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Relatively little is known about neurobiological changes attribut-
able to early-life stressors (e.g., orphanage rearing), even though
they have been associated with a heightened risk for later psy-
chopathology. Human neuroimaging and animal studies provide
complementary insights into the neural basis of problem behav-
iors following stress, but too often are limited by dissimilar ex-
perimental designs. The current mouse study manipulates the type
and timing of a stressor to parallel the early-life stress experience
of orphanage rearing, controlling for genetic and environmental
confounds inherent in human studies. The results provide evidence
of both early and persistent alterations in amygdala circuitry and
function following early-life stress. These effects are not reversed
when the stressor is removed nor diminished with the develop-
ment of prefrontal regulation regions. These neural and behavioral
findings are similar to our human findings in children adopted
from orphanages abroad in that even following removal from
the orphanage, the ability to suppress attention toward poten-
tially threatening information in favor of goal-directed behavior
was diminished relative to never-institutionalized children. Together,
these findings highlight how early-life stress can lead to altered
brain circuitry and emotion dysregulation that may increase the
risk for psychopathology.
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Early-childhood adversity (e.g., abuse, neglect) accounts for
over 30% of all anxiety disorders (1) and is associated with
later emotional and behavioral dysregulation (2-6). One form of
early-life stress (ELS) in humans that has received significant
attention is that of orphanage rearing (7-11). It is estimated that
eight million children live in orphanages worldwide. Children
adopted from these orphanages provide a unique opportunity to
assess the effects of ELS with a discrete timing and offset (12,
13). However, it is unclear to what extent emotional and be-
havioral dysregulation reported in this population is the result
of the orphanage experience of disorganized care or attributable
to preexisting conditions (e.g., prenatal exposure to substances,
maternal malnutrition, and/or congenital disorders) (12). More-
over, we know little about the long-term effects of such early-life
experiences and whether they reverse after the stressor is re-
moved. The current study examines these issues using a rodent
model of ELS (14, 15) and an outcome measure that uniquely
parallels human paradigms to test for immediate and long-term
effects of stress across development while controlling for pre-
existing environmental and genetic factors.

To date, most animal studies of stress have either focused on
the effects of adult stress or on how early stress impacts later
adult brain and behavior. The findings have been mixed de-
pending on the type and timing of the stressor and the specific
task and age of testing. Adult-restraint stress leads to reversible
decreases in dendritic arborization and volume in prefrontal and
hippocampal brain regions (16-18) but lasting amygdaloid neu-
ronal hypertrophy and anxiety-like behavior (19). In contrast,
studies of ELS (20-22) (e.g., removal of the dam) show deficits in
adult hippocampal-dependent memory but inconsistent effects
on anxiety-like behaviors (15, 23, 24), with the specific type of
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deficit varying as a function of task and age of testing. For ex-
ample, Raineki et al. showed that ELS leads to social behavioral
deficits in preweaned rodents but later depressive-like symptoms
in adolescent rodents (25). It, therefore, remains unclear to what
extent these rodent studies of stress parallel human experiences
and outcomes.

The current study manipulates the type and timing of a stressor
and the specific task and age of testing to parallel ELS in humans
reared in orphanages. Children who were adopted from orphan-
age care experienced impoverished caregiving (type of stressor:
poor caregiver-to-child ratios, inconsistent caregiver and care-
giving), which was temporally restricted to the early postnatal
period (26) and ended at the moment of adoption by families.

To parallel the orphanage experience, we adapted a paradigm
that limits the nesting material provided to the dams (see Methods
and Fig. S14 for details), disrupting maternal care of their pups
(14, 15, 27). To simulate the human condition of children being
adopted within the first few years of life, the stressor was limited
to the preweaning period of postnatal days (P) 2 to P21. In ad-
dition, we adapted a fear regulation task for the mouse that par-
alleled our prior human experiments of ELS (8), showing emotion
dysregulation following orphanage rearing. Rodent experiments
uniquely inform our understanding of human development. How-
ever, differences in regional brain development make it difficult
to compare precise ages across species (28). The current mouse
experiments were conducted during time periods that approxi-
mate the developmental stages of preadolescence, adolescence,
and adulthood in humans based on prior comparative devel-
opmental studies linking rodent and human postnatal brain de-
velopment (29-31).

Two basic predictions emerged from the human and animal
literatures. The first was that that ELS would alter fear regula-
tion, as measured by the ability to suppress fear responses in
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favor of goal oriented behavior. The second was that this behav-
ioral pattern would be paralleled by heightened activity in the
amygdala. Finally, we tested to what extent development of the
infralimbic cortex, a region within the prefrontal cortex implicated
in regulation of fear expression, would diminish these effects.

Results

Behavioral Results. To investigate the effects of ELS in mice, we
used an analog of our human emotional “go/no-go” task (8, 32)
by modifying the novelty-induced hypophagia paradigm (33). To
engage the mice in goal-oriented behavior, we trained the mice
on where they could obtain sweetened condensed milk (i.e., a
nozzle) in their home cage over the course of 3 d. On the fourth
day, we recorded the time it took mice to approach and drink the
milk from the nozzle in their home cage (e.g., baseline). On the
fifth day, we recorded the time it took mice to approach and
drink the milk from a nozzle placed in a barren novel cage de-
void of odor cues and illuminated by bright light, a context of
potential threat for rodents. The primary measure of interest was
the response latency of the mouse to approach the nozzle for
milk while anticipating potential threat in the well-lit novel cage.
We tested male mice raised under the stressful or standard
laboratory conditions, at ages that approximated preadolescence,
adolescence, and early adulthood (30, 31, 34) (P26 to P27, n =
32; P33 to P34, n = 29; P67 to P68, n = 31; Fig. 1B). A three-
factor (experimental group, age, condition) mixed-effects model
was used to test for main effects of age or experimental group on
response latencies to approach the sweetened milk in different
environments. There was no main effect of age on response la-
tencies (F = 1.56; P = 0.11). Compared with their standard
reared counterparts, stressed mice of all ages (see Fig. S2 for
specific ages) had longer approach times in the potential threat
condition (novel cage) compared with baseline [home cage (Fig.
1C); F =3.29; P = 0.001]. A similar effect of experimental group
on approach latency was observed in female mice (Fig. S3; F =
2.90; P < 0.01)]. These results suggests that ELS impacts the
ability to suppress fear responses in favor of goal oriented be-
havior and that these effects persist into adulthood.

Neural Correlates. To investigate the neural correlates of the ob-
served stress effects, we examined neural activity in two regions:
(i) the basolateral amygdala (BLA), a region shown earlier to be
sensitive to ELS (7, 8, 35); and (i) the infralimbic cortex (IL),
a region implicated in regulating fear (36) across development
(37) and for which deep brain stimulation has been shown to
decrease approach latency to appetitive cues in novel open fields
(38, 39). Neuronal activity has been shown to correlate with the
expression of the early immediate gene, c-fos (40, 41). Further,
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c-Fos expression in the BLA is selectively down-regulated by
both acute benzodiazepine and chronic antidepressant treatment
in rats performing similar behavioral paradigms (42), suggesting
that c-Fos is a reliable marker for activity in circuits involved in
anxiety-related phenomena. We used immunohistochemical tech-
niques to measure c-Fos expression in the amygdala 90 min after
the 10-min epoch spent approaching and avoiding the milk in the
threatening context (i.e., the novel cage) of the novelty-induced
hypophagia paradigm (43).

Two-factor (experimental group, age) mixed-effects models
showed that ELS mice had persistently elevated levels of c-Fos in
the BLA across development relative to control animals (Fig. 24;
F = 2.13; P = 0.04). c-Fos expression in the IL increased across
development (F = 2.466; P = 0.02; Fig. 2B), with no main effect of
experimental group (F = 0.164; P = 0.87; Fig. 2B and Fig. S4B).

To test the specificity of c-Fos expression, measurements were
made in ventral cornu ammonis 1 (VCAl), a region highly net-
worked with the BLA and IL and sensitive to stress that also
undergoes high rates of change during the early postnatal period
(29), and in the nonlimbic region of the paraventricular thala-
mus, a region that is more developed at birth (44). c-Fos expression
was equivalent across experimental groups in both vCAl (Fig.
S54; t = 0.38; P = 0.71) and the paraventricular nucleus of the
thalamus (Fig. S5B; t = 0.21; P = 0.83).

Mouse and Human Parallels. To compare the current results in the
mouse with the previous data collected from humans adopted
from orphanages abroad (8), we reanalyzed the largest subset of
data, the preadolescent group (ages 5-10 y; n = 26; Table S1).
In the human paradigm, children were instructed to “go” to
a neutral cue, and “not go” to a rare threat cue (Fig. 14). The
dependent variable of interest was the response latency to ap-
proach recurring stimuli in the context of knowing that a rare
aversive stimulus may occur at anytime. This aspect of the task,
in part, parallels the mouse approaching the nozzle for milk
while anticipating potential threat in the well-lit novel cage. In
both tasks, the mouse and human have to ignore a potential
threat in the environment to engage in goal-directed behavior.
Independent samples ¢ tests showed that ELS-exposed preado-
lescent humans (Fig. 34; ¢t = 2.08; P < 0.05) and mice (Fig. 3D;
t = 2.06; P < 0.05) took longer to approach a cue when antici-
pating a potential threat. Blood oxygen level-dependent (BOLD)
activity, shown to be correlated with neuronal activity (45, 46),
was examined in frontolimbic regions including the amygdala,
ventromedial prefrontal cortex, and hippocampus. Only activity
in the amygdala differentiated the ELS-exposed children from
the comparison group in the context of anticipating an aversive
stimulus (Fig. 3B; F = 4.43; P < 0.05), similar to the higher c-Fos
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Behavioral paradigm and results. (A) Human paradigm. Subjects were instructed to detect frequently presented neutral targets embedded among

rare threat nontarget cues. (B) Mouse paradigm. Mice were trained where to obtain sweetened milk in their home cage for 3 consecutive days, and then
latency to approach the milk was measured in the home cage on the fourth day and in an odorless, brightly lit novel cage on the fifth day. (C) Behavioral
results. The difference in time that control and stressed mice take across development to approach a cue in a novel cage compared with their home cage (F =
3.40; P < 0.01; n. = 49; nes = 43). Data are z-scored and expressed as means + SEM.
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Fig. 2. c-Fos activity by group and age. (A) The density of c-Fos protein in the amygdala following exposure to the threatening context (i.e., novel cage) was
elevated in ELS mice across development, similar to adolescent controls. The age by experimental group interaction [F = 2.132; P < 0.05; n = 5-8 mice per
experimental group (10-15 slices per animal)] shows the most robust differences were between the preadolescent ELS and control groups (t = 4.71; P < 0.001).
Data are expressed as means + SEM. (B) The density of c-Fos protein in the IL increases with age [F = 2.466; P < 0.05; n = 3-8 mice per experimental group (10—

15 slices per animal)]. All data expressed as means + SEM.

expression observed in preadolescent mice (Fig. 3E; ¢ =4.71; P <
0.001) following exposure to the threatening context (see Fig. 3 C
and F for images). Ventromedial prefrontal activity was diminished
in the ELS-exposed children but did not significantly differ from
non-ELS-exposed children (Fig. S4; F = 0.14; P > 0.05).

Discussion

Our mouse and human studies, together, provide converging evi-
dence for alterations in amygdala development and function fol-
lowing ELS. The mouse experiments mimic human conditions of
ELS while uniquely controlling for environmental and genetic
confounds in human studies to isolate effects of stress on brain
and behavior. As such, our results strengthen previous human find-
ings (7, 8, 47) that the disorganized and noncontingent care of the
orphanage experience can alter emotional and behavioral regu-
lation regardless of preexisting conditions (e.g., prenatal exposure to
substances, maternal malnutrition, and/or congenital disorders).

The results provide evidence of both early and persistent alter-
ations in amygdala circuitry and function following ELS in rodents.
These effects do not appear to be reversed when the stressor is
removed nor diminished with the development of prefrontal
emotion regulation regions. Specifically, group differences in
fear regulation and amygdala activity persist into adulthood even
though regulatory regions in the prefrontal cortex showed in-
creased activity with age for both stressed and nonstressed groups.
This finding is similar to human findings in children adopted from
orphanages abroad. Specifically, their ability to suppress atten-
tion toward potentially threatening information in favor of goal-
directed behavior is diminished relative to never-institutionalized
children even after the stressor is removed (7, 8) and paralleled
by heightened amygdala activity (7, 8, 47).

Our findings are similar to recent rodent stress studies (25) in
showing that ELS [e.g., reduced bedding (23)] can lead to early
and/or persistent alterations in behavior well into adulthood (15).
There are differences in the type and duration of stress effects,
however. These dissimilarities may stem, in part, from differ-
ences in the behavior measured and ages tested. Such mixed
effects are consistent with epidemiological studies showing het-
erogeneous effects of different forms of ELS on psychopathol-
ogy, with depression and anxiety disorders as common outcomes
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and resilience in others (2, 5, 48). Importantly, however, our re-
sults show translation of early chronic stress effects across species
when using parallel stress manipulations and outcome measures,
thus providing further translatability and validity of rodent to
human findings.

Whether the effects of ELS are ameliorated in humans fol-
lowing adoption is unclear. Few human studies follow children
adopted from orphanages beyond adolescence. What appears to
be more evident from these studies is that the earlier the child is
adopted, the better the outcome (7, 26, 49). This effect may be
attributable to a sensitive period for emotional development
(50) such that beyond this window, the underlying circuitry is less
plastic or more resistant to change. The current study cannot
specifically address this issue because although the early-life
stressor was removed after P21 and the pups were housed with
their littermates (as opposed to single-caged), any caged living
conditions for mice lack ethological validity. Nonetheless, the
current study provides a model for future experiments that could
examine specific timing and duration of ELS and for testing
potential pharmacologic or behavioral interventions.

Together, these findings suggest that ELS results in both early
and persistent alterations in amygdala development, circuitry, and
function. Even after the removal of the stressor, the development
of prefrontal regulatory regions is not enough to dampen fearful
behavior. These results parallel human findings of ELS effects
and underscore the importance of translational approaches that
may explain the increased risk of psychopathology in such pop-
ulations, which call for early identification and intervention for
these children.

Methods

Mouse. Animals. Male C57BL6/J mice were used for all experiments (see Fig. S3
for similar results in females). Breeding pairs of C57BL6/J wild-type mice
from Charles River were set up in the colony and monitored daily to reduce
developmentally sensitive shipping-induced stress effects. Litters were culled
to six pups and assigned to early stress or control conditions (described be-
low) at P2 and weaned at P21. Mice had ad libitum access to food and water
in a temperature- and humidity-controlled vivarium maintained on a 12-h
reverse light/dark cycle. All procedures regarding animal care and treatment
were approved and in compliance with guidelines established by the
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Fig. 3. Greater amygdala activity in humans and mice following ELS. (A) Stressed preadolescent humans take longer than their standard reared counterparts
to detect frequently presented neutral targets embedded among rare threat nontarget cues that they were instructed to ignore (t = 2.08; P < 0.05; n. = 10;
neis = 16). Data are z-scored and expressed as means + SEM. (B) Parameter estimates of amygdala activity in response to the threat cue (i.e., fearful face) were
greater in stressed preadolescent humans than their standard-reared counterparts (F = 4.43; P < 0.05; n. = 10; nes = 16). (C) Bilateral region of the amygdala
identified as more reactive to threat (i.e., fear face stimuli) in stressed preadolescent humans than their standard reared counterparts. (D) The difference in
time that control and stressed preadolescent mice take to approach a cue in a novel cage compared with their home cage (F = 2.06; P < 0.05; n. = 18; nes = 14).
Data are z-scored and expressed as means + SEM. (E) The density of c-Fos protein in the amygdala following exposure to the threatening context (i.e., novel
cage) was greater in stressed preadolescent mice than their standard-reared counterparts [t = 4.71; P < 0.001; n. = 6; ne;s = 5 (10-15 slices per animal)]. Data
are z-scored and expressed as means + SEM. (F) An individual slice cut through the amygdala taken from each mouse was stained for c-Fos (red) and PVA
(green) and used for quantification of c-Fos following exposure to the threatening context, clustered by experimental group and at 10x magnification.

Institutional Animal Care and Use Committee of the Weill Cornell Medical
College and the National Institutes of Health.

ELS. On P2, litters were transferred with their dam to either a standard
laboratory cage with bedding and two square nestlets or to a cage with
a false mesh metal bottom resting above the bedding and one square nestlet.
Cages were changed on P9 and P16, before all pups were weaned at P21 and
transferred to standard laboratory cages with bedding and two nestlets.
Between P2 and P9, litters were digitally recorded between 1800 hours and
0600 hours for a minimum of 3 nights to confirm validity of the ELS model in
mice (Fig. S1A). Pups were weighed at P2, P9, P21, P29, and P63, with mice
used for preadolescent and adolescent experiments sampled only for the
first three or four time points listed, respectively (Fig. S1B).

Behavioral paradigm. Before testing, mice were housed two to five per cage
and received 3 consecutive days of training (day 1-3) in a dark room (~5 Ix).
Training consisted of presenting mice with a standard dual bearing sipper
tube (6-ounce bottle) inserted between the wire bars of the cage roof and
containing undiluted sweetened condensed milk. On day 4, mice underwent
home cage testing. Before testing, mice were placed in a novel cage con-
taining some home cage nesting material for 30 min. For testing, the setup
was identical to that used in training, with a camera focused on the cage to
record each trial. For each trial, a mouse was removed from their holding
cage and placed into their home cage. The trial began as soon as the cage
top containing the sipper bottle was placed back on the home cage base.
The latency to drink and the amount of time spent drinking was recorded
with a stopwatch over a 10-min period. Following completion of the 10-min
trial, each subsequent animal was rotated into the home cage and tested in
the same manner. On day 5, novel cage testing was conducted by placing
a single mouse into a clean cage of the same dimensions as its home cage,
wiped down with 70% ethanol (700mL/L) to eliminate odors, with no
shavings and under bright light conditions (~4,000 Ix). Mice were again
presented with a sipper tube containing undiluted sweetened milk, and the
latency to drink and duration of drinking were recorded. Our measure of
interest was the difference in time that it took a mouse to drink from the
nozzle in the novel cage vs. the home cage. Ninety-seven male mice were
used for behavioral testing at three developmental time points [pre-
adolescent: 18 control (C), 14 ELS; adolescent: 19 C, 13 ELS; adult: 16 C, 17
ELS]. We used all male mice for our experiments, because during pilot
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experiments, we did not observe a difference in behavioral effects among
female mice (Fig. S3; F = 2.9; P = 0.01; six C and six ELS).

c-Fos immunohistochemistry. All experiments were carried out at room tem-
perature unless otherwise specified. Ninety minutes after exposure to ex-
perimental factors, the mice were killed by i.p. injection of Sleepaway (Fort
Dodge) and perfused transcardially with 30 mL of saline, followed by 90 mL
of 4% paraformaldehyde in 0.1 M sodium phosphate (pH 7.4) at a flow rate of
30 mL/min. Brains were removed and postfixed overnight in 4% para-
formaldehyde before transfer to 30% sucrose in 0.1 M sodium phosphate (pH
7.4) for 48 h at 4 °C. Brains were frozen in powdered dry ice and stored at
—20 °C until sectioning. Coronal sections (40 pm) of whole brain were cut by
using a sliding microtome frozen by powdered dry ice. Six sets of serial
sections were collected in Eppendorf tubes each containing 2 mL of cryo-
protectant (30% glycerol and 30% ethylene glycol in 0.1 M sodium phos-
phate; pH 7.4) and stored at —20 °C. Free-floating serial sections (every third
section) were washed (three times for 10 min each) in Tris-buffered saline
(TBS), incubated for 30 min in a blocking solution containing 4% normal
horse serum and 1% BSA in TBS with 0.2% Triton X-100 (TBS-Tx), and in-
cubated overnight at 4 °C with rabbit anti-c-Fos primary antibody (c-Fos sc-
52; Santa Cruz Biotechnology; sc-52 antibody was raised against amino acids
3-16 of human c-Fos: SGFNADYEASSSRC) diluted 1:1,000 mixed with goat
anti-parvalbumin (1:2,000; Swant) in the blocking solution mentioned
above. Sections were then washed in TBS and incubated for 2 h with Alexa
Fluor-labeled donkey anti-rabbit and anti-goat IgG secondary antibodies
(Alexa Fluor 555 and 488) diluted 1:500 in TBS-Tx. Sections were again
washed, mounted on chrome-alum/gelatin-coated slides, and air-dried for
2 h in the dark. Slides were cover-slipped by water-soluble glycerol-based
mounting medium containing DAPI and sealed with nail polish. Estimation
of cell density of c-Fos—positive neurons in prelimbic and infralimbic cortices
was performed with Stereolnvestigator 9.0 (Microbrightfield). Briefly, serial
sections (every third section; 120 pm) were numbered by rostra-caudal order,
and contours of PL, IL BLA, PVT, and ventral hippocampus were traced by
referring to the Allen Brain Map (Allen Co.). To identify the boundary of
prefrontal cortex, we used DAPI-counterstained sections, whereas in the
amygdala, thalamus, and hippocampus, we used parvalbumin-counter-
stained sections combined with DAPI to yield a clear boundary for subnuclei
or layers. All cells across all sections per animal were counted. Individual cell
density was calculated for each mouse by dividing the total sampled cell
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numbers by the total volume of the region. Eleven preadolescent mice (6 C, 5
ELS) were used for measuring c-Fos protein levels in amygdala and IL/PL.
Twelve mice (6 C, 6 ELS) were used for measuring c-Fos protein levels in
ventral hippocampus and PVT.

Human. Subjects. Twenty-six children less than 11y of age were included in the
current analyses from a larger sample of 44 [see Tottenham et al. (8) for
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the response when the distracter expression (e.g., “fear”) appeared, which
was presented infrequently (30% of the trials). The target facial expression
changed with each run. There were two conditions separated by run, each
presented twice—fear faces as the target with neutral faces as the distracter
and neutral faces as the target with fearful faces as the distracter—resulting
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26 neutral). The order of runs was counterbalanced across participants. Each
face stimulus was presented for 500 ms, and participants were allowed 1,500
ms to respond by pressing a button with their index finger.

Statistics. All statistical analyses were conducted using R (release 2.15.2).
When two means were compared, Student’s unpaired t test was used to
calculate statistical significance. For multiple comparisons, data were ana-
lyzed using linear mixed effects models with Bonferroni post hoc t tests used
to determine statistical significance between groups.
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