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Maltreatment during childhood is a major risk factor for anxiety
and depression, which are major public health problems. However,
the underlying brain mechanism linking maltreatment and in-
ternalizing disorders remains poorly understood. Maltreatment
may alter the activation of fear circuitry, but little is known about
its impact on the connectivity of this circuitry in adolescence and
whether such brain changes actually lead to internalizing symp-
toms. We examined the associations between experiences of
maltreatment during childhood, resting-state functional brain
connectivity (rs-FC) of the amygdala and hippocampus, and in-
ternalizing symptoms in 64 adolescents participating in a longitu-
dinal community study. Childhood experiences of maltreatment
were associated with lower hippocampus–subgenual cingulate rs-
FC in both adolescent females and males and lower amygdala–
subgenual cingulate rs-FC in females only. Furthermore, rs-FC
mediated the association of maltreatment during childhood with
adolescent internalizing symptoms. Thus, maltreatment in child-
hood, even at the lower severity levels found in a community sam-
ple, may alter the regulatory capacity of the brain’s fear circuit,
leading to increased internalizing symptoms by late adolescence.
These findings highlight the importance of fronto–hippocampal con-
nectivity for both sexes in internalizing symptoms following mal-
treatment in childhood. Furthermore, the impact of maltreatment
during childhood on both fronto–amygdala and –hippocampal con-
nectivity in females may help explain their higher risk for internal-
izing disorders such as anxiety and depression.
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In both clinical and community samples, maltreatment during
childhood represents one of the strongest risk factors for de-

veloping depression and anxiety (1–3). Childhood maltreatment
and other adversities account for up to a third of the risk for
mood and anxiety disorders (4). Further, depression and anxiety
disorders are major public health problems, affecting 15 and
32% of youth, respectively, by the age of 18 y (5). The burden of
these disorders is significant, representing the second and fifth
leading causes, respectively, of years lived with disability in the
United States (6). Some evidence suggests that maltreatment
may impart greater risk for the development of internalizing
symptoms in females than in males (e.g., refs. 7–9). This differ-
ential risk could account, in part, for the higher incidence of
internalizing problems in females than in males (10, 11). How-
ever, the neurobiological pathways from maltreatment during
childhood to the expression of internalizing problems, including
potential differences for females and males, remain poorly
understood. Such information is crucial for improving the treat-
ment of depression and anxiety disorders and for mitigating the
effects of maltreatment during childhood.
Both maltreatment during childhood (12) and internalizing

disorders (13, 14) have been associated with altered activity in
specific brain circuits involved in the processing and regulation

of threat and fear, including the amygdala, hippocampus, and
prefrontal cortex (PFC). Maltreated children show increased
amygdala and hippocampus activation in response to threatening
faces (15–18), reduced hippocampus activation in a declarative
memory task (19), and variable findings regarding PFC activation
(12). These brain areas do not act in isolation but interact to
regulate the fear response. The ventromedial (vm)PFC inhibits
amygdala-based expression of fear responses and is required for
fear extinction (14), whereas the hippocampus contextually limits
fear responses via connections to both the amygdala and vmPFC
(20). In rats, chronic stress impairs hippocampus–vmPFC long-
term potentiation, which is required for the proper gating of
conditioned fear (21, 22). Together, these findings suggest that
prolonged exposure to stress may impair connectivity among the
components of the fear circuitry, thereby impairing the regula-
tion of emotion and amplifying fear responses.
The impact of maltreatment during childhood on the func-

tional connectivity of this circuitry in humans has been explored
only recently. Symptomatic adults reporting a history of mal-
treatment during childhood show altered local connectivity and
hub-like properties of the amygdala and PFC (23), decreased
functional connectivity strength of the PFC (24), and decreased
functional connectivity of the amygdala with neighboring limbic
areas (25). However, to our knowledge, no studies have inves-
tigated how maltreatment during childhood may affect brain
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functional connectivity in adolescence, and none have included
connectivity of the hippocampus, a key node in the fear-regula-
tory network. Furthermore, no studies have investigated which, if
any, of these differences in connectivity may mediate the link
between maltreatment during childhood and the development of
internalizing symptoms. Finally, no published work has investigated
sex differences in the alterations in functional connectivity related
to maltreatment during childhood that may lead to the increased
rates of internalizing disorders seen in females.
We addressed these knowledge gaps by examining the asso-

ciations between experiences of maltreatment in childhood,
resting-state brain functional connectivity (rs-FC), and in-
ternalizing symptoms in a group of 64 late adolescents (30
female; age 18 y) who had been followed longitudinally from
birth as part of the Wisconsin Study of Families and Work.
Experiences of maltreatment were assessed via the Childhood
Trauma Questionnaire (CTQ) (26) completed at age 18 y. As
expected, adolescent reports of experiences of maltreatment in
childhood were significantly and substantially associated with
earlier maternal reports of family stress during late childhood and
early adolescence (SI Methods and Table S1). We then examined
the correlation of experiences of maltreatment in childhood with
seed-based rs-FC of the hippocampus and amygdala. We pre-
dicted that maltreatment during childhood would be associated
with decreased connectivity of the hippocampus and amygdala
with the vmPFC. Next, we investigated whether altered rs-FC
mediated the association of maltreatment during childhood and
persistent adolescent internalizing symptoms (anxiety and de-
pression symptoms averaged across four annual assessments at
ages 15–18 y). Finally, we predicted that these associations would
be stronger for females, given known sex differences in the de-
velopment and stress sensitivity of the amygdala and hippocam-
pus (11) and our prior study in this sample linking family stress
during infancy and cortisol levels during childhood with adoles-
cent amygdala–vmPFC rs-FC in girls but not in boys (27).

Results
All results of rs-FC analysis associated with experiences of mal-
treatment in childhood are displayed in Table 1. Here we feature
rs-FC findings that also were predictive of adolescent internalizing
symptoms. Additional connectivity findings that were not pre-
dictive of internalizing symptoms are detailed in SI Methods.

Experiences of Maltreatment in Childhood and Adolescent Amygdala
rs-FC. Across all participants, experiences of maltreatment in
childhood predicted lower connectivity (R2 = 0.27) between the
right amygdala and the vmPFC, specifically the subgenual ante-
rior cingulate cortex (sgACC, Brodmann area 25) (Fig. 1A and
Table 1). A similar association was found with the left amygdala
but did not survive multiple comparison correction (cluster size =
62 voxels). The association of experiences of maltreatment in
childhood with right amygdala–sgACC connectivity remained
statistically significant when controlling for the afternoon cortisol
level in childhood (age 4.5 y), which in our prior study (27) me-
diated the association between family stress during infancy and
resting connectivity between the amygdala and a more anterior
portion of the vmPFC (Fig. 2). Sex differences were examined by

ANCOVA on the extracted rs-FC values. Results revealed a sig-
nificant sex by CTQ score interaction (F1,60= 4.20, P = 0.045). The
association of CTQ score with amygdala–sgACC rs-FC was driven
entirely by females (R2 = 0.59 and 0.03 for females and males,
respectively), even though the CTQ scores of the two sexes were
quite similar (t62 = 0.85, P = 0.40). These findings remained sig-
nificant when controlling for adolescent current life stress (CTQ
score main effect: F1,59 = 17.44, P < 0.001; sex–CTQ score in-
teraction: F1,59 = 3.94, P = 0.05). The CTQ score also significantly
predicted amygdala rs-FC to postcentral gyrus and dorsolateral
PFC, but these connectivity results did not predict adolescent in-
ternalizing symptoms (see below and SI Methods).

Experiences of Maltreatment in Childhood and Adolescent Hippocampus
rs-FC. Childhood experiences of maltreatment predicted lower
connectivity between the left hippocampus and the sgACC across
all participants (R2 = 0.39) (Fig. 1B and Table 1). Analysis of
extracted rs-FC values in an ANCOVA revealed only a main
effect of CTQ score (F1,60 = 36.69, P < 0.001), with similar
associations in females and males (R2 = 0.45 and 0.34 re-
spectively). This finding remained significant when controlling for
adolescent current life stress (CTQ score main effect: F1,59 =
33.32, P < 0.001). No significant associations were found between
CTQ score and right hippocampus connectivity.

Experiences of Maltreatment in Childhood, Adolescent rs-FC, and
Internalizing Symptoms. We next investigated the association of
experiences of maltreatment during childhood with adolescent
internalizing symptoms, considering potential sex differences and
mediating effects of rs-FC. ANCOVA revealed that there was no
statistically significant sex by CTQ score interaction (F1,60 = 1.94,
P = 0.17); rather, both CTQ score (F1,60 = 11.35, P = 0.001) and
sex (F1,60 = 4.24, P = 0.04) were significant predictors of in-
ternalizing symptoms. As expected, higher CTQ scores predicted
more internalizing symptoms, and females had higher levels of
internalizing symptoms than males (average 2.50 ± 0.55 and
1.99 ± 0.53, respectively). Of the rs-FC regions associated with
CTQ score, bivariate correlations revealed that only amygdala–
and hippocampus–sgACC rs-FC significantly predicted adoles-
cent internalizing symptoms (SI Methods and Table S2). These
results indicated that only amygdala– and hippocampus–sgACC
rs-FC were potential mediators of the link between CTQ score
and adolescent internalizing symptoms; thus these links became
the focus of subsequent path-model analyses.
Using structural equation modeling (SEM), we then examined

the mediating effects of amygdala– and hippocampus–sgACC
rs-FC on the association between CTQ score and internalizing
symptoms, as well as possible sex differences. Amygdala–sgACC
connectivity and hippocampus–sgACC connectivity were highly
correlated (r = 0.52, P < 0.001). Thus, to reduce problems of
multicollinearity that occur when both connectivity measures are
included in the same model, we constructed two independent
(uncorrelated) measures that distinguish the total connectivity, or
what the amygdala– and hippocampus–sgACC measures share in
common (i.e., the sum of the two connectivity measures), from
what differentiates them (i.e., amygdala–sgACC minus hippo-
campus–sgACC). For both females and males, maltreatment

Table 1. Summary of adolescent rs-FC estimates with amygdala and hippocampus seeds as
predicted by experiences of maltreatment during childhood (CTQ total score)

Seed Identified cluster Talairach coordinates Peak t Volume, μL

Left hippocampus sgACC (BA 25) 2, 22, −6 −4.67 1,304
Left amygdala R. PCG (BA 4) 22, −32, 28 −4.53 2,912

L. dlPFC (BA 10) −36, 50, 20 4.80 1,176
Right amygdala sgACC (BA 25) 28, −24, 38 −4.73 976

R. PCG (BA 4) 2, 18, −10 −4.22 1,080

Results were significant at P < 0.05 with family-wise error correction at the whole-brain level. Note that the
CTQ score also predicted lower connectivity between left amygdala and sgACC, but this prediction did not
survive family-wise error correction.

19120 | www.pnas.org/cgi/doi/10.1073/pnas.1310766110 Herringa et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310766110/-/DCSupplemental/pnas.201310766SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310766110/-/DCSupplemental/pnas.201310766SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310766110/-/DCSupplemental/pnas.201310766SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310766110/-/DCSupplemental/pnas.201310766SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310766110/-/DCSupplemental/pnas.201310766SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310766110/-/DCSupplemental/pnas.201310766SI.pdf?targetid=nameddest=ST2
www.pnas.org/cgi/doi/10.1073/pnas.1310766110


experiences predicted lower total rs-FC of the amygdala and
hippocampus to sgACC, and the lower rs-FC in turn mediated
the association of maltreatment experiences with internalizing
symptoms (Fig. 3). However, the mediating effect of differen-
tial connectivity was moderated by sex. In males, maltreatment
experiences predicted lower rs-FC primarily between the hip-
pocampus and sgACC, predicting greater internalizing symptoms;
in females, maltreatment experiences predicted lower rs-FC be-
tween both the hippocampus and the sgACC and the amygdala and
the sgACC, again predicting greater internalizing symptoms (Figs. 3
and 4). Reversal of this model (CTQ score→internalizing→func-
tional connectivity) yielded poor model fit and decreased fit statis-
tics, suggesting that altered rs-FC mediates internalizing symptoms
but not the reverse (Methods).

Discussion
Our study details findings suggesting a direct neural mechanism
mediating the link between childhood experiences of maltreat-
ment and the development of anxiety and depressive symptoms
in adolescence. This neural mechanism involves altered con-
nectivity within the brain’s fear-regulatory circuit including the
hippocampus, amygdala, and sgACC. The sgACC, as part of the
vmPFC, is a putative homolog of the rat infralimbic (IL) cortex,
which mediates recall of fear extinction by suppressing amyg-
dala-based fear responses through activation of inhibitory in-
tercalated neurons in the amygdala (14). Consistent with rodent

data, fear-extinction studies in humans demonstrate increased
activation of the vmPFC during fear-extinction learning and re-
call (14, 28). In humans, the sgACC also is involved more broadly
in the automatic (nonconscious) regulation of negative affect.
sgACC activation has been observed with the induction of sadness
and the recall of traumatic events, and persistent hyperactivation
has been observed in clinical depression (29). Furthermore, ex-
ogenous glucocorticoids reduce sgACC activation and simulta-
neously increase arousal to sadness-invoking stimuli in healthy
individuals (30). Consistent with these findings, both adolescents
and adults with anxiety disorders show reduced sgACC activation
when appraising their own fear (31). Within this framework,
maltreatment-associated uncoupling of the amygdala and sgACC
may result in impaired modulation of negatively valenced emo-
tional responses, including a failure to extinguish fear responses in
the absence of threat.
Maltreatment-associated uncoupling of the hippocampus and

sgACC may lead to additional disruptions in the regulation of
negative affect. In this case, impaired communication between
the hippocampus and sgACC may reduce contextual gating of
the expression of conditioned fear, leading to more generalized
and persistent negative affect states. In rodents, both the IL
cortex and hippocampus are required for the recall of fear-
extinction memory (22, 32, 33), which involves enhanced syn-
aptic plasticity between the hippocampus and medial PFC (mPFC)
(21, 34). Furthermore, chronic stress in rodents blocks extinction-
related enhancement of hippocampus–mPFC plasticity and the
recall of fear extinction (21). Our findings are consistent with this
effect and suggest that experiences of maltreatment during child-
hood may reduce the capacity of the hippocampus to engage
PFC-mediated recall of fear extinction, thereby leading to
greater internalizing symptoms.
The uncoupling of the hippocampus and sgACC associated

with maltreatment in childhood also may have relevance for
emotional disorders such as posttraumatic stress disorder (PTSD).
Adult PTSD has been characterized by impaired fear extinction
recall and lower activation of the hippocampus and vmPFC during
extinction recall (20, 35). Interestingly, adult trauma (combat)
exposure actually increases hippocampus–vmPFC connectivity,
whereas failure to increase this connectivity was associated with
PTSD symptoms (36). Together with our findings, this observation
suggests that fronto–hippocampal connectivity may be uniquely
vulnerable to trauma exposure during development. The failure
of this circuit to modulate fear and anxiety responses contextu-
ally would be expected to lead to internalizing symptoms as ob-
served in our sample. In addition, impairments in hippocampal
connectivity induced by maltreatment in childhood may place
the brain at further risk following subsequent adult trauma by
reducing the capacity of the brain to engage this fear-gating
circuit appropriately.
Of note, our study did not reveal any significant associations

between maltreatment experiences in childhood and amygdala/
hippocampus connectivity to the dorsal anterior cingulate cortex

Fig. 1. Childhood experiences of maltreatment pre-
dict lower rs-FC of the amygdala and hippocampus
(n = 64; 30 female). (A) CTQ scores negatively corre-
lated with rs-FC between the right amygdala and
sgACC across all participants. This association was
specific to females (scatterplots, Right). (B) CTQ scores
negatively correlated with rs-FC between the left
hippocampus and sgACC in all participants. This as-
sociation was present in both females and males
(scatterplots, Right). Seed regions are displayed in
the left panels. Connectivity results are displayed at
P < 0.05, family-wise error corrected at the whole
brain level.

Fig. 2. In girls, experiences of maltreatment during childhood remain
negatively correlated with amygdala–sgACC connectivity when cortisol val-
ues at age 4.5 y are included in the model (A). In addition, experiences of
maltreatment and cortisol values at age 4.5 y are associated with amygdala
connectivity to different regions of the vmPFC (B).
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(dACC), even at an uncorrected P = 0.001. The dACC is
a putative homolog of the rat prelimbic (PL) cortex which, in
contrast to the IL cortex, facilitates the expression of conditioned
fear via excitatory connections to the basolateral amygdala (33, 37).
In human studies, the dACC shows greater activation during ac-
quisition and expression of fear (14). dACC activation to threat is
associated with both childhood and adult exposure to trauma (38),
and increased dACC–amygdala connectivity has been observed
following combat exposure in adults (39, 40). Our findings suggest
that maltreatment experiences were associated more strongly with
impaired vmPFC connectivity. However, it is possible that abnor-
malities in dACC connectivity would emerge with additional task
provocation, as in the studies cited above, or with greater levels of
maltreatment than were observed in this community sample.
Childhood experiences of maltreatment also were associated

with altered connectivity between the amygdala and other brain
regions, including lower connectivity to the postcentral gyrus and
greater connectivity to dlPFC. However, none of these other
areas mediated the development of internalizing symptoms.
Thus, the functional significance of altered connectivity in these
areas remains unclear at this time. Further studies would be
warranted to explore their potential relevance to other psychi-
atric domains such as externalizing symptoms.
Our study also has revealed sex differences in the neural im-

pact of exposure to maltreatment during childhood. Specifically,
our results suggest that at the neural level females are more
vulnerable to childhood experiences of maltreatment, because in
females these experiences impact both the amygdala– and hip-
pocampal–sgACC regulatory pathways. In contrast, in males
maltreatment during childhood appeared to impact only the
hippocampus–sgACC pathway. This “double hit” in females may
explain, in part, their higher levels of internalizing symptoms in
our sample and the broadly observed greater risk for anxiety and
depression in females. The amygdala and hippocampus are
known to exhibit sex differences in their developmental trajec-
tories that could confer differing vulnerability to experiences of
maltreatment. Initial studies using linear modeling suggested
that, between the ages of 4–18 y, the amygdala has a more ex-
tended period and greater rate of growth in males, whereas the
hippocampus has a more extended period and greater rate of
growth in females (41, 42). More recent work using nonlinear
modeling and a wider age range (1 mo to 25 y) revealed greater
rates of growth for both amygdala and hippocampus in females
during the first several years of life, with sex differences in the
period of growth only in the amygdala (i.e., longer for males)
(43). Periods of rapid brain maturation are particularly sensitive
to the negative effects of early experiences (44) and may account

for the greater neural impact of maltreatment in females by
affecting functional connectivity of both the amygdala and
hippocampus with the sgACC. In addition, prolonged amygdala
growth in males may confer greater protection in terms of neu-
roplasticity following repeated stress, perhaps allowing sgACC–
amygdala connectivity to remain more intact in males.
Sex differences in white matter development also may have

particular relevance for our functional connectivity findings.
Males have more rapid increases in white matter volume during
development (45) and have greater structural integrity in white
matter tracts connecting the vmPFC and amygdala/hippocampus
(46, 47). These differences may confer greater protection in
males following maltreatment experiences, although this hypoth-
esis would require further study.
Aside from the period and rate of growth, the amygdala,

hippocampus, and sgACC also may exhibit inherent sex differ-
ences in sensitivity to stress. Unfortunately there is very little
work in humans (especially developmentally) directly examining
this question. A meta-analysis of volumetric brain studies of
PTSD revealed that exposure to trauma had a relatively greater
effect on hippocampal volume in males than in females (48).
Consistent with this finding, animal studies have shown that
chronic stress impairs neurogenesis and causes dendritic re-
traction in the hippocampus, along with spatial memory defi-
cits, to a much greater degree in adult male than in female rats
(49). These sex differences in sensitivity to the effects of chronic
stress may reflect, in part, the effects of estrogen, which exhibits

Fig. 3. SEM examining the effect of rs-FC in mediating between childhood
experiences of maltreatment (measured by CTQ scores) and internalizing
symptoms at age 18 y, as moderated by sex. Connectivity variables included
total connectivity of the amygdala and hippocampus to sgACC and differ-
ential connectivity (the difference between the amygdala– and hippocam-
pus–sgACC scores) to examine overall and relative effects of each region.
Models are shown by sex in Fig. 4.

Fig. 4. SEM examining the effect of functional connectivity in mediating
between childhood experiences of maltreatment (measured by CTQ scores)
and adolescent internalizing symptoms in girls (A) and boys (B). Connectivity
variables included both total connectivity of the amygdala and hippocampus
to sgACC and differential connectivity (the difference between the amyg-
dala– and hippocampus–sgACC scores) to examine overall and relative
effects of each region. (A) In girls, lower total functional connectivity of the
amygdala and hippocampus to sgACC mediated the association between
CTQ scores and internalizing symptoms. Lower amygdala–sgACC connectiv-
ity (i.e., a lower differential score) contributed more substantially to the
association between CTQ scores and internalizing symptoms. (B) In boys,
findings were similar except that lower hippocampus–sgACC connectivity
(i.e., a higher differential score) contributed more substantially to this effect.
The full model with moderation by sex is shown in Fig. 3.
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a number of neuroprotective effects in the hippocampus (49, 50).
However, in our sample, maltreatment during childhood showed
similar associations with hippocampal rs-FC in both males and
females. One possibility is that the greater vulnerability of the
male hippocampus to stress may be counterbalanced by greater
structural connectivity between the vmPFC and hippocampus in
males, yielding similar effects for both sexes in terms of the
functional connectivity in this pathway. Even less is known about
sex differences in the impact of stress on the amygdala and PFC.
Chronic stress increases dendritic arborization of the amygdala
and decreases arborization of the PFC in male rats, but there are
few such studies in female rats (49, 51). In humans, structural
connectivity between the vmPFC and amygdala/hippocampus is
reduced in children who have suffered early neglect/maltreat-
ment (52, 53), but whether there are sex differences in the effects
of stress on these white matter tracts remains unclear. Ulti-
mately, more studies exploring developmental sex differences in
the sensitivity of these brain regions and their connecting fibers
to stress will be needed in humans as well as in animal models.
The results of this study suggest important brain pathways

linking maltreatment in childhood to the development of anxiety
and depression. Strengths of the study include the relatively large
sample size, longitudinal design, and the inclusion of measures of
adolescent brain connectivity. However, there are potential
caveats regarding these findings. First, it is possible that altered
brain connectivity represents a preexisting factor (trait) for vul-
nerability to experiences of maltreatment or for the development
of internalizing symptoms. Although our path modeling suggests
otherwise, it will be important in future studies to supplement
this type of data with earlier brain measures, before maltreat-
ment has occurred, to address this question. Second, connectivity
measures based on the resting state may not be equivalent to
those obtained during a task. On the other hand, resting-state
analysis avoids task performance as a potential confound. Fi-
nally, although our data suggest strong developmental sensitiv-
ities to trauma exposure in the fear circuit, it will be important in
future work to tease out more precisely which developmental
periods are the most vulnerable in different brain areas and how
these periods may differ by sex.
In conclusion, the current data suggest a direct neural mecha-

nism, via altered connectivity of the brain’s fear circuitry, by which
experiences of maltreatment during childhood lead to anxiety and
depressive symptoms by late adolescence. These findings highlight
the importance of sgACC–hippocampal connectivity for both
sexes in internalizing symptoms following maltreatment in child-
hood. Furthermore, the impact of maltreatment in childhood on
both sgACC–amygdala and –hippocampal connectivity in females
may help explain their higher risk for internalizing disorders such
as anxiety and depression. We observed these associations even
with the relatively low levels of maltreatment experiences found in
a community sample. These results suggest that maltreatment,
even below the threshold of reportable childhood maltreatment,
leads to significant changes in the brain’s emotion-regulating
circuitry. These findings will help point the way to new and de-
velopmentally sensitive interventions following maltreatment
with the goal of averting the development of internalizing dis-
orders, which are major public health problems. Our findings also
suggest that additional or more extensive interventions may be
needed to help female victims recover from the many deleterious
effects of maltreatment during childhood.

Methods
Participants. Participants were 64 adolescents [30 female; age 18.79 ± 0.19 y
(mean ± SD)] from the larger Wisconsin Study of Families and Work (origi-
nally the Wisconsin Maternity Leave and Health Project) (54). For further
details see SI Methods.

Behavioral Measures. Experiences of maltreatment during childhood were
assessed by self-report at the age of 18 y using the CTQ (26). The total CTQ
score (sum of physical abuse and neglect, emotional abuse and neglect, and
sexual abuse) was used in the analyses. Variance in the CTQ score was driven
most strongly by emotional abuse and neglect (Subscore means: emotional

abuse 6.83 ± 2.45, emotional neglect 8.06 ± 2.53, physical abuse 5.33 ± 0.82,
physical neglect 5.73 ± 1.23, sexual abuse 5.69 ± 2.58). Maternal reports of
earlier childhood stress were based on averages for three developmental
periods: infancy/preschool, late childhood (age 9–11 y), and early/mid-
adolescence (age 13–15 y). Maternal stress measures included maternal de-
pression, negative parenting, marital conflict/family anger, maternal role
overload, and financial stress (54). Adolescent anxiety and depression
symptoms were assessed four times annually from ages 15–18 y via self-
report with the adolescent version of the MacArthur Health and Behavior
Questionnaire (HBQ) (55), a well-validated measure of mental health,
physical health, and social and academic functioning. Of interest for the
current analysis were the HBQ subscales measuring symptoms of anxiety and
depression, which were averaged across the 4 y to provide a measure of
persistent internalizing symptoms. Finally, current adolescent life stress was
indexed using a 61-item life-events inventory modeled on the Adolescent
Perceived Events Scale (56) and the Life Experiences Survey (57). Events
covered age-appropriate life domains (e.g., relationships, change in parental
marital status or finances, serious illnesses and deaths). The current analyses
include the summed impact of negative events in the past 6 mo.

Imaging Data Acquisition and Processing. Structural and resting-state func-
tional images were collected on a 3T MRI scanner (GE Discovery MR750) with
an eight-channel RF head coil array. Data preprocessing was conducted with
Analysis of Functional and Neural Images (AFNI) and FMRIB Software Library
software. For further details, see SI Methods.

Functional Connectivity Analyses. rs-FC estimates were computed using a seed
region-based approach. Binary masks of the left and right amygdala and
hippocampus were defined in AFNI by placing spheres with a 4-mm radius at
the locations of the amygdala and hippocampus. Participant connectivity
maps were entered into two-tailed regressions (AFNI’s 3dttest++) while
covarying childhood experience of maltreatment (CTQ scores), childhood
basal cortisol levels, and/or other behavioral variables of interest. Note that
CTQ scores were not correlated with subject motion (Table S3). At an in-
dividual voxel P < 0.001, a minimum cluster size of 111 voxels is required to
have a corrected P ≤ 0.05. For further details, see SI Methods.

Path Modeling. Mplus software (version 5.2, Muthén & Muthén, Los Angeles)
was used to construct a structural equation model testing the mediating effects
of brain connectivity in the association between childhood experiences of mal-
treatment and persistent internalizing symptoms. To test for mediation, both di-
rect and indirect effects were examined. To determine if pathways differed in
males and females, main and appropriate interactive effects of sex were included
on all indirect pathways (58).

Because the measures of hippocampus–sgACC and amygdala–sgACC con-
nectivity were highly correlated, including both in the model introduced
potential problems of multicollinearity. To address this problem, we chose to
conduct a principal components analysis specifying two independent (un-
correlated) components. This approach allowed us to isolate what the two
measures had in common (i.e., the first component reflected total, or shared,
connectivity) from what was different about them (i.e., the second component
reflected differential connectivity, with a positive score reflecting increased
amygdala connectivity and a negative score reflecting increased hippocampal
connectivity). We chose this approach because we are equally interested in both
connectivity measures; other approaches, such as residualization, would require
us to attribute the shared variance arbitrarily to only one of the measures (e.g.,
including in the model hippocampus–sgACC connectivity and amygdala–sgACC
connectivity residualized for hippocampus–sgACC connectivity, or vice versa).
Given that previous analyses did not identify significant associations with any
control variables, no additional predictors were included in the model because
of unnecessary reductions in power. This model demonstrated good fit [χ2 =
7.95, P > 0.05, root mean square error of approximation (RMSEA) = 0.05,
standardized root mean square residual (SRMR) = 0.05, comparative fit index
(CFI) = 0.99) and accounted for 49.7% of the variance in persistent internalizing
symptoms. Furthermore, this model revealed that experiences of maltreatment
during childhood led to lower total connectivity, which in turn led to in-
ternalizing symptoms (Fig. 3). The differential pathway revealed significant sex
interactions, suggesting that for boys the total connectivity findings were driven
by less connectivity in the hippocampus–sgACC pathway (Figs. 3 and 4). Formal
testing of both mediating pathways suggests significant mediating effects of
connectivity (total connectivity estimate = 0.02, P < 0 0.01; differential connec-
tivity estimate = 0.04, P = 0.05). Finally, because the timing in the measurement
of connectivity and internalizing symptoms overlapped, a second SEM was con-
structed with the positions of internalizing symptoms and connectivity re-
versed. The fit statistics of this model were all within the unacceptable range,
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suggesting that the observed data did not fit the proposed model (χ2 = 47.71,
P < 0.05, RMSEA = 0.33, SRMR = 0.13, CFI = 0.37). For further details see
SI Methods.
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