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Correlational studies of humans suggest that exposure to early life stress has long-term effects on neural circuits involved in
vulnerability and resilience to mental health disorders. Stress-related mental health disorders are more prevalent in women than in
men. Here, female squirrel monkeys are randomized to intermittently stressful (IS) social separations or a non-separated (NS) control
condition conducted from 17 to 27 weeks of age. Nine years later in mid-life adulthood, resting-state functional magnetic
resonance imaging was employed to parcellate prefrontal cortex (PFC). Resulting subdivisions were then used to characterize
functional connectivity within PFC, and between PFC subdivisions and subcortical regions that are known to be altered by stress.
Extensive hyper-connectivity of medial and orbitofrontal PFC with amygdala, hippocampus, and striatum was observed in IS
compared to NS monkeys. Functional hyper-connectivity in IS monkeys was associated with previously reported indications of

diminished anxiety-like behavior induced by prepubertal stress. Hyper-connectivity of PFC with amygdala and with hippocampus
was also associated with increased ventral striatal dopamine D2 and/or D3 receptor (DRD2/3) availability assessed with positron
emission tomography (PET) of [''Clraclopride binding in adulthood. Ventral striatal DRD2/3 availability has been linked to cognitive
control, which plays a key role in stress coping as an aspect of emotion regulation. These findings provide causal support for

enduring neurobiological effects of early life stress and suggest novel targets for new treatments of stress-related mental health

disorders.
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INTRODUCTION

The deleterious effects of exposure to severe forms of early life
stress are well-recognized across diverse disorders of human
mental health [1-4]. Lesser known is evidence that mild, but not
minimal or substantial, stress exposure promotes learning to cope
and builds stress resilience [5, 6]. Beneficial effects of early life
stress in humans have been reported in the context of family
stress [7], work-related stress [8], childhood stress [9], social
separation stress [10], and everyday stressful life events [11].
Studies of stress neurobiology have generally focused on
deleterious outcomes instead of constructive effects.

The prefrontal cortex (PFC) is involved in stress coping and
vulnerability or resilience to mental health disorders [3, 12-14].
Various forms of early life stress are associated with alterations in
PFC-subcortical connectivity assessed by resting-state functional
magnetic resonance imaging (rsfMRI) [15-20]. Severe forms of early
life stress in humans are associated with diminished
PFC-subcortical functional connectivity [15, 17, 19], whereas stress
resilience has been linked to PFC hyper-connectivity [9, 18, 21].
These studies of humans are necessarily correlational and often
rely on retrospective reports to identify prior stress exposure.

Here, we conduct a randomized controlled experiment to
prospectively investigate the effects of early life stress on

PFC-subcortical functional connectivity in adult female squirrel
monkeys. Studies of females are important because stress-related
mental health disorders are more prevalent in women than in
men [22, 23]. Key aspects of PFC neurobiology are evolutionarily
conserved in humans and monkeys [23-25], and rsfMRI is well-
suited for interspecies comparisons because this approach does
not impose task-specific demands [26].

First, we functionally parcellate adult squirrel monkey PFC and
use resulting subdivisions to characterize functional connectivity
within PFC, and between PFC subdivisions and subcortical regions
that are known to be altered by stress [27]. Next, we determine
whether PFC-subcortical functional connectivity in adulthood
differs in squirrel monkeys randomized early in life to intermit-
tently stressful (IS) social separations that elicit anxiety-like
behavior and acutely increase plasma levels of cortisol [28-30]
compared to non-separated (NS) monkeys. Differences in adult
PFC-subcortical functional connectivity are then examined for
associations with previously reported anxiety-like behavior
induced by exposure to prepubertal stress [6]. Lastly, we examine
whether PFC-subcortical functional connectivity is associated with
ventral striatal DRD2/3 availability assessed previously by PET in
adulthood [31]. This specific aim of the study is based on evidence
that mesolimbic dopamine supports active stress coping in
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rodents [32], and previous findings that link mesolimbic DRD2/3
availability with PFC functional connectivity in humans [33-35].

MATERIAL AND METHODS

Subjects

Overall, 17 randomly selected female squirrel monkeys (Saimiri
sciureus) born and raised at the Stanford University Research
Animal Facility served as subjects. These monkeys are part of a
larger project designed to identify causal connections between
early life stress and neurobiology [6]. Initially, all monkeys were
housed in undisturbed mixed-sex groups through 16 weeks of
age. Group composition was determined by birth dates to
minimize developmental differences between groups. Seasonal
synchronous breeding facilitated the generation of age-matched
groups.

Groups were housed indoors in 1.8x1.2x1.8m species-
appropriate cages that were cleaned daily. Housing and testing
occurred in climate-controlled rooms with an ambient tempera-
ture of 26°C. Light/dark cycles were 12:12h with lights on at
0700 h. All monkeys were provided unrestricted access to fresh
drinking water and monkey chow with fruit and vegetable
supplements. Various toys, swinging perches, and simulated
foraging activities were provided for environmental enrichment.
To facilitate husbandry-related activities and experimental manip-
ulations, monkeys were trained to leave the home cage through a
small door connected to a transport box. All procedures were
approved by Stanford University’s Administrative Panel on
Laboratory Animal Care, and were carried out in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Experimental design

Monkeys were randomized to two treatment conditions that
occurred between 17 and 27 weeks of age as described elsewhere
[6]. Monkeys in the NS control condition (n = 8) were continuously
maintained in undisturbed groups. Monkeys in the intermittently
separated (IS) condition (n = 9) were briefly removed from groups
with or without their mother once a week for ten total 1-h
separations. At this stage of development, nearly weaned juvenile
monkeys were approximately half their adult body size. After each
separation, monkeys were returned to the group. All separations
occurred between 1215 and 1745h, and no more than one
monkey from each group was separated on a given day.

Ten weeks after completion of the treatment conditions,
prepubertal anxiety-like behavior was assessed in five daily 30-
min sessions of involuntary exposure to a mildly stressful novel
environment [6]. A trained observer seated in plain view of the
monkeys used a computer-assisted data entry device (Observer
XT, Noldus Information Technology; Leesburg, VA) to score four
behavioral measures: (1) total duration of maternal clinging, i.e.,
time spent in the species-typical riding posture on the mother’s
shoulders and upper back, (2) latency to first terminate maternal
contact, (3) latency to first explore a toy-like object in the novel
environment, and (4) total object exploration counts. Stress
coping in humans has been linked to curiosity [36]. Inverse object
exploration counts were used in all analyses below because
counts were inversely correlated with all other measures of
behavior.

Mothers were then permanently removed at 1 year of age and
their offspring were housed with peers. Cognitive control of
behavior was assessed in a subset of monkeys at 1.5 and 3.5 years
of age [37, 38], and novelty-seeking was examined in a different
subset of monkeys at 2.5 years of age [39]. Beginning around
puberty at 3 years of age, females were housed separately from
males to prevent breeding.

Whole brain structural magnetic resonance imaging was
conducted at 9 years of age (range=28.5-9.8), followed
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immediately by rsfMRI described below. Ventral striatal DRD2/3
availability was assessed 2 years later by [''Clraclopride binding
determined with PET as described elsewhere [31]. All neuroima-
ging procedures were conducted during nonbreeding seasons
when sex hormones remain stable at non-detectable levels in
seasonally breeding squirrel monkeys [40]. Lifespan in captivity is
~20 years [41].

Data acquisition

Noninvasive rsfMRI data were acquired using a General Electric 3T
Signa MR scanner (Milwaukee, WI) with protocols developed for
squirrel monkeys. Monkeys were scanned under anesthesia
induced by a subcutaneous injection of 20mg/kg ketamine
hydrochloride, 4 mg/kg xylazine hydrochloride, and 0.04 mg/kg
atropine sulfate, followed by 0.5-1.0% isoflurane gas delivered
through a face mask to maintain anesthesia. This low level of
isoflurane preserves relative differences in rsfMRI measures of
functional connectivity in squirrel monkeys [42]. Body tempera-
tures were maintained using a cushioned water heating pad
(Gaymar-Stryker T/Pump, Kalamazzo, MI) and earplugs provided
protection from scanner noise.

Initially, T1-weighted whole brain images were acquired in the
sagittal plane with a three-dimensional inversion recovery-
prepared fast spoiled gradient pulse sequence: TR=12ms, TE=
3ms, TI=300ms, flip angle =15, NEX =4, matrix =160 X 160,
FOV=8cm, voxel size=0.5x0.5x0.5mm, slice thickness=
0.5 mm, gap = 0 mm, scan time = 18 min. Immediately thereafter,
whole brain rsfFMI data were acquired with a protocol adapted
from a T2*-weighted gradient echo task-free spiral in-out pulse
sequence [43]: TR=2100ms, TE=36ms, flip angle =77° one
interleave, NEX =2, matrix 64 x 64, FOV =8 cm, in-plane spatial
resolution = 1.25 X 1.25 mm, slice thickness 1.2 mm, scan time =
12 min.

Data preprocessing

Data were preprocessed using ANTs 1.4 [44] and AFNI [45].
Because of small sample sizes, a group template based on
individual T1-weighted images was generated using the large
deformation diffeomorphic metric mapping algorithm implemen-
ted in ANTs. This template was linearly aligned to squirrel monkey
VALIDATe29 atlas space [46]. The first four volumes of rsfMRI data
were discarded to allow stabilization of signal, and remaining data
were realigned to the mean image for head motion correction.
Aligned images were then co-registered with each monkey’s own
T1-weighted images. The deformation field for individual T1-
weighted images and the group template were linearly aligned to
the template and VALIDATe29 space [46]. Six head motion
parameters were regressed out from all of the time series, and a
temporal bandpass filter ranging from 0.01 to 0.1 Hz was applied
[47]. Finally, images were spatially smoothed by a 4 mm FWHM
Gaussian kernel.

PFC and subcortical regions of interest

Based on previous studies of stress coping [13, 14, 27], we focused
on PFC and subcortical regions that included amygdala, hippo-
campus, caudate, putamen, and ventral striatum on each brain
side. Squirrel monkey VALIDATe29 defines only major cortical
regions [46]. Therefore, we delineated subcortical regions based
on previously described anatomical landmarks [31, 48]. To
minimize human bias, subcortical regions were hand-drawn
independently by two trained raters, and the overlap between
raters was used to identify subcortical regions (Fig. 1).

Functional parcellation of PFC

The VALIDATe29 atlas [46] demarcates only left and right
hemisphere PFC, but squirrel monkey PFC is comprised of
7-10 subdivisions based on Brodmann'’s classification of cytoarch-
itecture [24, 25]. Because cytoarchitecture-based subdivisions
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Fig.1 Functional parcellation of squirrel monkey prefrontal cortex and brain regions of interest. A Squirrel monkey prefrontal cortex (PFC)
is parcellated into seven subdivisions using resting-state fMRI. Axial and sagittal planes depict left and right ventrolateral PFC (VLPFC),
ventromedial PFC (VMPFC), dorsomedial PFC (DMPFC), dorsolateral PFC (DLPFC), medial orbitofrontal cortex (MOFC), and lateral orbitofrontal
cortex (LOFC) subdivisions. B Subcortical regions are depicted in coronal and axial planes: ventral striatum, caudate, putamen, amygdala, and
hippocampus. C PFC subdivisions and subcortical regions are depicted in three dimensions.

cannot be mapped directly onto neuroimaging data, we
employed a multistep functional consistency clustering approach
[49, 50]. First, we extracted time series from each voxel in each
monkey and formed matrix X, where the number of rows (M)
equaled the number of voxels in VALIDATe29 PFC, and the
number of columns (N) equaled the number of time frames.
Second, Pearson correlations were computed for each pair of rows
in matrix X resulting in an M x M correlation matrix. Third, using
each monkey’s correlation matrix, k-means clustering with random
initialization was used to generate 1000 partitions in each
monkey, with the number of clusters (k) ranging from 2 to 14.
Fourth, we estimated the averaged adjacency matrix across 1000
partitions for each k. By averaging the adjacency matrix across
monkeys, we obtained a consensus matrix for each k at the group
level. Fifth, we applied k-means clustering with 1000 random
initializations to obtain group-level consensus matrices. We then
quantified the stability of partitions for each k across 1000 clusters
using variation of information [51] and adjusted rank index [52].
Clustering metrics were employed to determine the optimal
number of clusters (Supplementary Material Fig. S1), and the
highly converged adjacency matrix from the previous step was
used to generate the final parcellation, which contained seven PFC
subdivisions (Fig. 1).

Comparison of functional connectivity between IS and NS groups
Functional connectivity within and between subdivisions of PFC
and subcortical regions were estimated by Pearson correlation
between the average time series across all voxels in each region.
To control for age effects, normalized age was regressed out from
functional connectivity measures. Nonparametric permutation
tests were employed to evaluate differences in connectivity
between IS and NS groups, and Pearson correlations were used to
assess associations between functional connectivity and ventral
striatal DRD2/3 availability. False discovery rate (FDR) corrected p
values were determined to adjust for multiple comparisons in all
tests of statistical significance.

Distinguishing connectivity in IS and NS monkeys using GLMnet
with Lasso regression

To characterize group differences in patterns of PFC—subcortical
functional connectivity, we employed GLMnet (https://cran.r-
project.org/web/packages/glmnet/index.html), a widely used least
absolute shrinkage and selection operator (Lasso) regression

Neuropsychopharmacology (2021) 0:1-9

analysis method that performs variable selection and regulariza-
tion to enhance prediction accuracy and interpretability of
multivariate group differences [53, 54]. The L1 norm regularization
of coefficients was used. GLMnet estimated the model so that
independent variables which do not contribute to the model were
set to zero. This approach produced sparse and interpretable
solutions. Leave-one-out cross validation was used to evaluate the
accuracy with which IS and NS groups could be distinguished, and
to determine the most distinguishing connectivity features.

Partial least squares path modeling of the relation between
functional connectivity and behavior

Multivariate relationships between functional connectivity and
previously reported [6] anxiety-like behavior induced by pre-
pubertal stress were determined for IS monkeys using partial least
squares path modeling (PLS-PM) [55-57]. Missing measures of
behavior precluded PLS-PM analysis of NS monkeys. Model fit was
determined using R?, the proportion of variance explained by the
mode, and statistical significance of model weights, loadings, and
path coefficients was determined using bootstrapping, in which
data were repeatedly sampled with replacement to create
2000 surrogate datasets. As recommended elsewhere [58], all
model features with loadings greater than 0.7 and weights with
95% confidence intervals that did not include zero were
considered to be significant. To illustrate the underlying structure
of weights and loadings, hierarchical cluster analysis was
performed with Ward’s method [59]. For each cluster, averaged
weights and loadings were computed, and all statistics were
evaluated with two-tail probabilities.

RESULTS

Functional parcellation of PFC

The recently released VALIDATe29 neuroimaging atlas for squirrel
monkeys [46] provides a novel tool for investigating connectivity
of circuits in brain. However, squirrel monkey PFC in VALIDATe29
is parcellated only into left and right hemispheres. To investigate
patterns of connectivity associated with finer-grained parcellation,
we first subdivided PFC based on whole brain functional
connectivity of each voxel using a consistency clustering approach
[49] with both IS and NS monkeys. Our functional parcellation
yielded seven subdivisions (Fig. 1A) consisting of left and right
ventrolateral PFC (VLPFC), ventromedial PFC (VMPFC), dorsomedial

SPRINGER NATURE
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Fig.2 PFC-subcortical functional hyper-connectivity in the IS group. A Connectivity within and between PFC subdivisions and subcortical
regions are presented separately for intermittently separated (IS) and non-separated (NS) groups with light-to-dark scale bars signifying the
range of functional connectivity. B Bright red-colored squares depict links that differ significantly between IS and NS groups (FDR-corrected p
< 0.05). C Links that show significant hyper-connectivity in IS monkeys are illustrated in the circular plot.

PFC (DMPFC), dorsolateral PFC, medial orbitofrontal cortex
(MOFC), and lateral orbitofrontal cortex. The fMRI-based parcella-
tion of PFC is well-aligned with cytoarchitectonic boundaries of
squirrel monkey cortex (Supplementary Materials Fig. S2). (Note:
PFC functional parcellations will be made publicly available via
NITRC and github).

IS alters PFC-subcortical connectivity patterns

Our next goal was to determine whether patterns of PFC
functional connectivity differed in IS vs. NS groups. We used PFC
subdivisions described above (Fig. 1A), along with five subcortical
regions associated with emotional reactivity and stress coping:
amygdala, hippocampus, caudate, putamen, and ventral striatum
on each brain side (Fig. 1B). Multivariate analysis and permutation
tests (see “Methods” section) were employed to determine
whether patterns of PFC-subcortical functional connectivity
differed in IS vs. NS groups (Fig. 2). Analyses identified multiple
intra-PFC, PFC-subcortical, and intra-subcortical links that con-
tributed significantly to IS vs. NS differences (FDR-corrected p <
0.05).

To further characterize these differences, we employed GLMNet
Lasso Regression, which generated a classification accuracy of
72%, specificity of 78%, and sensitivity of 67%. Differences
between IS vs. NS groups determined by GLMNet feature selection
(Supplementary Materials Fig. S3) overlapped with results from
permutation tests (Fig. 2). Results suggest that IS vs. NS groups
differed significantly in patterns of PFC-subcortical connectivity.

Functional PFC-subcortical circuits are hyper-connected in IS
monkeys

Our third goal was to identify specific links of functional
connectivity that differentiated IS and NS groups. Three of seven
PFC subdivisions showed extensive links with subcortical regions
that differed significantly between IS vs. NS groups (FDR-corrected
p <0.05). Specifically, DMPFC (Fig. 3A), VMPFC (Fig. 3B), and
adjoining MOFC (Fig. 3C) showed extensive functional hyper-
connectivity with amygdala, hippocampus, caudate, and ventral
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striatum in IS vs. NS groups. To a lesser extent, other PFC
subdivisions also showed functional hyper-connectivity with
subcortical regions in IS vs. NS groups (Supplementary Materials
Fig. S4). Subcortical hyper-connectivity was likewise evident in IS
vs. NS groups for inter-hemispheric links between caudate,
putamen, and ventral striatum (Fig. 2). No links showed
significantly reduced functional connectivity in IS compared NS
groups (FDR-corrected p > 0.05). Results indicate that the IS group
shows extensive functional hyper-connectivity between PFC and
subcortical regions, and within subcortical regions, compared to
the NS group.

We then conducted control analyses to examine the specificity
of PFC functional hyper-connectivity in IS vs. NS groups. Measures
of PFC functional connectivity with visual cortex areas identified
using squirrel monkey VALIDate29 [46] were assessed (Supple-
mentary Materials Fig. S5). IS vs. NS comparisons did not show
hyper-connectivity of PFC subdivisions with visual cortex areas V1
and V2 (FDR-corrected p > 0.05). These control analyses demon-
strate the specificity of PFC hyper-connectivity with subcortical
regions in IS vs. NS groups.

Functional hyper-connectivity is associated with ventral striatal
DRD2/3 availability

Our fourth goal was to determine whether functional hyper-
connectivity correlated with previously reported [31] ventral
striatal DRD2/3 availability in IS vs. NS monkeys. No significant
correlations were found in NS monkeys, but functional connectiv-
ity between right VLPFC and right amygdala correlated signifi-
cantly with ventral striatal DRD2/3 availability in IS monkeys (r =
0.93, FDR-corrected p < 0.05; Supplementary Materials Fig. S6). The
same measure of connectivity, as well as five additional measures
of PFC connectivity with amygdala and with hippocampus
correlated significantly with ventral striatal DRD2/3 availability
when IS and NS monkeys were analyzed together (FDR-corrected
p < 0.05; Fig. 4). Correlations between functional connectivity and
DRD2/3 availability did not differ significantly between IS and NS
groups (FDR-corrected p > 0.05). Results suggest that differences

Neuropsychopharmacology (2021) 0:1-9



C.
MOFC-subcortical
0.6
0.4
0.2 I ]
0.0

Long-term effects of intermittent early life stress on primate...
R Yuan et al.

A. B.
% VMPFC-subcortical o8 DMPFC-subcortical
£ 06 ’
@

E 0.6
Q 04

% 0.4
c uiS

2 02 ENS o2
5

= 00 0.0

Fig.3 Three regions of hyper-connectivity in the IS group. Links between A ventromedial PFC (VMPFC), B dorsomedial PFC (DMPFC), and C
medial orbitofrontal cortex (MOFC) and subcortical regions that show functional hyper-connectivity in IS compared to NS groups. Asterisks
signify IS vs. NS group differences that are statistically significant (FDR-corrected p < 0.05). D Three regions of interest are illustrated on the

group template.

A. B. C.
2/ r=0.9 r=0.84 ) r=0.78
. A ~2 i —~ -
2 PFDR=0'0001 i a % PFDR_0‘0018 A g PFDR_0'009 A
o 1 - o R a o a a \
Q o1 a A [} 1 a
N . N I
0 bt . °
E i E 0 N o, ® 8 0 . o ™
o v a a [a) e a = .
g ° -« g -1 = g -1 &
e F 3 < A
2 " 5
02 0.0 02 02 0 02 0. 02 0 02
VLPFC R - Amygdala R DLPFC — Amygdala R 4 VLPFC R - Amygdala L
F.
D'g r=0.77 E. 21 r=0.74 r=0.69 A
— PFDR=0'009 a5 PFDR=0'018 . A 31 PFDR=0'048 & 7
n-g 1 A, A n-z 1 A n-z
o m o
e 0 ° N0 o oA ° =0 . A e z
8 Sk a . s 8 | e
a - 2 * 4 a 14 A A
a - - 8 e o
e o a [
(7] - . a g 2 s a
~ 2 2 2
0.2 0 0.2 -0.25 0 0.25 0.2 0 0.2

DMPFC — Amygdala R

VMPFC - Amygdala R

VLPFC R — Hippocampus R

Fig. 4 PFC-subcortical functional connectivity is correlated with ventral striatal DRD2/3 availability. PFC functional connectivity (x-axis)
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between IS and NS monkeys in PFC-subcortical functional
connectivity are correlated with differences in ventral striatal
DRD2/3 availability assessed by PET in adulthood.

Functional hyper-connectivity is associated with diminished
anxiety-like behavior

Lastly, we investigated multivariate relationships between func-
tional hyper-connectivity in adulthood and previously reported [6]
anxiety-like behavior induced by prepubertal stress. Only IS
monkeys were examined because of missing measures of
behavior in NS monkeys. Functional hyper-connectivity was
significantly associated with diminished anxiety-like behavior
(R*~0.39, path coefficient=—0.79, p=0.01), as identified using

Neuropsychopharmacology (2021) 0:1-9

the PLS-PM model depicted in Fig. 5A. Significant features of
functional connectivity included PFC, hippocampus, and striatum
(Fig. 5B), and the most prominent features of anxiety-like behavior
included measures of exploration in mildly stressful novel
environment (Fig. 5C). Hierarchical cluster analysis of weights
and loadings of functional connectivity features revealed two
major clusters (Fig. 5D). In the cluster with higher weights and
loadings, the most predictive features are predominantly
PFC-subcortical connections (Fig. 5E).

To further delineate multivariate relationships between func-
tional connectivity in adulthood and previously reported [6]
anxiety-like behavior induced by prepubertal stress, alternative
PLS-PM models were examined (Supplementary Material Fig. S7).

SPRINGER NATURE
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Functional hyper-connectivity was associated with diminished
anxiety-like behavior when only PFC-subcortical connections were
analyzed alone (R*~0.39, path coefficient=—0.69, p = 0.04), or
when only intra-subcortical connections were analyzed alone
(R?~0.35, path coefficient = 0.89, p = 0.001). Functional connectiv-
ity was not significantly associated with anxiety-like behavior
when intra-PFC connections were analyzed alone. Results indicate
that diminished anxiety-like behavior induced by prepubertal
stress in IS monkeys is associated with functional hyper-
connectivity in PFC-subcortical circuits in adulthood.

DISCUSSION

Long-term effects of early life stress on PFC-subcortical functional
connectivity in female squirrel monkeys are examined using a
randomized controlled experimental design. Novel quantitative
methods are used to characterize functional connectivity between
subdivisions of PFC, and between PFC subdivisions and subcortical
regions known to be altered by stress [27]. Extensive functional
hyper-connectivity in PFC-subcortical circuits is induced by early
exposure to stressful IS compared to non-stressful NS conditions.
Extensive hyper-connectivity in IS vs. NS groups is also observed
within subcortical regions. Increased PFC-subcortical functional
connectivity is associated with previously reported indications of
diminished anxiety-like behavior induced by prepubertal stress [6],
and with increased ventral striatal DRD2/3 availability assessed by
PET in adulthood [31].

Attempts to parcellate squirrel monkey PFC based on Brod-
mann’s classification of cytoarchitecture have recognized
7-10 subdivisions [24, 25], but PFC subdivisions based on
cytoarchitecture cannot be mapped precisely onto neuroimaging
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data. To address this challenge, we employed functional
connectivity determined by rsfMRI to quantitatively parcellate
squirrel monkey PFC into seven subdivisions which encompass
medial, lateral, dorsal, ventral, and orbitofrontal regions that
resemble those identified by cytoarchitecture [24, 25]. Medial and
lateral subdivisions of PFC serve different roles in cognitive control
and emotion regulation [60, 61]. Parcellation of PFC allowed us to
assess functional connectivity within PFC, and between PFC and
subcortical regions known to be altered by stress [27].

As a starting point for probing PFC-subcortical circuits,
permutation tests and machine learning algorithms are used to
identify patterns of connectivity that differ in IS vs. NS monkeys
with high levels of accuracy, sensitivity, and specificity. Extensive
functional hyper-connectivity was observed in IS compared to NS
monkeys for medial and orbitofrontal PFC. This result aligns with
evidence that PFC myelination is enhanced in IS compared to NS
monkeys [62], and agrees with suggestions that medial PFC drives
inhibitory control of subcortical regions [12, 13, 63]. IS relative to
NS monkeys also showed inter-hemispheric functional hyper-
connectivity in subcortical regions, including all striatal nuclei
examined here: caudate, putamen, and ventral striatum.

We then leveraged a multimodal brain imaging approach to
identify associations between PFC—subcortical functional connec-
tivity determined here by rsfMRI and previously reported ventral
striatal DRD2/3 availability assessed by PET in adulthood [31]. In IS
monkeys, functional connectivity between right VLPFC and right
amygdala is associated with ventral striatal DRD2/3 availability.
Previously reported IS vs. NS differences in ventral striatal DRD2/3
availability [31] are also associated with multiple measures of
PFC-subcortical functional connectivity. Increased ventral striatal
DRD2/3 availability in IS vs. NS monkeys predicts cognitive control
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of behavior on a task that requires an intact PFC in monkeys
[31, 64, 65].

Mesolimbic DRD2/3 availability has been linked with PFC
functional connectivity in humans [33-35], and transcranial direct
current stimulation of PFC induces dopamine release in striatal
regions that express high levels of DRD2/3 in humans and rodents
[66]. Increased ventral striatal DRD2/3 availability predicts cognitive
control [31, 67], which plays a key role in emotion regulation [68-
70], and mesolimbic dopamine supports active stress coping in
rodents [32]. Taken together, these findings suggest that
mesolimbic DRD2/3 availability considered in relation to PFC
functional connectivity may offer novel opportunities to improve
stress coping and enhance resilience. Administration of varenicline,
for example, increases ventral striatal DRD2/3 availability [71],
enhances PFC functional connectivity as a correlate of cognitive
control [72], and reduces perceived stress in humans [73].

Relations between early life stress and vulnerability or resilience
to mental health disorders are complex [74]. Considerable
evidence has emerged for a nonlinear U-shaped relationship
between stressful adversity and responses to subsequent adver-
sity. Children growing up in conditions of high or low adversity
display heightened stress responses relative to children growing
up in conditions of moderate adversity [75]. People with a history
of some lifetime adversity report better mental health and well-
being than not only the people with a history of high adversity but
also than the people with no history of adversity [76]. Indications
of stress resilience are enhanced in squirrel monkeys randomized
to one or two early life stressors compared to zero or three early
life stressors [6].

Whether vulnerability or resilience is induced by exposure to
early life stress depends, in part, on the type, frequency, duration,
and developmental timing of stress exposure [74]. In natural [77]
and semi-natural conditions [78], squirrel monkey mothers and
other group members briefly leave nearly weaned juvenile
offspring to forage for food on their own. Initially, brief
intermittent separations studied in controlled experimental
conditions elicit anxiety-like behavior and acutely increase plasma
levels of cortisol [28-30]. Later in life, squirrel monkeys exposed to
early intermittent separations show subsequent indications of
resilience [5, 6, 31].

Resilience induced by early life stress is difficult to determine in
humans because of challenges inherent in assessing early life
stress in children. Consequently, conflicting results are reported in
humans [15-20]. For example, PFC-subcortical functional con-
nectivity correlates inversely with concurrent symptoms of
anxiety, but correlates positively with depressive symptoms,
suggesting that different neural pathways are involved in anxiety
and depression [16]. Another study reports that early life stress is
positively associated with emotional task-related functional
connectivity in PFC-subcortical circuits that protect against
human mental health disorders [9].

Our findings should be interpreted in the context of potential
limitations. Subjective experiences cannot be determined in
monkeys, and diminished anxiety-like behavior may reflect
affective blunting instead of adaptive stress coping. Girls are
more sensitive than boys to the effects of insensitive parenting on
PFC-subcortical functional connectivity [18], and results from
females may or may not hold true for males. Although low levels
of isoflurane used to maintain anesthesia preserve relative
differences in functional connectivity assessed by rsfMRI in squirrel
monkeys [47], isoflurane is known to non-selectively dampen
global brain activity. Studies of awake behaving subjects are
needed to confirm that PFC-subcortical functional hyper-
connectivity is causally induced by exposure to early life stress.
Correlational findings that less sensitive parenting [18] and
maternal deprivation [20] enhance PFC-subcortical functional
connectivity in children are consistent with causal effects reported
here in squirrel monkeys.
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CONCLUSIONS

Early exposure of squirrel monkeys to IS compared to non-stressful
NS conditions induces functional hyper-connectivity in adult
PFC-subcortical circuits. Functional hyper-connectivity is asso-
ciated with diminished anxiety-like behavior induced by exposure
to prepubertal stress, and with increased ventral striatal DRD2/3
availability assessed by PET in adulthood. These findings provide
causal support for enduring neurobiological effects of early life
stress and suggest that DRD2/3 availability and PFC functional
connectivity are potential targets for building stress resilience in
humans.
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