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Maternal separation and poor maternal care in animals have been
shown to have important effects on the developing hippocampus
and amygdala. In humans, children exposed to abuse/maltreat-
ment or orphanage rearing do not present changes in hippocampal
volumes. However, children reared in orphanages present enlarged
amygdala volumes, suggesting that the amygdala may be partic-
ularly sensitive to severely disturbed (i.e., discontinous, neglectful)
care in infancy. Maternal depressive symptomatology has been
associated with reductions in overall sensitivity to the infant, and
with an increased rate of withdrawn, disengaged behaviors. To
determine if poor maternal care associated with maternal de-
pressive symptomatology has a similar pattern of association to the
volumes of the hippocampus and amygdala in children, as is the
case for severely disturbed infant care (orphanage rearing), we
measured hippocampal and amygdala volumes as well as stress
hormone (glucocorticoid) levels in children exposed (n = 17) or not
(n = 21) to maternal depressive symptomatology since birth. Results
revealed no group difference in hippocampal volumes, but larger
left and right amygdala volumes and increased levels of glucocorti-
coids in the children of mothers presenting depressive symptom-
atology since birth. Moreover, a significant positive correlation was
observed between mothers’ mean depressive scores and amygdala
volumes in their children. The results of this study suggest that
amygdala volume in human children may represent an early
marker of biological sensitivity to quality of maternal care.
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In all mammalian species, infants are highly dependent on their
mothers not only for nutrition, but also for physical and affec-

tive interactions (1). In rodents, one of the most potent stressors
for pups is separation from the dam for long periods of time.
Maternal separation activates the pups’ hypothalamic-pituitary-
adrenal (HPA) axis, evidenced by increased circulating levels of
adrenocorticotropic hormone and glucocorticoids (2). When they
reach adulthood, rat pups subjected to maternal separation ex-
hibit increased anxiety-like behavior, impaired cognitive capa-
bilities, and dysregulation of the HPA axis (3). Similar outcomes
have been reported in the offspring of mother rats that naturally
display low levels of maternal care (4).
Maternal separation and poor maternal care in the animal

neonatal period are associated with structural changes in brain
regions linked to cognition and mood regulation, including the
hippocampus and the amygdala. Poor or absent maternal care in
rodents is associated with decreased hippocampal volume and
function in adolescence (5) and adulthood (6, 7), and these
delayed effects have been shown to be related to an attenuation
of the rate of synaptic development in the hippocampus (8). In
contrast to the hippocampus, which shows protracted effects, the

amygdala shows rapid changes in response to maternal separation
or poor maternal care. For example, poor caregiving in rodents
results in acceleration of amygdala development (9, 10), increases
in corticotrophin-releasing hormone-containing neurons (11),
and sensitization of the amygdala in adolescence (12). In addi-
tion, nonhuman primate studies show that maternal separation
alters amygdala development, and that this effect is more dev-
astating when maternal separation occurs earlier in life (13).
In human research, adults who report parental loss or poor

quality of maternal care during early childhood show higher basal
levels of glucocorticoids (14, 15), increased glucocorticoid re-
activity to a laboratory stressor (16), and reduced hippocampal
volume [although only observed in women and in interaction with
prenatal adversity (17)]. Exposure to childhood abuse and mal-
treatment is associated with reduced hippocampal volume in
adults (8, 18-21), although it is not in children (22–24). At this
point, there is no evidence for a link between amygdala volumes
and abuse in children or in adults reporting exposure to childhood
abuse (18, 24). Orphanage rearing, which may be a better human
model of early maternal separation than abuse/maltreatment, is
not associated with changes in hippocampal volumes in children
(25, 26) but enlarged amygdala volumes have been reported in
children reared in orphanages (25, 26). The differential associa-
tions of orphanage rearing and childhood abuse with amygdala
volumes in children suggest that neglectful care might have
greater impact than abuse on amygdala volumes. At this point, it is
unclear whether less-severe disturbances in maternal care, such as
those observed in mothers suffering from depressive symptom-
atology, are similarly associated with hippocampus and amygdala
volumes, as reported for severely disturbed infant care (e.g.,
orphanage rearing).
In humans, well-documented disturbances in caregiving be-

havior have been reported in mothers with depressive symp-
tomatology. Maternal depressive symptomatology (MDS) has
been associated with overall lack of sensitivity to infant needs,
and with increased rates of withdrawn, disengaged behaviors
(27–29). Maternal depression often interferes with sensitive and
supportive care of infants and young children, and there is in-
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creasing evidence that the offspring of mothers with depressive
symptomatology, especially those who were clinically depressed
during their child’s early years, present increased activity of the
HPA axis in childhood and adolescence (30–33). Given the in-
creased sensitivity of the stress system reported in children of
depressed mothers, and given that maternal depression has been
shown to be associated with an overall lack of sensitivity to infant
needs (27–29), we used the presence of MDS since birth as
a human model to study the association between poor maternal
care and hippocampus and amygdala volumes in children.
In the present study, we assessed both hippocampal and

amygdala volumes in 10-y-old children exposed to MDS since
birth. This unique population of children allowed us to assess
whether poor maternal care, related to MDS, has a similar pat-
tern of association to the volumes of the hippocampus and
amygdala in children, as is the case for severely disturbed infant
care induced by orphanage rearing. Children (n = 38) partici-
pating in this study were selected from an ongoing longitudinal
community study (n = 572) of infant development (34) on the
basis that they were exposed or not to MDS since birth. In all
children, MDS was assessed at 5, 17, 30, 42, 60, 84, and 156 mo
using the Center for Epidemiologic Studies Depression Scale
(CES-D) (35). Joint developmental trajectories were estimated
on the total sample of children from 5 to 84 mo to specifically
select children from the longitudinal sample who were continually
exposed toMDS since birth (n=17; 7 boys and 10 girls) and those
who were not exposed to MDS since birth (n = 21; 10 boys and
11 girls). All of the children were born in 1996 and were 10 y old
(120 mo) at the time of this imaging study. The maternal CES-D
score when the child was 156 mo (13 y) old was obtained to
confirm the continuous exposure of children to low versus high
MDS throughout development. The correlation between MDS
and income was negative (Spearman r= −0.29, P < 0.001). Given
that low income has been shown to modulate maternal care in
association with MDS (24), children were further selected on the
basis of income and were distributed equally across the two MDS
groups (P > 0.05). The final sample of children in the two groups
did not differ with regard to weight, height, body mass index,
waist, brachial circumference, and income (all P > 0.05).
Children were scanned at the Montreal Neurological Institute

(MNI) and volumes of the amygdala and hippocampus were
analyzed manually using a well-validated protocol (36), con-
trolling for individual differences in head and brain size by reg-
istering volumes into standard stereotaxic space. To determine
whether children exposed or not to MDS since birth differed
with regard to levels of glucocorticoids, we measured salivary
glucocorticoid levels in all children upon arrival to the scanning
session, right before entry into the scanner, and right after the
scan. Exposure to a scanning environment has been shown to
lead to a significant increase in glucocorticoid levels in adults
(37) and teenagers (38), so glucorticoid levels in response to the
scanning environment allowed us to explore potential group
differences in stress responsivity.

Results
Preliminary analyses performed on maternal depressive scores at
5, 17, 30, 42, 60, 84, and 156 mo confirmed the continuous ex-
posure or not of children to MDS since birth. A two-way re-
peated-measure ANOVA was performed, with MDS group and
sex as between-subjects factors, and time (5, 17, 30, 42, 60, 84,
156 mo) as the within-subject factor. Results revealed a signifi-
cant main effect of group [F(1,34) = 66.64; P < 0.0001], with no
effect of sex or time (main effects or interactions; P > 0.05). As
shown in Fig. 1, children from the exposed group had mothers
who presented high scores of MDS from 5 mo to 13 y of age,
confirming continuous exposure of these children to maternal
MDS throughout development.

Two-way repeated-measure ANOVAs were performed on
amygdala and hippocampal volumes using MDS group and sex as
the between-subject factors and hemisphere (left versus right
volume) as the within-subject factor. Analyses of brain volumes
were corrected for multiple comparisons using a Bonferroni
correction (0.05/2 = 0.025). One outlier was found on descriptive
analyses of amygdala and hippocampal volumes (same in-
dividual) and data from this individual was removed from the
analyses. As shown in Fig. 2 (Left), we found no group difference
on hippocampal volumes (Ps above 0.05). Furthermore, neither
sex nor hemisphere effects (main effects or interactions) were
significant (P > 0.05). However, we found a significant main
effect of group on amygdala volumes [F(1,34) = 11.78; P <
0.002], revealing larger left and right amygdala volumes in chil-
dren exposed to MDS since birth compared with children not
exposed to MDS since birth (Fig. 2, Right). Groups did not differ
with regard to sex or hemisphere (P > 0.05) and no interaction
effect was found. Given the main effect of MDS on amygdala
volumes in children, we tested whether the mean maternal de-
pression scores assessed over 7 y were associated with amygdala
volumes in children. The results revealed a significant positive
association between the mean depression score of the mother
over the first 7 y of the child’s life and her own child’s mean
amygdala volume (r = 0.59; P < 0.0001) (Fig. 3).
Finally, a two-way repeated-measure ANOVA was performed

on salivary glucocorticoid levels using MDS group and sex as the
between-subject factors, time (arrival versus prescan versus post-
scan) as the within-subject factor, and time of sampling as a cova-
riate. We found a significant main effect of MDS group on total
glucocorticoid levels [F(1,30)= 4.86; P = 0.035], with no effect of
time or sex (main or interaction effects; P > 0.05). As shown in Fig.
4, children exposed to MDS since birth presented increased levels
of salivary glucocorticoids when in the testing environment com-
pared with children not exposed to MDS since birth.

Discussion
Our data demonstrate that children from a community study
exposed to MDS since birth present significantly larger amygdala
volumes compared with children not exposed to MDS, whereas
the two groups did not differ with regard to hippocampal vol-
umes. Our results are strikingly similar to those of two in-
dependent studies that reported enlarged amygdala volumes and
no hippocampal difference in children previously reared in
orphanages (25, 26). These results are also consistent with animal
data showing that poor caregiving in rodents is associated with
acceleration of amygdala development in offspring (9, 10), and
with others showing that maternal deprivation in rodents (8) and
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Fig. 1. Scores of mothers on the CES-D at child’s age 5, 17, 30, 42, 60 (5 y),
84 (7 y), and 156 mo (13 y). Mothers of children exposed to MDS presented
significantly higher MDS at all timepoints compared with mothers of chil-
dren not exposed to MDS (*P < 0.001). The gray zone represents time of
scanning at 120 mo (10 y). Error bars represent SEMs.
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primates (39) is not associated with changes in hippocampal
volumes during infancy. Extending these previous findings, our
results further show a linear relationship between the mean ma-
ternal depressive score of the mothers and the amygdala volumes
in their 10-y-old offspring.
The absence of difference in hippocampal volumes in children

as a function of MDS is in accordance with recent results showing
the absence of reduced hippocampal volumes in children exposed
to abuse/maltreatment (22–24) and children reared in orphanages
(25, 26). The present study extends this finding by showing that
variations in normal childhood experiences, as evidenced by ex-
posure to MDS, is not associated with changes in hippocampal
volumes when measured during childhood. According to recent
studies (21, 40, 41), if exposure to early adversity has an impact on

the hippocampus, this effect may not be apparent until adoles-
cence or adulthood, reflecting the presence of an incubation
period for the effects of early adversity on hippocampal volume in
humans. Scanning this population of children after puberty or
during adulthood should provide important data to further test
this hypothesis.
The most important finding of this study is that poor maternal

care, generally associated with the presence of MDS, leads to
similar effects on amygdala volumes as those reported when the
mother is absent, as reflected in data from orphan children (9,
10). These results are in accordance with animal data showing
similar effects of maternal deprivation and poor maternal care on
the amygdala (9–13, 42), and suggest that the amygdala may be
particularly sensitive to variations in the quantity and the quality
of maternal care during infancy.
The amygdala has been implicated in learning about the

emotional significance of stimuli (43), a mechanism that is sub-
served by close interactions between glucocorticoids and corti-
cotropin-releasing factor (CRF) in the amygdala (44). Alterations
of glucocorticoids and CRF have been reported in anxious and
depressed disorders (45, 46), and glucocorticoid regulation of
CRF appears to be essential for responding to environmental

Fig. 3. Correlation between 7-y mean depression score in the mother and
mean (left and right) amygdala volumes (r = 0.59; P < 0.0001) in her own
child. Amygdala volume is in cubic centimeters.
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Fig. 2. Left and right hippocampal (Left) and amygdala (Right) volumes (cubic centimeters) in children exposed to MDS since birth and children not exposed
to MDS since birth. Error bars represent SEMs. **P < 0.01 for left and right amygdala volume.
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salience and for maintaining behavioral responses to potential
threats (44). The capacity to determine the relative safety or
danger of situations is adaptive at any age. However, in early life,
when less is known about the environment, the need to learn
about the safety or danger of novel environments may be greater
(47). In humans, the amygdala exhibits a period of development
extending from year one to late childhood (47, 48), and a recent
longitudinal study in primates showed that the most rapid rate of
amygdala development occurs during the early postnatal period
(49). Based on these findings, it has recently been suggested that
this rapid rate of change may heighten the vulnerability of the
amygdala to environmental influence early in life. Given that
maternal care is an important regulator of response to environ-
mental stress in early life, this finding suggests that the amygdala
may show increased sensitivity to quality of maternal care during
development.
An increased sensitivity of the amygdala in response to different

amounts of maternal care has recently been observed in a rodent
study by Endelmann and Auger (50). These authors examined the
consequences of simulated maternal grooming on estrogen re-
ceptor-α promoter methylation and mRNA expression in the
amygdala of females, based on previous observations that neonatal
males tend to receive more maternal grooming than females (51).
The authors found that providing females with somatosensory
stimulation mimicking increased maternal grooming resulted in
male-typical patterns of estrogen receptor-α mRNA levels and
methylation within the developing amygdala. As the amygdala is
important for numerous socioemotional behaviors, these data
suggest that quantitative differences in mother–infant interactions
may program lasting changes in gene expression that impact social
or emotional processes occurring within the amygdala.
Quality of maternal care also has important effects on stress

responsiveness and behavior in developing rodents. Strong ma-
ternal behavior, involving licking and grooming of the offspring,
produces a “neophilic” animal that is more exploratory of novel
environments, less emotionally reactive, and that produces a lower
glucocorticoid stress response in novel situations. In contrast, poor
maternal care leads to a “neophobic” phenotype that is less ex-
ploratory of a novel situation and that shows a greater glucocor-
ticoid response in novel situations (52). In the present study, we
found that children of mothers who present depressive symp-
tomatology since birth produced a greater glucococorticoid re-
sponse to a novel environment, a finding that goes along with
animal studies measuring stress responses in rat pups as a function
of quality of maternal care.
The long duration of exposure to MDS may be the key factor in

explaining the effect of MDS on amygdala volumes in the children
tested in the present study. Results obtained with previously in-
stitutionalized orphan children show that children who have been
adopted late by high-income families present enlarged amygdala
volumes, but children who have been adopted early by high-income
families do not present enlarged amygdala volumes (25). The ab-
sence of recovery in the amygdala in cases of long duration of
exposure to low-quality care could be a way by which the organism,
once placed in an adverse environment, ensures that it is prepared
for future adversity, thus increasing probability of survival. Future
studies assessing amygdala volumes in children exposed toMDS at
different ages (and consequently for different durations) should
provide highly valuable data on this important question.
The larger amygdala volumes reported in children of mothers

presenting depressive symptomatology since birth could also be
a result of genetics. Enlarged amygdala volumes have been
reported in depressed patients (53, 54), and the intriguing signif-
icant association we observed between long-term depressive
scores inmothers and amygdala volumes in their children could be
the result of genetic transmission of enlarged amygdala volumes
from the mother to the child. If this is the case, children’s enlarged
amygdala volumes could reflect a propensity toward depression,

this state being transmitted pre- or postnatally from mothers to
children. Clearly, studies assessing amygdala and hippocampal
volumes in siblings/twins exposed to maternal depression could
allow clarification of genetic and environmental effects of mater-
nal depression on amygdala and hippocampal volumes in children.
Finally, it is important to note that the endocrine and structural

changes observed in children of mothers presenting depressive
symptomatology since birth could be related to a combination of
paternal and maternal factors. Contrary to most rodents, human
children benefit from biparental care, and it might be that the
observed associations between MDS and amygdala volumes in
children are modulated by variations in paternal care associated
with the presence of MDS. It has recently been shown that among
children experiencing low father involvement in infancy, behav-
ioral, autonomic, and adrenocortical reactivity become risk fac-
tors for mental health symptoms at age 9 (55). More importantly,
the most severe symptoms were found for children with high
autonomic reactivity who, as infants, had experienced low father
involvement and mothers with symptoms of depression (55).
Taken together, these results suggest that low paternal caretaking
in infancy may also be an important predisposing factor for the
emergence of variations in amygdala volumes in middle child-
hood, a contribution that may exacerbate the consequences of
a poor care experience associated with maternal depression.
As discussed by previous authors (47, 56), it will be extremely

difficult to test the effects of variations in quantity and quality of
maternal and paternal care on brain development in human
children, as it is almost impossible to manipulate the human
environment in a way that would allow us to test the predictive
value of our models. However, the fact that the brain may be
highly responsive to environmental conditions during early de-
velopment is in agreement with research agendas aimed at
assessing the impact of early interventions on the pattern of brain
development during childhood. In children facing early adversity,
provisions of help to the family unit, such as prenatal and infancy
nurse home visits (57), video-feedback interventions to promote
maternal sensitivity and infant attachment security (58), or pro-
vision of environmental enrichment, such as enriched daycare/
school environment (59) and social support from members of the
community (60), could induce a heterotypic reorganization of
synaptic development, programming of neurotrophic factors, or
changes in gene expression that could lead to resilience later in
life. If this is the case, then it may be that any type of intervention
performed during the early years could have a tremendous effect
in preventing the deleterious impact of poor or absent parental
care on the developing brain.

Materials and Methods
Selection of Participants. In all children participating in the Quebec Longi-
tudinal Study of Child Development (n = 572), we estimated joint de-
velopmental trajectories from ages 5 to 84 mo using a censored normal
density procedure for MDS to specifically select children who were contin-
ually or never exposed to MDS since birth (see SI Text for the method used
for estimating developmental trajectories). Results of the developmental
trajectories analysis showed that 86 participants from the longitudinal study
were eligible to take part in the study at age 10 y based on the de-
velopmental trajectories of exposure to high (21% of the sample) versus low
(79% of the sample) MDS since birth when matching for income. From the
86 participants who were eligible to participate in the study, 48 refused to
participate or did not meet the criteria to go into the scanner, leading to
a total of 38 participants, of which 17 were in the high MDS group (7 boys
and 10 girls) and 21 were in the low MDS group (10 boys and 11 girls).
Children were free of medication. The brain imaging study was approved by
the Research Ethics Committee of Sainte-Justine Hospital, the Douglas
Mental Health Institute, and Louis H. Lafontaine Hospital in Montreal. All
parents signed a consent form, and all children signed an assent form.

MRI Volumetric Analyses. Children were scanned at the MNI using a 1.5T
Siemens Vision MRI Scanner (Siemens), with scanning parameters from the
National Institute of Mental Health (NIMH) MRI study of brain development
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(61). High-resolution T1-weighted image scans (isotropic 1 mm) were ac-
quired using a 3D spoiled gradient-echo acquisition protocol with sagittal
volume excitation to guarantee high contrast and sufficient resolution for
structural analysis. All images were transferred to a MacIntosh computer
(Apple Inc.). The raw images were corrected for nonuniformity (62), regis-
tered into MNI space (63), and normalized for signal intensity to harmonize
gray-white matter contrast across subjects. With regard to the brain-imaging
analyses performed, the results were automatically corrected for total brain
and head volumes, as all images were registered into standard stereotaxic
space based on the pediatric NIMH protocol (61) before any of the analyses
were performed. This step automatically corrects for any interindividual
differences in head and brain size so that later comparisons are unaffected
by variations in head/brain size existing between the individuals. For the
amygdala and hippocampal segmentation, the structure was hand drawn
using a well-validated (36) segmentation protocol developed by one of the
coauthors (J.C.P.) of the article. Another coauthor (V.C.) segmented all vol-
umes and this person was blind with regard to participant’s grouping vari-
able (see SI Text for the manual segmentation procedure for analysis of
hippocampus and amygdala volumes).

Assessment of Glucocorticoid Levels. We measured salivary glucocorticoid
levels upon arrival to the scanning environment, right before entry into the
scanner, and right after the scan. For saliva sampling, participants were asked
to fill a small plastic vial with 10 mm of pure saliva (i.e., passive drool). Saliva

samples were maintained at −20 °C until the time of glucocorticoid con-
centration determination. Analyses were performed at the Douglas Mental
Health Institute in Montreal, using an Enzyme Immunoassay (EIA) kit from
Salimetrics LLC.

Procedure. All children were scanned at the MNI during a morning weekend
day to avoid conflicts with school curriculum and to control for the circadian
rhythm of glucocorticoids. To ensure that children were not moving during
the MRI procedure, they were presented with various children movies and
had to choose amovie theywould like towatch in the scanner. Theywere told
that if they liked the movie, they would be able to keep it after the scan. The
movie was then presented to the children inside the scanner using head-
phones and a projector. Children were further told that upon completion of
the scan, they would receive by mail a picture of their brain. All children
received a color copy of their brain after the procedure.
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