [155].

In this review, we discuss a number of inconsistent findings. This
s a key issue to address, particularly given the current concerns
round replication within psychological science [156]. Method-
logical aspects to address in future work include: (i) using larger
ample sizes, particularly for the investigation of subtle individ-
al differences such as the effect of gender, (ii) careful matching
f key demographic factors between samples that include ‘con-
rol’ groups and (iii) systematic manipulation of stimuli and task
emands, perhaps employing parametric designs to investigate
raded responses to stimulus type (as has been demonstrated in
ther areas of sensory processing research [157]).

. Conclusion

In this review we summarize current models of the human
arental brain, with a particular focus on studies describing the
emporal dynamics underlying caregiving responses. Regions iden-
ified within fMRI studies, referred to as the ‘parental brain’, in
eneral overlap with the ‘social brain’, with the addition of a num-
er of survival-related subcortical regions. Rapid identification and
rienting responses to infant cues might be facilitated by dis-
riminative activity in this system, providing privileged access to
Please cite this article in press as: K.S. Young, et al., The neural basis of re
within the parental brain, Behav Brain Res (2016), http://dx.doi.org/1

rain-wide motivational states. We  discuss emerging evidence for
ritical roles of the PAG and OFC in supporting the initiation of
esponsive caregiving behaviour. In addition, parenthood appears
o be associated with extensive experience-dependent plasticity,
 PRESS
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affecting early stages of processing, while disruptions to parent-
ing behaviour appear related to dysregulation in the balance of
activity across prefrontal and subcortical regions. An important
future aim would be to attain a level of understanding of parental
behaviour that might inform clinical interventions. Longitudinal
work examining different stages of parenthood, in addition to con-
ditions challenging parenting, would be particularly helpful in this
regard.
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