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Maternal responses to adolescent positive
affect are associated with adolescents' reward
neuroanatomy
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The development of reward-based learning and decision-making, and the neural circuitry underlying these processes, appears to
be influenced negatively by adverse child-rearing environments characterized by abuse and other forms of maltreatment. No
research to-date has investigated whether normative variations in the child-rearing environment have effects on adolescent brain
structure. We examined whether normative variations in maternal responses to adolescents' positive affective behavior were
associated with morphometric measures of the adolescents' affective neural circuitry, namely the amygdala, orbitofrontal cortex
(OFC), and anterior cingulate cortex (ACC). Healthy adolescents (N = 113) participated in laboratory-based interaction tasks with
their mothers, and underwent high-resolution (3T) structural magnetic resonance imaging (MRI). The mother—adolescent inter-
actions included a pleasant event-planning interaction (EPI) and a conflictual problem-solving interaction (PSI). Adolescents,
whose mothers displayed more punishing responses to their positive affective behavior during both tasks, and only during the PSI,
had larger left dorsal ACC and bilateral OFC volumes, respectively. In addition, boys whose mothers evidenced this pattern of
behavior during the EPI had larger right amygdala volumes. These results suggest that normative variations in maternal responses
to affective behavior are associated with the structural characteristics of adolescents' affective neural circuitry, which may have
implications for the development of their social, cognitive and affective functioning.
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The ability to evaluate and learn from the reward versus
risk value of behavioral outcomes is a core component of
healthy affective development, and contributes to adaptive
decision-making and goal-directed behavior (Ernst and
Paulus, 2005). Structures involved in these types of affective
processes undergo significant change during adolescence
(Giedd et al., 1999). These structures include the amygdala,
orbitofrontal cortex (OFC), and anterior cingulate cortex
(ACC), which comprise key afferent and efferent projections
of a cortico-striato-midbrain pathway. The processing of
reward-related information by this network impacts on
dopaminergic cell function, which is synchronised in the
striatum (Haber et al., 2006). The OFC and dorsal ACC
(dACC), structures associated with a number of cogni-
tive, social and emotional functions, are thought to be
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particularly important for the mediation of different aspects
of reward-based decision-making. The OFC is involved in
encoding and representing the reward value of stimuli,
and in re-learning stimulus-reward value associations when
reinforcement contingencies change (Kringelbach, 2005;
Rolls, 2000). The dACC is involved in monitoring conflict
between predicted and actual reward outcomes of behavior
and using this information to modify subsequent behavior
(Bush et al, 2002; Ullsperger and von Cramon, 2003;
Holroyd and Coles, 2008). The amygdala and rostral/ventral
ACC, which are believed to be involved in the detection and
representation of affectively salient stimuli, relay information
about emotional valence and salience for further processing
(Haber et al., 2006).

During adolescence, there is a developmentally typical lag
in maturation of cortical regions (particularly, those regions
involved in the representation of reward values—OFC—and
the use of those values to guide behavior—dACC) relative
to limbic regions (particularly those regions, such as the
amygdala and rostral/ventral ACC, involved in assigning
emotional significance to sensory events). This lag has
been suggested to underlie poor reward-related processing
and decision-making (Spear, 2000; Ernst et al, 2006).
Indeed, function of these cortical and limbic regions
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during reward-processing has been demonstrated as different
in adolescence compared to adults (Bjork et al., 2004; Ernst
et al., 2005; Galvan et al., 2006; Eshel et al., 2007). Relatedly,
behavioral and emotional difficulties hypothesized to reflect
disruptions in reward processing, such as depression and
anxiety (Forbes et al, 2007), and risk-taking or reckless
behaviors (Arnett, 1992), including gambling and substance
abuse (Chambers and Potenza, 2003) increase during this
developmental period.

Despite the significance of reward processing as a com-
ponent of healthy adolescent development, and the evidence
that neural development significantly contributes to this
processing, there is little research investigating how impor-
tant environmental processes may relate to reward-
processing and associated neural structure during this
time. There is some evidence that the family environment
of young children may influence both the development of
reward processing and its underlying neural circuitry. Most
of the relevant studies involve childhood maltreatment or
trauma, and demonstrate that these early experiences result
in abnormalities in reward and punishment sensitivity, and
difficulties in decision-making associated with risky behavior
(Guyer et al., 2006). Early severe stress and maltreatment has
also been associated with abnormal size of limbic brain
regions, including the amygdala (Teicher et al, 2003),
ventral and dorsal prefrontal cortical regions and corpus
callosum (De Bellis et al, 2002; Richert et al., 2006), and
abnormalities in activity in the prefrontal cortex (PFC,
Teicher et al.), OFC and amygdala (Chugani, 1998).

Thus, accumulating evidence suggests that an adverse
early environment may be associated with neural circuitry
underlying reward-related processes and behaviors.
However, no research to-date has investigated such associa-
tions in adolescence, when the neural circuitry underlying
reward processing may be particularly vulnerable to
environmental effects given that it is undergoing significant
remodeling. Further, no research has investigated the
association between normative variations in family environ-
mental processes and reward-related neural circuitry. This
is a significant omission given evidence that normative
variations in family processes are salient in adolescence
and have implications for emotional development and
disorder (Denham et al., 1997; Sheeber et al., 2001; Morris
et al., 2007).

Parental socialization of adolescent affective behavior
may be important for the adolescents’ development of affec-
tive processing and behavior (and its underlying neural
circuitry), as this type of parental behavior provides adoles-
cents with important information about the consequences of
their own affective behavior. There is much evidence that
parental punishing (i.e. aggressive) responses to their
child’s affect are associated with adverse emotional and
behavioral outcomes (Eisenberg et al., 1996, 1998). Whilst
parental responses to child negative affect have received
greater research attention (Eisenberg et al, 1996), the
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pertinence of examining the effects of parental responses to
child positive affect has also been recognized. For example,
parents’ attentiveness towards their children’s positive affec-
tive displays has been related to children’s emotional and
social competence (Denham et al, 1997). Our previous
work with the sample investigated in this study has shown
that adolescents whose mothers respond in a punishing
manner towards their positive affect during laboratory inter-
action tasks tend to display more emotionally dysregulated
behaviors during these interactions, and report greater use of
maladaptive emotion regulation strategies (Yap et al,
2008a). Such parental responses to children’s positive affec-
tive behavior have also been associated with childhood
depression (Messer and Gross, 1995). Further, parental
responses to child positive affect may be particularly influ-
ential on the child’s reward neural circuitry, given that this
type of socialization is hypothesized to shape the child’s
ability to regulate their own positive affect (Yap et al,
2008a).

The aim of this study was to examine whether maternal
socialization of adolescent positive affect was associated with
the morphology of brain structures hypothesized to be
relevant to reward-processing, namely the amygdala, OFC
and ACC. Although the striatum is a key region of the
reward neural circuitry, we did not include it in our inves-
tigation due to methodological difficulties associated with its
measurement. Currently, delineation protocols for regions of
the striatum are still not well-validated, and reliable delinea-
tion (particularly of the nucleus accumbens) has been noted
to be difficult (Ahsan et al., 2007). Building on our previous
work in this sample, we investigated whether adolescent
brain structure was related to maternal aggressive responses
to adolescent positive affective behavior. We observed and
coded the behavior of mother—adolescent dyads during
structured laboratory interactions in order to investigate
normative variations in maternal socialization of positive
affective behavior. We also investigated gender differences
in the associations, given data indicating that (i) boys and
girls may respond differently to maternal socialization
(Garside and Klimes-Dougan, 2002; Yap et al, 2008a), and
(ii) gender differences exist in brain function and structure
associated with affective processing and behavior (Giedd
et al., 1997; Whittle et al., 2008a, 2008b).

METHODS
Participants

The sample consisted of 113 adolescents (51% male, M age
12.5+0.5 years, range 11.4 —13.6 years) recruited from
schools across metropolitan Melbourne, Australia.
Adolescents were recruited as part of a broader adolescent
development study (Yap et al., 2008a) such that those with
particularly high, and particularly low, temperamental risk
for mental health problems were over-sampled. Using
the Edinburgh Handedness Inventory (Oldfield, 1971),
106 students were identified as right-handed and eight
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as left-handed. No adolescent had a current or past case-level
Axis I depressive, substance use, or eating disorder diagnosis,
established using The Schedule for Affective Disorder and
Schizophrenia for School-Aged Children: Epidemiologic
Version (K-SADS-E, Orvaschel and Puig-Antich, 1994).
Informed consent was obtained from each adolescent
and parent, in accordance with the guidelines of the
Human Research Ethics Committee of the University of
Melbourne, Australia. Mothers were given $50 AUD
cash and adolescents a $30 AUD shopping voucher as
reimbursement for participation.

Family interactions

Procedure. Adolescents and their mothers participated
in two 20-min family interactions: an Event-Planning
Interaction (EPI) followed by a Problem-Solving Interaction
(PSI), which were video recorded for coding purposes.
Topics for the EPI and PSI were identified based on
participant responses to the Pleasant Events Checklist
(PEC, MacPhillamy and Lewinsohn, 1976) and the Issues
Checklist (IC, Prinz et al., 1979), respectively. The PEC
comprises 50 activities that people typically enjoy doing,
such as ‘Taking a trip or vacation’, and ‘Snow skiing’.
The IC comprises 44 topics about which adolescents and
parents may have conflict, such as ‘lying’ and ‘talking back
to parents’. Up to five activities that both mother and
adolescent indicated to be very pleasant on the PEC were
chosen for mother—adolescent dyads to plan during the EPI,
and up to five issues that were reported to be conflictual on
the IC were chosen for the dyads to resolve during the PSL

As different interactional tasks elicit different types of
interpersonal behaviors (Melby et al.,, 1995), we examined
maternal socialization behaviors during both the EPI and
the PSI. The EPI provides a sampling of behavior under
conditions that are relatively low-stress and pull for positive
affect. On the other hand, the PSI pulls for more negative
affect and conflictual behavior and may require greater affect
regulation on the part of the participants. Hence, the use of
these two tasks enabled us to elicit a greater range of affect
and to examine maternal behavior under conditions of high
and low stress. The EPI was always conducted first because
negative affective states have slower decay rates than positive
states (Gilboa, 1994) and we did not want the affect
generated by the PSI to influence the EPI. As expected,
participants displayed more positive affect in the EPI and
more negative affect in the PSI (Yap et al, In Press).

Observational coding of family interactions

The affective and verbal content of the interactions were
coded using the Living in Family Environments (LIFE,
Hops et al,, 1995) coding system. The LIFE is an event-
based coding system in which new codes are entered when
participants’ affect or verbal content changes. LIFE codes
were defined conceptually, but have an extensive valida-
tion history (Davis et al, 2000; Katz and Hunter, 2007;
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Sheeber et al., 2007; Whittle et al., 2008a; Yap et al.,
2008a). The LIFE consists of 10 affect codes (e.g. contempt,
neutral, happy) and 27 verbal content codes (e.g. validation,
approve, provoke). Two composite constructs, derived from
the individual affect and content codes, were used in the
present study. Aggressive behavior includes all codes with
contemptuous, angry and belligerent affect, as well as disap-
proving, threatening or argumentative statements with neu-
tral affect. Positive Interpersonal behavior consists of
statements made with happy, pleasant and caring affect as
well as approving or affirming statements, and statements
that serve to maintain the conversation. More detailed
information about the LIFE system is presented in Hops
et al. (1995).

All video recordings were coded by extensively trained
observers blind to participant characteristics (e.g. sympto-
matology levels) and study hypotheses. Random pairs of
observers were assigned to the interactions to minimize
drift between any two observers. Approximately 20% of
the interactions were coded by a second observer to provide
an estimate of observer agreement. Kappa coefficients for the
composite codes were: Aggressive=0.77 and Positive
Interpersonal = 0.89; these scores reflect good to excellent
agreement (Fleiss, 1981).

Observational indices of maternal socialization were
derived from these constructs. Allison-Liker Z-scores
(Allison and Liker, 1982) for sequential relations indicate
the extent to which a specified sequence of behavior occurs
more or less often than would be expected as a function of
the base rate of each behavior. Z-scores represent whether
a particular antecedent behavior increases (positive z-score)
or suppresses (negative z-score) the likelihood of a particular
consequent behavior. Maternal ‘punishing’ of adolescent
positive affect is indexed by a greater likelihood (i.e. more
positive z-scores) of Aggressive maternal responses following
adolescent positive interpersonal behavior.

Neuroimaging
Image acquisition. Magnetic resonance imaging (MRI)
scans were performed on a 3 Tesla GE scanner at the Brain
Research Institute, Austin and Repatriation Medical Centre,
Melbourne, Australia, using a gradient echo volumetric
acquisition sequence (repetition time =36 ms; echo time =
9ms; flip angle=35°, field of view=20 cm?, pixel
matrix =410 x 410) to obtain 124 TIl-weighted con-
tiguous 1.5 mm-thick slices (voxel dimensions=0.4883 x
0.4883 x 1.5 mm).

Image pre-processing. Images were transferred to
a SGI/Linux workstation for morphometric analysis. Image
pre-processing was carried out using tools from the FMRIB
software library (http://www.frmib.ox.ac.uk/fsl). Each 3D
scan was stripped of all non-brain tissue (Smith, 2002),
and aligned to the MNI 152 average template (six-parameter
rigid body transform with trilinear interpolation) using
FLIRT (Jenkinson and Smith, 2001). This registration
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served to align each image axially along the anterior com-
missure—posterior commissure (AC-PC) plane and sagittally
along the interhemispheric fissure without any deformation.

Images were re-sampled to 1 mm’.

Morphometric analysis

Regions of interest (ROIs) were defined and quantified based
on previous techniques developed and published by the
Melbourne Neuropsychiatry Centre (see below). All ROIs
were traced using the software package ANALYZE (Mayo
Clinic, Rochester, USA; http://www.mayo.edu/bir/). Brain
tissue was segmented into grey matter, white matter, and
cerebrospinal fluid using an automated algorithm, as imple-
mented in FAST (Zhang et al., 2001). An estimate of whole
brain volume (WBV) was obtained by summing grey and
white matter pixel counts (i.e. WBV included cerebral gray
and white matter, the cerebellum and brainstem, but not the
ventricles, cisterns or cerebrospinal fluid). OFC and ACC
estimates were based on gray matter pixel counts contained
within the defined ROIs. Amygdala estimates were based
on total voxels within the defined ROL

Amygdala

The guidelines for tracing the amygdala were adapted from
those described by Velakoulis and colleagues (Velakoulis
et al., 1999, 2006). Adaptations, designed to maximize
reliability, relate to marking the anterior boundary of the
amygdala and the boundary between the amygdala and
hippocampus. Amygdala boundaries were: posterior:
appearance of amygdala gray matter above the temporal
horn; superior-lateral: the thin strip of white matter that
separates the amygdala from the claustrum and the tail of
the caudate; medial: the angular bundle, which separates the
amygdala from the entorhinal cortex; superior-medial: the
semilunar gyrus; inferior: the hippocampus; inferior-lateral:
the temporal lobe white matter and the extension of the
temporal horn; anterior: the section posterior to the most
posterior of either the point where the optic chiasm joins,
or the point where the lateral sulcus closes to form the
endorhinal sulcus. Watson et al’s (1992) protocol was
used to separate the amygdala from the hippocampus.

Orbitofrontal cortex

The boundaries of the OFC were based on a previously
published method (Riftkin et al., 2005). A line through the
AC-PC was used to define the superior boundary of the
OFC. The posterior boundary was marked by a coronal
plane passing through the most posterior aspect of the olfac-
tory sulcus in each hemisphere. The inferior boundary was
defined by the most inferior aspect of the cortex, the lateral
boundary by the most lateral edge of the cortex and the
medial boundary of each hemisphere by the longitudinal
fissure. Our method included both the medial (gyrus
rectus) and lateral aspects of the OFC in this measurement.
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All images were manually edited to eliminate subcortical
tissue and artifacts related to the eye sockets and nasal bones.

Anterior cingulate cortex

The boundaries of the ACC were based on a previously
published method (Fornito et al, 2006). This protocol
takes into account individual differences in morphology of
the cingulate, paracingulate and superior rostral sulci in
defining ACC volumes. The protocol divides the ACC into
dorsal, rostral and ventral regions. For this study, four
regions were delineated: left and right dorsal ACC (dACC),
and left and right rostral/ventral ACC (r/vACC). These
regions included cingulate gyrus gray matter, and when the
paracingulate sulcus was present, gray matter within the
paracingulate gyrus (when the paracingulate sulcus was
absent, only gray matter on the upper bank of the cingulate
sulcus was included). See Figure 1 for an example
parcellation.

Statistical analysis

Interrater and intrarater reliabilities were assessed by means
of the intraclass correlation coefficient (ICC; absolute agree-
ment) using 15 brain images from a separate MRI database
established specifically for this purpose. ICC values were
acceptable for all ROIs (85% above 0.90 and none below

0.85).
All brain structural measures were corrected for whole
brain size wusing a covariance adjustment method

(Jack et al., 1989). Hypotheses were tested using a series
of hierarchical linear regressions entering adolescent gender
in Step 1, maternal socialization behavior (punishing
responses) in Step 2, and socialization x gender in Step
3 (interaction terms were computed after centering all
continuous variables). The outcome variable for each analy-
sis was one of the brain structure measures (i.e. left and
right amygdala, dACC, 1r/vACC, and OFC volumes).

Fig. 1 An example parcellation of the dorsal anterior cingulate cortex (dACG blue)
and the rostral/ventral anterior cingulate cortex (r/vACG; red). Note that because the
paracingulate sulcus is present, region volumes included all grey matter within the
cingulate and paracingulate gyri.
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Separate regressions were run for the EPI and PSI; thus,
16 regressions (8 brain structures by 2 tasks) were
performed. Significant gender interactions were followed
by regression analyses for males and females separately.

OFC volumetric data was not available for one participant
due to excessive artifact in the orbital region on the TI
image. Alison-Liker z-scores were unavailable for maternal
punishing responses during the EPI for three participants,
because these mothers did not display the responses of
interest.

RESULTS

Table 1 shows means and s.d. for the volumes (relative to
whole brain volume) of each brain ROI for males and
females. There was a significant main effect for adolescent
gender on the volumes of the left amygdala, right OFC and
right r/vACC, with male gender predicting larger volumes.

Maternal punishing responses to adolescent positive affect
during the EPI were associated with adolescent left dACC
volume (B=0.195, #{109] =2.060, P=0.042, AR’ =0.038).
Specifically, adolescents whose mothers were more likely to
punish their positive affective behavior had larger volumes of
this structure. Maternal punishing responses to adolescent
positive affect during the EPI also demonstrated a significant
interaction effect with adolescent gender in predicting the
volume of the right amygdala (8=0.290, #{110] =0.2.290,
P=0.027, AR*=0.044). Post hoc analyses revealed that boys
whose mothers were more likely to punish their positive
affective behavior had larger right amygdala volumes
(B=0.265, [55] =2.023, P=0.048, R°=.070), while there
was no significant effect for females (8=-0.152,
t[53] = —1.108, P=0.273, R*=.023).

Maternal punishing responses to adolescent positive affect
during the PSI were associated with adolescent OFC and
left dACC volumes. Specifically, adolescents whose mothers
were more likely to punish their positive affective behav-
ior had larger volumes of the left (8=0.232, t{112]=
2,507, P=0.014, AR’=0.053) and right (8=0.270,
#112] =2.993, P=0.003, AR’=0.072) OFC and left
dACC (B=0.222, #[112] =2.377, P=0.019, AR’ =0.049).

Table 1 Means and s.d. of regional brain volumes (corrected for WBV)

SCAN (2009) 251
There were no other main effects of maternal socialization
or interactive effects with gender (Ps=0.108-0.984).

To examine the specificity of the obtained results,
we conducted regression analyses for the left dACC, right
amygdala, and left and right OFC, using as the following
independent variables: the (i) frequency of maternal aggres-
sive behavior during the EPI and the PSI (see Yap et al,
2008b, for details of these measures); and (ii) measures of
maternal positive responding to adolescent aggressive
behavior during the EPI and the PSI. These analyses were
intended to clarify whether the observed volumetric enlarge-
ments of brain structures might be associated with maternal
aversive responding in general (i), or maternal incongruent
responding in general (ii). There were no significant effects
for any of these behavioral independent variables
(8=0.003-0.0.112, P=0.241 — 0.974, AR’ =<0.001-0.018).

DISCUSSION

Significant associations were found between observed mater-
nal punishing responses to adolescents’ positive affective
behaviors and the morphological characteristics of their
affective neural circuitry. Specifically, adolescents whose
mothers were more likely to punish (i.e. respond aggressively
to) their displays of positive affect during a problem-solving
task were found to have larger bilateral volumes of the OFC
and left JACC. Adolescents exposed to this type of behavior
during an event planning task were found to have larger
volumes of the left dACC, and boys (but not girls) were
also found to have larger right amygdala volumes. These
associations were not explained by more general measures
of maternal aversive behavior, or maternal incongruent
responding to adolescent behavior. Our findings suggest
that normative variations in maternal punishing responses
to their adolescents’ positive affective behaviors may be
associated with adolescent’s reward-related behavior via
their reward neural-circuitry.

No other study has examined neuroanatomical associa-
tions with normative variations in the family environment
of adolescents, thus making comparisons with previous
research difficult. However, our results may be compared

Brain measure Full sample (N =113) Males (N =58) Females (N =155) Gender
difference
M s.d. M s.d. M s.d. t
Left amygdala 1882.30 228.10 1948.80 211.25 1812.17 22593 3.322%%
Right amygdala 1813.67 237.83 1855.03 240.22 1770.06 229.41 1.778
Left OFC 19450.86 3292.53 19926.22 3502.15 18958.22 3013.10 1.566
Right OFC 20123.43 3352.77 20835.50 3572.08 19385.47 2963.85 2.334%
Left dACC 4078.65 751.73 4084.58 813.45 4072.40 701.49 0.87
Right dACC 4163.72 727.00 4165.61 771.81 4161.74 676.25 0.29
Left r/vACC 6358.11 1587.31 6476.10 1592.88 6238.05 1586.64 0.803
Right r/vACC 6352.85 1510.72 6748.50 1526.17 5964.15 1402.38 2.843*

*P < 0.05; **P < 0.005.
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with existing research examining neurobiological alterations
associated with childhood maltreatment and abuse. Such
research has implicated similar brain regions to this study.
For example, adolescents with neglect- or abuse-related
PTSD have been found to show volumetric enlargements
in the ventral PFC (Richert et al, 2006). Also, post-
institutionalized children have been found to have larger
amygdala volumes, whereby amygdala size and function
correspond to duration of institutional care (Eigsti et al.,
2002). Whilst there have been reports of decreased size of
both the PFC (De Bellis et al., 2002) and amygdala (Teicher
et al., 2003) volume in individuals with a history of abuse
and neglect, in the former case, the decrease in PFC volume
was driven by white matter (whereas our result was restricted
to gray matter), and in the latter case, participants were
young adults, whereas our sample consisted exclusively of
adolescents.

Because our data is cross-sectional, our findings provide
no evidence for causality of relationships, however, there
is some support from animal studies that the childhood
care-giving environment may influence the development of
affective neural circuitry. For example, manipulations to
the maternal care-giving environment in animals appear
to consistently affect functioning of the serotonin, norepi-
nephrine, and dopamine systems, all of which function to
mediate reward-related behaviors (Glaser, 2000). Maternal
deprivation in non-human primates has also been found
to result in lasting changes in prefrontal cortical anatomy
(Cameron, 2004), and in gene expression in the amygdala
(Sabatini et al, 2007). Although longitudinal work is
required to examine the potential of causal connections in
humans, in the following section we summarize functional
and structural brain imaging research that provides a basis
for plausible conjectures regarding the mechanisms by which
maternal socialization behaviors may influence development
of reward-related neural systems.

Mechanisms underlying relationships between
maternal behavior and adolescent brain
morphological characteristics

As described earlier, the OFC and dACC are involved in
different aspects of reward-based learning and decision-
making (Elliott et al., 2000; Rolls, 2000; Bush et al., 2002;
Ridderinkhof et al., 2004; Alia-Klein et al., 2007; Holroyd
and Coles, 2008). These structures are involved in processing
related to both primary or natural reinforcers (e.g. pain or
pleasant taste), and also more complex social reinforcement
information, where the meaning of rewarding or punishing
outcomes may be ambiguous and context-dependent, and
prediction of reward must be inferred from ongoing trial
and error (O’Doherty, 2007). Thus, it is possible that volu-
metric alterations of the OFC and dACC in adolescents
whose mothers are more likely to punish their positive
affective behaviors may be associated with the role of
these regions in the processing of complex and possibly

S.Whittle et al.

ambiguous reinforcement signals from mothers (given that
one does not typically expect that positive behavior will elicit
aggressive behavior).

The amygdala is thought to be important for responding
to emotional signals in the environment and for stimulus-
reward learning (Baxter and Murray, 2002). As such, it is
possible that greater involvement of the amygdala (for boys
only) in responding to salient emotional signals from
mothers has influenced structural change in this region.

The precise mechanisms driving the associations reported
here, and the reason as to why we found enlarged volumes
associated with maternal punishment of positive affect is
unclear. It is possible that our findings reflect use-dependent
cortical development, resulting from high levels of activity
during mother-adolescent interactions (Richert et al., 2006).
Findings are consistent with the suggestion that early stress
may activate the developing prefrontal cortex, altering its
development and producing precocious maturation but
blunted final capacity (Teicher et al, 2003). Given that
adolescence is a period of marked neuroanatomical develop-
ment (Giedd et al., 1999), it will be important for future
work to assess the longitudinal nature of the associations
reported here and their functional significance at different
stages of development.

Implications for adolescent functioning

There is evidence in the literature that the structure of the
OFC, dACC, and amygdala has functional significance (in
normative populations) across a range of social, cognitive
and affective domains. Indeed, our previous work with the
same adolescent sample has shown volumetric measures of
the OFC and amygdala to correlate with observed measures
of adolescent dysphoric and aggressive behavior, respectively
(Whittle et al., 2008a). Other work has shown OFC structure
to be correlated with social cognition in early adolescents
(Wood et al, 2008), and executive function in healthy
adults (McCarley et al, 2007). Dorsal ACC structure in
the left hemisphere specifically has been associated with
executive functioning in healthy adults (Fornito et al,
2008), and both OFC and dACC structural measures have
been correlated with measures of general intelligence in
adolescents and young adults (Frangou et al, 2004).
Amygdala structure has been associated with neurotic
personality in adults (Omura et al., 2005). Thus, growing
evidence suggests that the structural associations found in
the present study may have significance for a number of
aspects of behavior.

Given that the plasticity in parts of the prefrontal and
limbic cortex during adolescence likely render it particularly
vulnerable to environmental influence (Giedd et al., 1999), it
is thus likely that alterations in brain structure during ado-
lescence may have long-term implications for adult
functioning. Longitudinal research is required to test
whether the observed relationships between maternal
socialization behaviors and adolescent brain structure have
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consequences for the adolescents’ cognitive, social and
affective function in late adolescence and adulthood.

Gender

The relationship between amygdala volume and maternal
punishing of positive affective behavior was apparent only
in males. This finding adds to a growing body of literature
showing gender differences in the neurobiological basis of
affect and behavior (Wager er al., 2003; Whittle et al,
2008b). In particular, gender differences in amygdala func-
tion have been observed, whereby a number of studies report
a greater right lateralized involvement in affective processing
in males (Wager et al., 2003; Williams et al., 2005; Kilpatrick
et al., 2006). It has been suggested that this may reflect a
greater sympathetic or ‘fight-flight’ style of responding to the
environment in males compared to females (Kilpatrick et al.,
2006), and one that is more dynamic in detecting salient
emotional environmental signals (Williams et al, 2005).
The functional and behavioral relevance of both the gender
difference and lateralization findings of the current study are
unclear, although they suggest that the adolescent male
amygdala (particularly in the right hemisphere) may be
particularly sensitive to environmental perturbations.

Task-specific effects

Of note, we found that different brain structures were
associated with maternal punishing of adolescent positive
affective behaviors in the two different interaction tasks.
Whereas the dACC was implicated in both tasks, OFC
volume was associated with behavior only during the PSL
The PSI is designed to be particularly emotionally challen-
ging for both mother and adolescent, such that it typically
evokes higher frequency and duration of negative affects
(Yap et al, 2008a). This task thus requires more frequent
and effortful monitoring and regulation of behavior on the
part of both mother and adolescent. Given that the OFC is
thought to be one of the key prefrontal structures involved in
the effortful regulation of affect and behavior (Eippert et al.,
2007; Contreras et al., 2008; Whittle et al., 2008b), the size of
this structure may be particularly associated with maternal
behavior during the more challenging PSI task. Given the
dearth of research on socialization of positive affect
(especially in different affective contexts) and its associations
with neuroanatomical development, this hypothesis is largely
speculative and further research is needed to address these
outstanding questions.

Limitations

It is important to note the caveats to our interpretation of
these findings. First, it is impossible to determine causality
regarding the cross-sectional relationships reported. Though
we have, for heuristic purposes, speculated as to the potential
mechanisms by which maternal behaviors may influence
adolescent brain structure, it is also possible that other
genetic, biological, and environmental factors contribute
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to the observed relationships (Glaser, 2000). In particular,
adolescent affective behavior may mediate the relationship
between maternal behavior and adolescent brain structure;
however, there is no clarity about which adolescent
behaviors would be most appropriate to examine, and any
analyses attempting to include adolescent behavior in the
models would be largely exploratory. We believe that our
work represents an important first step towards understand-
ing the nature of environmental influences on the develop-
ment of adolescent reward-based function and neural
circuitry, and one that provides the basis upon which to
begin more detailed examinations of causal mechanisms.
Future work that comprehensively examines these mechan-
isms is clearly warranted.

Second, our methodology assumes a degree of correspon-
dence between maternal behaviors in the laboratory and
those that have occurred in day-to-day interactions across
development. Though there are undoubtedly differences
between the laboratory and the real-world due to the social
and physical constraints of the former, feedback has
indicated that differences are primarily in the intensity of
aversive behaviours, with family members’ reportedly
muting their responses in the laboratory. Laboratory-based
interactions have been shown to have good predictive and
convergent validity with other measures of family processes,
suggesting that they capture valid and important informa-
tion regarding in vivo family interactions (Sheeber, 1998;
Gardner, 2000). Further, although we do not have data relat-
ing to the test-retest reliability of the structured interactions
used in our study, there is other evidence for remarkable
stability over development when one examines rank levels
of relationship closeness, conflict, and
autonomy variables across families (Sheeber et al., 1998).
For example, in a longitudinal study of children between
the ages of 6 and 18, Loeber et al. (2000) reported moderate
to high levels retest stability (s=0.56-0.70) on variables
including relationship quality, communication and supervi-
sion, with similar values emerging across ages.

Finally, only a few select brain regions were investigated
based on extant evidence of their primary contribution to
reward-processing. Note that hippocampal volumetric data
for this sample is available as part of analyses associated
with the wider goals of the research project. Although the
hippocampus was not included in this paper as it was not a
hypothesized region of interest, we did conduct analyses with
this structure for completeness and to check the specificity of
findings. These analyses revealed no significant relationships
between left or right hippocampal volume and maternal
punishing behavior during either interaction task.
However, it is likely that many other brain regions are
involved, and it will be important for future research to
examine other brain structures, as well as other measures
of brain function and connectivity. In particular, the nucleus
accumbens and other striatal regions are especially relevant
to reward functioning and the experience of positive affective

on measures
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states (Knutson et al., 2001; Berridge, 2003; Kringelbach and
Rolls, 2004), though there are methodological difficulties
associated with imaging this region in humans (Ahsan
et al., 2007).

CONCLUSIONS

The results indicate that maternal behavior during
mother—adolescent interactions is associated with adolescent
brain structure. In particular, aggressive maternal responses
to adolescent positive affective behaviors were related to
volumetric measures of the adolescents’ OFC, dorsal ACC
and amygdala, structures thought to be involved in reward-
related decision-making and behavior. Observed gender
differences suggest a male-specific sensitivity of the amygdala
to maternal punishing of positive affective behavior.
Together, these findings highlight the importance of con-
sidering the environment in the link between brain and
behavior. Whereas previous literature has demonstrated
marked effects of relatively severe forms of environmental
stress, our results suggest that normative variations in the
family environment may have significant effects on brain
development. Further research is required to examine
whether the associations between maternal behavior and
adolescent neuroanatomy exist prospectively and if altera-
tions in brain structure have long-term implications for
development and functioning.
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