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A B S T R A C T

Introduction: Continued development and refinement of resting state functional connectivity (RSFC) fMRI
techniques in both animal and clinical studies has enhanced our comprehension of the adverse effects of stress on
psychiatric health. The objective of the current study was to assess both maternal behavior and resting state
functional connectivity (RSFC) changes in these animals when they were dams caring for their own young. It was
hypothesized that ECSS exposed dams would express depressed maternal care and exhibit similar (same net-
works), yet different specific changes in RSFC (different individual nuclei) than reported when they were adult
females.
Methods: We have developed an ethologically relevant transgenerational model of the role of chronic social
stress (CSS) in the etiology of postpartum depression and anxiety. Initial fMRI investigation of the CSS model
indicates that early life exposure to CSS (ECSS) induces long term changes in functional connectivity in adult
nulliparous female F1 offspring.
Results: ECSS in F1 dams resulted in depressed maternal care specifically during early lactation, consistent with
previous CSS studies, and induced changes in functional connectivity in regions associated with sensory pro-
cessing, maternal and emotional responsiveness, memory, and the reward pathway, with robust changes in
anterior cingulate circuits.
Limitations: The sample sizes for the fMRI groups were low, limiting statistical power.
Conclusion: This behavioral and functional neuroanatomical foundation can now be used to enhance our un-
derstanding of the neural etiology of early life stress associated disorders and test preventative measures and
treatments for stress related disorders.

1. Introduction

Continued development and refinement of resting state functional
connectivity (RSFC) fMRI techniques in both animal (Zhang et al.,
2010; Liang et al., 2011; Liang et al., 2015) and clinical studies has
enhanced our comprehension of the adverse effects of stress on psy-
chiatric health. RFSC measures intrinsic neural interactions through the
measurement of spontaneous fluctuations in blood oxygen level de-
pendent (BOLD) activity in different brain regions (Biswal et al., 1995;
Raichle and Snyder, 2007), and facilitates the simultaneous assessment
of chronic changes in multiple neural circuits involved in psychiatric
illness etiology. The use of this technique in conscious rodents aug-
ments etiological relevance through the longitudinal assessment of the
effects of stress on multiple neural networks across the life span, similar

to clinical studies assessing multiple risk factors across time. Compar-
isons of clinical and animal model RSFC data will enhance our under-
standing of susceptibility and resilience, pathological etiology, effective
preventative measures, and treatment response. These comparisons will
be particularly effective when animal models possess high degrees of
construct and face validity.

We have developed an ethologically relevant transgenerational
model of the role of chronic social stress (CSS) in the etiology of post-
partum depression and anxiety (Nephew and Bridges, 2011; Coverdill
et al., 2012; Carini et al., 2013; Carini and Nephew, 2013; Murgatroyd
and Nephew, 2013; Babb et al., 2014; Murgatroyd et al., 2015b;
Murgatroyd et al., 2016). Exposure of F0 dams to the chronic social
stress of a daily exposure to a novel male intruder depresses maternal
care even in the absence of the male intruder and depresses offspring
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care and lactation in both the F0 dams (Nephew and Bridges, 2011;
Murgatroyd et al., 2015c) and their female F1 offspring (Carini and
Nephew, 2013; Murgatroyd and Nephew, 2013; Murgatroyd et al.,
2015b). This stressor represents an early life challenge for the F1 gen-
eration (early life CSS, ECSS) and also has transgenerational effects on
the social, stress, anxiety, and depression behavior of the F2 generation
(Babb et al., 2014; Murgatroyd et al., 2016; Nephew et al., 2017). These
endocrine, behavioral, and genetic studies of the F1 and F2 offspring of
stressed F0 dams report several changes that closely parallel clinical
studies of early life stress, depression, anxiety, and autism (Murgatroyd
and Nephew, 2013; Babb et al., 2014; Murgatroyd et al., 2015b, 2016;
Nephew et al., 2017).

The objective of the current study was to assess functional con-
nectivity changes in these animals when they were dams caring for
their own young. Initial fMRI investigation of the CSS model indicates
that early life exposure to CSS induces long term changes in functional
connectivity in adult female F1 offspring (Nephew et al., 2017). CSS
exposed F1 females exhibit broad changes in stress and social behavior
nuclei which are components in the limbic, reward, salience, and so-
cioaffective networks. The most substantial changes in connectivity
were observed in the prefrontal cortex, nucleus accumbens, hippo-
campus, and somatosensory cortex, supporting the conclusion that ex-
posure to early life CSS has persistent effects in stress, social behavior,
depression, and anxiety related nuclei. Given the extensive neural
plasticity related changes which occur in the female brain during ge-
station, parturition, and lactation (Kinsley et al., 2008; Kinsley and
Lambert, 2008; Hillerer et al., 2014; Bridges, 2016; Woodside, 2016), it
was hypothesized that CSS exposed dams would express depressed
maternal care and exhibit similar (same networks), yet different specific
changes in RSFC (different individual nuclei) than reported when they
were adult nulliparous females (Nephew et al., 2017).

2. Methods

2.1. Animals

Sprague Dawley rats (Charles River, Wilmington, MA) in this study
were maintained in accordance with the guidelines of the Committee of
the Care and Use of Laboratory Animals Resources, National Research
Council, and the research protocol was approved by the Tufts
University and University of Massachusetts Institutional Animal Care
and Use Committees. For an overview of the CSS paradigm, see Fig. 1.
“CSS dams” refers to the adult females exposed to CSS during lactation
(F0), and “ECSS females” refers to the female offspring of the CSS dams
(F1); the focus of the present study. F0 and F1 dams were bred with 10
established breeder males from Charles River. The F0 CSS stage of the
study was conducted at Tufts University and the F1 pups were

transported 6 miles at 30–40 days of age to the University of Massa-
chusetts Center for Comparative Neuroimaging. Early lactation refers to
dams at lactation day 2–5, mid lactation refers to lactation days 8–11,
and late lactation was defined as days 15–18. Behavioral testing was
conducted one day prior to fMRI imaging at each stage of lactation. At
the F1 dam stage, the focus of the present study, the samples sizes for
the behavioral data were 10 for F1 control dam group and 12 for the
ECSS dam group for all three stages of lactation. Because of movement
induced loss of scans and due to little variation between early and mid-
lactation groups (all p's> 0.05), fMRI scans for early and mid-lactation
rats were grouped and compared to late lactation animals. Thus, final
imaging group sizes were as follows: 7 control, 12 ECSS animals for
early and mid-lactation and 8 control and 10 ECSS for late lactation.

2.2. ECSS model: creation of F0 dams and F1 females

F0 Dams (Charles River, Wilmington, MA) mated at Tufts University
were subjected to the CSS protocol at the Cummings School (previously
described) (Nephew and Bridges, 2011; Carini et al., 2013), which
consisted of placing a similarly sized (220–300 g) novel male intruder
into a lactating female's home cage for 1 h from days 2–16 of lactation.
Control dams were not exposed to the CSS protocol, and were only
tested for maternal care and maternal aggression between 0800 and
1200 on days 2, 9, and 16 of lactation (both control and CSS dams were
tested for maternal care and maternal aggression on these days). The F1
pups were left in the cage during the intruder presentation and the CSS
F1 pups were exposed to depressed maternal care from their F0 mothers
and the daily conflict between the mother and the male intruder (Early
life CSS, ECSS) (Carini and Nephew, 2013; Murgatroyd and Nephew,
2013; Murgatroyd et al., 2015b). The F1 control and ECSS females of
the current study were the offspring of the F0 control and CSS dams; the
differences between the treatments of the control and ECSS F1 females
were limited to the exposure of the ECSS F1 females to depressed ma-
ternal care and daily conflict between their F0 mothers and the male
intruders during age 2–16 days. The F1 control and ECSS animals were
treated identically after the age of 16 days. All F1 (CSS and control)
females were transported to the UMass CCNI at 30–40 days of age (6
miles from the Cummings School), quarantined for 21 days, and then
acclimated to the imaging procedures for 8 days.

2.3. Acclimation to imaging procedures

A total of 27 F1 adult nulliparous females (65–90 days old) were
exposed to the imaging protocol (13 CSS and 14 control). Before the
imaging experiment, these rats were acclimated to the environment and
imaging acoustic noise produced by the MR scanner using the proce-
dure previously described (Zhang et al., 2010). Briefly, rats were

Fig. 1. Diagram of the transgenerational Chronic Social Stress
(CSS) model. The different sized rats represent the juvenile, adult,
and maternal stages in each generation. F0 females are mated and
exposed to the social stress of the daily intrusion of a novel male
intruder for 15 days during lactation (days 2–16). This represents
an early life stress for the F1 pups, which were the focus of the
current resting state functional connectivity (RSFC) study at the
dam stage. The effects of CSS on dams and offspring at several
stages have been reported in the listed studies.
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anesthetized with isoflurane (2%) and secured in a head holder using
plastic bite bar and ear bars. EMLA cream (Lidocaine 2.5% and Prilo-
caine 2.5% cream, Hi-Tech Pharmacal Co., Inc.) was topically applied
to relieve any pain associated with the head holder. Animals were then
placed into a black opaque tube (mock scanner) with tape-recorded
scanner noise played. Animals were acclimated for eight days, one
session per day. The time of acclimation was 15 min on day 1 with an
increment of 15 min per day up until day 4. A maximum of 60 min was
used on days 4–8, and all animals completed the acclimation proce-
dures successfully.

2.4. Adult and postpartum imaging

Animals were imaged at 65–90 days of age to assess the long term
effects of early life stress on adult RSFC (Nephew et al., 2017). One
week later, they were then mated with breeder males and later imaged
during early, mid, and late lactation. These ranges of days were ne-
cessary to accommodate the imaging schedule at the CCNI.

All MR images were acquired on a 4.7T/40 cm horizontal magnet
(Oxford, UK) interfaced with a Biospec Bruker console (Bruker,
Germany) and equipped with a 20 G/cm magnetic field gradient. A
custom built 1 H radiofrequency (RF) volume coil was used. Anatomical
images were acquired using a multi-slice fast spin-echo sequence
(RARE) with the parameters: repetition time (TR) = 3000 ms; RARE
factor = 8; effective echo time (TE) = 50 ms; matrix size = 256 × 256
× 20; in-plane field of view (FOV) = 3.2 cm × 3.2 cm; slice thickness
= 1 mm; n of averages = 4. Functional images were acquired using
echo-planar imaging (EPI) with the parameters: TR = 1089 ms; Flip
Angle = 60°; TE = 30 ms; matrix size = 64 × 64 × 20; in-plane FOV
= 3.2 cm × 3.2 cm; slice thickness = 1 mm; voxel size 0.5 mm ×
0.5 mm × 1 mm. Each EPI scan had 600 repetitions, lasting about
10 min.

2.5. F1 Maternal care testing

F1 Maternal care was assessed at early (days 2–5), mid (days 8–11),
and late lactation (days 15–18) between 0900 and 1200 h one day prior
to RSFC fMRI in all dams to assess the effects of early life CSS at dif-
ferent time points during lactation as previously reported (Murgatroyd
and Nephew, 2013). Animals were transported from a central colony
room to a separate behavioral testing room. After a 60-min pup re-
moval, maternal care testing was performed, consisting of the re-in-
troduction of all eight pups to the home cage and video recording the
dam for 30 min. These 30 min behavioral observations produce con-
sistent and substantial behavioral data that are comparable to ob-
servations of undisturbed maternal care over 30 and 60 min (Byrnes
et al., 2000; Johnson et al., 2011). Frequencies and durations of pup
retrieval, pup grooming, nursing, nesting, self-grooming, rearing, and
general locomotor activity were scored by an observer who was blind to
the treatment using ODLog behavioral analysis software (Macropod
Inc., USA). Nursing behavior scoring was started when the dam had
been motionless over the litter for longer than 10 s and stopped
whenever she moved off the pups. Nursing duration is the cumulative
nursing behavior during the 30 min maternal care observation. Nesting
was defined as manipulation of the nesting material with mouth or
paws. Total maternal care included the combined durations of pup
grooming and nursing. The composite measure of non-maternal beha-
vior included the durations of self-grooming, nesting, and rearing. F2
pup weights were not recorded in the present study, but pup weights
have been assessed in several other previous studies of the F1 and F2
generations, with no effects of CSS on initial litter sizes, litter weights,
or growth (Carini and Nephew, 2013; Babb et al., 2014; Murgatroyd
et al., 2016; Hicks-Nelson et al., 2017).

2.6. Image processing

Brain masks were manually created using ITKSNAP (www.itksnap.
org) and these were used for a brain extraction step. The resultant
cropped images were aligned with a rat brain template using the FMRIB
Software Library linear registration program flirt (Jenkinson et al.,
2002). Registration matrices were saved and used to subsequently
transform functional datasets into atlas space for preprocessing and
analysis. Functional images were corrected for motion, slice timing
delays, and time series DC spikes were removed using Analysis of
Functional NeuroImages (AFNI) (Cox, 1996). Linear and quadratic de-
trending, spatial blurring, and intensity normalization was also per-
formed. Six head motion parameters, and cerebroventricular and white
matter signals were removed from all datasets. A voxelwise temporal
band-pass filter (between 0.01 Hz and 0.1 Hz) was applied to remove
brain signals that contain cardiac and respiratory frequencies. Sponta-
neous BOLD signals were extracted from a total 150 regions of interest
(ROIs) (75 ROI in the left and 75 in the right hemisphere) based on the
atlas-guided seed location. Signals were averaged from voxels within
ROI located in each hemisphere. Voxel-wise cross correlations between
the extracted fMRI signals per each ROI were carried out to create
correlation coefficient (Pearson r) maps. The first 9 images in each
functional time series were not used in the cross correlation step.
Pearson r maps were then subjected to a voxelwise z-transformation.
Two correlation maps were averaged per subject to generate a single
correlation map subsequently used for statistical comparisons. False
discovery rate (FDRq=0.1) was used to control the level of false posi-
tive rates in the final composite maps.

2.7. Functional network analysis

Brain networks were analyzed in Matlab using Brain Connectivity
Toolbox (Rubinov and Sporns, 2010). Adjacency matrices were thre-
sholded to generate networks with equal graph densities (15% of all
possible pairs). All matrices were normalized by the highest z-score,
such that all matrices had edge weights in a range from 0 to 1. Network
metrics were calculated for both binary and weighted graphs. These
included: node strength, clustering coefficient, modularity, average
shortest path length, and small worldness (Newman, 2003; Boccaletti
et al., 2006; Saramäki et al., 2007).

To assess graph topology we followed the small world framework
(Watts and Strogatz, 1998). We generated ten null-hypothesis networks
per rat and averaged these to statistically compare the topological
features of their brain networks. The average null hypothesis clustering
coefficients and path lengths were calculated and compared to the rat
brain network results. The ratio of clustering coefficient of the rat brain
to the null hypothesis is referred to as γ. For a small world network this
parameter should be larger than 1, indicating that a small world net-
work contains larger local connectivity (Humphries and Gurney, 2008).
The ratio of path lengths of the rat brain to the null hypothesis is re-
ferred to as λ. For a small world network this parameter should be close
to 1. Finally, the small world parameter is the ratio of γ/λ. For this
parameter, a number larger than 1 indicates a small world network
while a value closer to one indicates a random network. The brain
networks were visualized using BrainNet (Xia et al., 2013). The 3D
networks were generated with edges that correspond to correlation
scores between nodes larger than 0.3.

2.8. Data analysis

The effects of early life CSS on maternal care behaviors were tested
using 2×3 repeated measures ANOVAs with stress and lactation stage
(repeated time factor, early, mid, late lactation). Bonferroni post hoc
tests were used to make pairwise comparisons on individual lactation
days when there were significant interactions between treatment and
lactation day. For imaging data, a 2-way ANOVA was used with stress
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and lactation stage (combined early and mid vs. late lactation) as in-
dependent factors.

3. Results

3.1. Maternal care

Due to the presence of large nests which extended through most of
the cage, pup retrieval could not be assessed. CSS F1 dam spent less
time grooming (stress × lactation stage F2,65 = 4.2, p< 0.05) and
nursing (stress x lactation stage F2,65 = 4.3, p< 0.05) their pups during
the 30 min maternal care tests during early lactation (Fig. 2). The
combined differences in grooming and nursing led to a 30% decrease in
total maternal care (stress × lactation stage F2,65 = 5.7 p<0.01)
during this period. There were effects of lactation stage on nursing
(F2,65 = 5.4, p< 0.01) and total maternal care (F2,65 = 6.0, p< 0.01),
with the longest durations of both on day 9. There were no differences
in locomotor activity, and no effects of treatment or interactions

between treatment and lactation day on maternal care during mid or
late lactation (all p's> 0.1). However, the combined duration of
nesting, self grooming, and rearing was increased in CSS F1 dams
(162.5±40.2 vs. 94.7± 18.8 1-tailed t, p< 0.05) during late lacta-
tion.

3.2. RSFC fMRI

Composite maternal rat brain networks are shown in Fig. 3A-B. In
these maps, node size and color is scaled by node strength and edges
(the thickness of connecting lines) are scaled by the correlation coef-
ficients. The figure illustrates brain functional connectivity patterns in
stressed and non-stressed dams in early and late lactation. There is a
notable effect of early life stress exposure, which resulted in reduced
functional connectivity across a number of brain networks in both early
and late lactation. The overall effect of stress appeared stronger in early
than in late lactation. This is supported in our results for both network
metrics and node strength (Fig. 3C-D). We analyzed network metrics
using a two factor (2 × 2) ANOVA (postpartum stage x stress condition
interaction). This initial analysis did not reveal any significant inter-
action between postpartum stage x stress condition, but showed a sig-
nificant main effect of stress condition. Thus, we observed a main effect
of stress on clustering coefficient (F1,33 = 5.7, p = 0.02) but not mean
path length, small worldness and modularity (Fig. 3C). We also ob-
served a main effect of stress on node strength in the anterior cingulate
cortex (ACC) (1,33 = 5.5, p = 0.02), and the trunk (F1,33 = 7.2, p =
0.01), shoulder (F1,33 = 4.8, p = 0.04) and hindlimb (F1,33 = 5.1, p =
0.03) divisions of the somatosensory cortex (SSC), the periventricular
(F1,33 = 4.6, p = 0.04) and parafasicular thalamic areas (F1,33 = 4.9, p
= 0.03) and the superior colliculus (F1,33 = 4.9, p = 0.03) (Fig. 3D).
We conducted an additional analysis to determine the effects of stress
conditions separately on early and late lactation stages. This additional
analysis using an unpaired t-test with heteroscedastic variances showed
that in early lactation stage dams stress reduced clustering coefficient (p
= 0.009) and also reduced node strength ACC (p = 0.02), SSC trunk (p
= 0.007), SSC shoulder (p = 0.04), and SSC hindlimb areas (p = 0.02),
periventricular (p = 0.02) and parafascicular thalamus (p = 0.01) and
superior colliculus (p = 0.02) (Fig. 4).

Fig. 3A-B shows maps of functional connectivity between ACC and
several brain areas in early lactating non-stressed and stressed rats.
Statistical comparison of stress and nonstress groups showed significant
differences in functional connectivity with the ACC, including ROI's in
the SSC, primary motor (M1) cortex, striatum, septum, periventricular
thalamus, superior colliculus and periaqueductal gray (PAG) (p< 0.05
t-test comparing no stress vs stress in early lactation) (Fig. 3C).

In addition to the above network metrics, we also assessed seed
based functional connectivity between a ACC seed and other brain re-
gions. A two factor ANOVA revealed reduced functional connectivity
between ACC and medial preoptic area (mPOA; stress x stage interac-
tion, F1,33 = 4.6, p = 0.04) and the ventral anterior (VA) thalamus
(stress x stage interaction, F1,33 = 5.5, p = 0.02). Consistent with the
above results, we observed a main effect of stress alone (no significant
stress x stage interaction) on functional connectivity between ACC and
the prelimbic cortex (PrL; main effect of stress, F1,33 = 5.0, p = 0.03)
and the SSC (main effect of stress, F1,33 = 7.7, p = 0.009). We con-
ducted an additional analysis to determine the effects of stress condi-
tions separately on early and late lactation stages. This additional
analysis using an unpaired t-test with heteroscedastic variances showed
that in early lactation stage dams stress reduced functional connectivity
between the ACC and mPOA (p = 0.02), VA thalamus (p = 0.04), PAG
(p = 0.03), SSC (p = 0.003), and M1 cortex (p = 0.002). Fig. 5 shows a
summary schematic representation of these differences between
stressed and non-stressed animals in early lactation.

Fig. 2. Mean± SEM durations of pup grooming (A), nursing (B), and total maternal care
(C), pup grooming and nursing combined) during a 30 min maternal care test in F1
control and early life chronic social stress (EL STRESS) exposed dams. *Significant dif-
ference between control and stress dams (t-test, p< 0.05).
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4. Discussion

Early life exposure to CSS in F1 dams resulted in depressed maternal
care specifically during early lactation, consistent with previous CSS
studies (Carini and Nephew, 2013; Murgatroyd and Nephew, 2013) and
induced changes in functional connectivity in regions associated with
sensory processing, maternal and emotional responsiveness, memory,
and the reward pathway in general. Behavioral results confirm that the
ECSS model is not adversely affected by the fMRI acclimation procedure
or institutional variations in behavioral testing and animal husbandry.
This behavioral and functional neuroanatomical foundation can now be
used to enhance our understanding of the neural etiology of early life
stress associated disorders and test preventative measures and treat-
ments for stress related disorders.

ECSS depressed both pup grooming and nursing only during early
lactation, and the lack of effects during mid and late lactation suggest
that ECSS exposed dams were adjusting their maternal responsiveness
across lactation, possibly in response to increased vocalizations from
pups (Okabe et al., 2013). Similar to the effects of cocaine on maternal
care (Mattson et al., 2003; Seip and Morrell, 2007), the effects of ECSS
may be a combination of direct depression of maternal care and effects

on offspring solicitation of maternal care. This behavioral change is
paralleled by the RSFC data, where the majority of differences in
clustering coefficient, node strength, and connectivity were in the early
and mid lactation imaging group. It is postulated that the differences in
connectivity between the groups would have been more extensive
(more similar to the data from imaging of the animals as nulliparous
adults (Nephew et al., 2017)) with adequate sample sizes for early, mid
and late lactation, and that the alterations in RSFC across lactation
mediated the improvement in maternal care.

Previous fMRI research in the maternal rat used paradigms to evoke
blood oxygenation level dependent (BOLD) fMRI activation in brain
circuits (Febo et al., 2005, 2008, 2009; Ferris et al., 2005; Febo and
Pira, 2011). These previous studies almost exclusively focused on de-
livering affective stimuli to dams (i.e., drugs, pups, predator odors) and
they defined functional activation properties of the maternal reward
system. Complementary to evoked responses in standard fMRI studies,
intrinsic resting state activity reflects ongoing, continuous functional
interactions between communicating brain circuits (Raichle, 2011) and
may thus offer a biologically meaningful measure to corroborate
changes in maternal brain activity linked to chronic disease states such
as perinatal depression. Nephew and colleagues were the first to apply

Fig. 3. Composite 3D functional connectivity maps comparing control and early life social stress (EL Stress) exposed maternal rats in early (A) and late (B) lactation. Scale bar indicates
lower and upper bounds statistical threshold for 3D network maps. (C) Graph network measures in non-stressed and stressed exposed maternal rats in early and late lactation. (D) Node
strength in various regions of interest. Data presented as mean± standard error. *Significantly different (two way ANOVA, p< 0.05).
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resting state fMRI to determine the effects of chronic stress on nulli-
parous female brain functional circuitry of the F1 offspring of CSS dams
used in the present study (Nephew et al., 2017). They reported a
complex pattern of increased or reduced functional connectivity in-
volving prefrontal striatal, basal forebrain, amygdalar, hippocampal,
midbrain, somatosensory and midbrain regions. Of note were sig-
nificant increases in functional connectivity between the NAc and
perirhinal cortex (PRC) (spatial/olfactory/social memory) (Lévy et al.,
2004; Bachevalier and Nemanic, 2008; Feinberg et al., 2012), sup-
pressed neural interactions between the NAc and hippocampus, and a
shift in positive to negative correlated activity between the SSC and MC.
Changes in functional interactions between these regions could arise
from alterations in spatial, olfactory, and social memory and reward
processing in the ECSS female rat brain.

In the present study we utilized graph theory metrics to assess
functional network organization across 75 ROI's of maternal rats (also
F1 ECSS offspring of F0 CSS dams). Analyzing pairwise correlations
between nodes in a symmetrical graph using these simple algorithms
facilitates the general assessment of overall brain network organization
(i.e., how pairwise interactions are organized across the maternal rat
brain). Results show that the potential for efficient communication
(average path length) and community structure (modularity) is un-
affected in ECSS dams. However, clustering coefficient, which describes
the tendency for nodes to group, is reduced in early lactation. This
reduction in clustering coefficient could have a deleterious impact on
expression of maternal behaviors reliant upon neural interactions

between regions forming such clustered functional networks. To assess
which regions might be affected by ECSS we analyzed node strength for
each ROI. We found that the ACC, along with the PVT, SSC, and su-
perior colliculus showed reduced node strength in early lactation and
the prelimbic and temporal cortices in late lactation. Since node
strength is the sum of correlation coefficients of all ROI connected with
a node, these results reflect overall changes in functional connectivity
in these regions. As stated in the preceding sections, the ACC showed
significant changes in functional connectivity with other regions,
namely, the MC, mPOA, PAG, PrL, SSC, and thalamus. Several of these
regions overlap with results obtained in these animals tested under si-
milar conditions prior to mating (Nephew et al., 2017). Thus, some
prepregnancy alterations in neural interactions seem to persist through
the early postnatal period, likely the result of substantial effects of
chronic social stress during early life on the neurodevelopment of
structural connectivity.

The maternal brain goes through substantial changes during preg-
nancy, parturition, and lactation, so it is generally not surprising that
the RSFC results from F1 adult females (Nephew et al., 2017) and dams
differ. The unifying feature of both sets of imaging data is the changes
in SSC RSFC. The SSC has previously been identified as a key region in
the conscious neural response of lactating dams to male intruders and
vasopressin, a key maternal hormone (Nephew et al., 2009; Caffrey
et al., 2010). The changes in SSC connectivity are also generally con-
sistent with neural imaging studies of other rodent models of early life
stress (Holschneider et al., 2016) and depression (Ben-Shimol et al.,

Fig. 4. Composite 2D seed based functional connectivity maps of early lactation dams. Seed region is the anterior cingulate cortex (highlighted by green circle and arrows for illustrative
purposes). Maps show both left and right representations and are FDR corrected (q=0.1, p< 0.01). (A) maps of control dams. (B) maps of early life social stressed dams (EL Stress). (C)
Statistical comparison of EL stres vs control dams (t-test, uncorrected p< 0.05).
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2015; Henckens et al., 2015). One study that investigated the impact of
transgenerational early life stress reported decreased connectivity in
the ACC and MC of female F2 mice (Razoux et al., 2016), and the
substantial behavioral deficits in F2 offspring in the CSS model (Babb
et al., 2014) suggest that social stress is having similar effects on con-
nectivity, possibly through inflammatory mechanisms (Murgatroyd
et al., 2016). The present results confirm that CSS has long term effects
on neural connectivity which vary based on developmental stage and
indicate that these changes mediate the temporally specific behavioral
effects of social stress on offspring. Changes in node strength and/or
functional connectivity in several regions will be discussed.

4.1. Anterior cingulate and prelimbic cortices

The ACC plays a particularly important role in mediating appro-
priate responses to infant stimuli. In response to infant cry, mothers
with lower depressive symptoms have increased activity in the dorsal
ACC (Laurent and Ablow, 2012a, 2012b). ACC activity is associated
with empathy, and it is suggested that difficulty in evaluating and re-
sponding to infant needs may be due to ACC dysfunction (Decety and
Meyer, 2008). In support of this hypothesis, parents show enhanced
neural activation in the AC in response to the stimuli of their own in-
fants compared to responses to unknown infants (Strathearn et al.,
2008; Swain et al., 2008). Imaging of depressed mothers vs. healthy

controls reports decreases in the ACC (Deligiannidis et al., 2013), and
prenatal maternal depression, which can be considered an ELS for in-
fants, is associated with RSFC changes in the ACC of the infants at six
months (Qiu et al., 2015). Early life stress is specifically associated with
thinning of the ACC in females (Gupta et al., 2016), and later childhood
ELS is also associated with reductions in ACC volume (Cohen et al.,
2006; Baker et al., 2013). While RFSC was not assessed in these studies,
it is likely that such large morphological changes altered RFSC.
Therefore, the majority of studies report reduced activity in the ACC of
mothers that exhibit decreased responsiveness to their infants. This
hypoactivity in the ACC may be accompanied by reduced commu-
nication between this structure and other downstream regions, in-
cluding cortical areas critical to responding to infant sensory cues (e.g.
the somatosensory cortex). It is interesting to note that node strength
was significantly reduced with early life stress, along with the clus-
tering coefficient. These provide an overall assessment of the in-
tegrative capabilities of the functional network and suggest that the
ACC displays impaired network integration.

In rodent models, gestational restraint stress induces postpartum
depressive behavior and this behavioral effect is associated with altered
structural plasticity in the NAc (Haim et al., 2014). Similar actions
could be occurring within the ACC of ECSS dams, resulting in decreased
connectivity. The present decrease in ACC connectivity supports the
clinical observations and further investigations attempting to

Fig. 5. Functional connectivity with the anterior cingulate cortex is reduced by stress during early lactational period. Top, composite statistical maps of functional connectivity with the
anterior cingulate cortex (green arrows show seed region). Bottom, functional connectivity between anterior cingulate cortex and several regions of interest. Data presented as
mean± standard error. *Significantly different (two way ANOVA, p< 0.05).
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ameliorate the negative effects of CSS, such as with intranasal oxytocin
(IN OXT), can focus on the ACC as a potential predictor of treatment
efficacy. IN OXT administration in human mothers increases functional
connectivity between the amygdala and ACC, and it is proposed that
OXT decreases negative emotions and increases the salience of infant
cues through this change in connectivity (Riem et al., 2012). However,
the effects of exogenous OXT are complex and/or not clear (Bales et al.,
2013; Miller et al., 2013; Weinstein et al., 2014; Perkeybile et al., 2015;
Steinman et al., 2015; Shamay-Tsoory and Young, 2016), and exo-
genous peripartum oxytocin exposure is associated with an increased
risk of depressive and anxiety disorders (Kroll-Desrosiers et al., 2017).
Increased coordinated study of the effects of OXT on behavior/mood
and ACC function in both animal models and humans may clarify the
behavioral role of this peptide. Thus, it will be interesting in future
studies to determine the effects of OXT on ACC connectivity and in-
tegration, and whether chronic early life stress might modify the
modulatory role of OXT on brain network connectivity.

Gestational stress in rats decreases spine density and alters spine
morphology in mPFC pyramidal neurons (Leuner et al., 2014), and SSRI
antidepressant administration is effective in reversing these stress in-
duced changes in the NAc and mPFC (Haim et al., 2016). Postnatal days
2–11, which covers the ECSS exposure period, is a critical period for 5-
HT mediated development in the mPFC. It is suggested that increased 5-
HT signaling during this period mediated anxiety and fear related
changes in this area (Rebello et al., 2014). Decreased PFC activity and
connectivity has been documented in a broad range of clinical studies in
mothers with affective symptoms (Moses-Kolko et al., 2010; Laurent
and Ablow, 2012a, 2012b; Schechter and Moser, 2012; Moser and Aue,
2015). Furthermore, glutamate dysregulation in the mPFC is associated
with PPD (McEwen et al., 2012). ACC – PrL connectivity was lower in
ECSS dams during early lactation, suggesting that PrL connectivity, but
not node strength, may be another neural alteration involved in the
depressed maternal care.

4.2. Periventricular thalamus

While this region has not been a major focus of maternal related
studies, artificial stimulation of the vagina and cervix in sheep increases
c-Fos expression in the periventricular complex (Da Costa et al., 1997).
However, it has been implicated in the control of reward mediated
behavior (Hamlin et al., 2009; Igelstrom et al., 2010), and the changes
in maternal care in the current study are clearly indicative of impaired
responding to the reward of pup based cues. Orexin expression in the
PVT mediates its role in reward based feeding, and while ECSS dams
exhibit decreased orexin and orexin receptor expression in the supra
optic nucleus (Murgatroyd et al., 2015b); expression in the PVT has not
been examined. It is possible that similar changes in orexin in the PVT
are involved in the decreases in node strength and maternal care during
early lactation.

4.3. Somatosensory cortex

While the SSC has not been a central focus of ELS research, ELS
exposed mice exhibit an increase in the turnover rate of mushroom
spines in the SSC of both juveniles and adults (Takatsuru et al., 2009).
The authors conclude that ELS destabilizes synaptic formation in this
region, which adversely impacts somatosensory functions through a
general depression in neural activity and reduced communication with
other regions. This mechanism be may be responsible for the decreased
RSFC between the ACC and SSC in the CSS F1 dams, mediating the
depressed maternal care during early lactation. Previous studies have
used maternal separation to induce changes in the SSC and the effects of
CSS may have involved a similar mechanism, as F1 animals are exposed
to decreased maternal care from their F0 mothers. It has been suggested
that ELS induced developmental changes in the SSC are mediated by
microglia (Takatsuru and Koibuchi, 2015), and that is also a likely

neural mechanism for the neural effects of CSS. Behaviorally, it is
postulated that CSS may impair maternal responding in F1 dams
through a reduction in the salience of multiple pup related olfactory,
auditory, and somatosensory stimuli; similar to observations of human
mothers (Decety and Meyer, 2008; Laurent and Ablow, 2012a, 2012b;
Musser and Kaiser-Laurent, 2012). While pup contact with the ventral
surface elicits a robust reward response and associated high levels of
pup directed behavior in control dams, it may induce less of a response
in CSS F1 dams which results in decreased durations of pup grooming
and nursing. The temporal expression of both the RSFC changes in the
ACC-SSC circuit, which reflect overall change in the clustering coeffi-
cient, and the changes in maternal care are coordinated; both are only
present during early lactation. It is postulated that the behavioral
change across lactation (amelioration of depressed maternal care) is
also neuronally mediated by associated changes in RSFC. While pup
vocalization data are not available, it is suggested that increased pup
calling during mid and late lactation in response to the deficient ma-
ternal care during early lactation mediates the changes in RSFC and
maternal care. This hypothesis could be tested with pup stimulus based
fMRI (tactile, olfactory, auditory) and cross fostering studies.

4.4. Superior colliculus

Rodent studies have reported that dopamine actions in the SC
modulate attention towards salient stimuli (Bolton et al., 2015), and
investigations in primates have established that this region is involved
in the establishment of visual saliency (White et al., 2017). The de-
crease in SC node strength in ECSS dams, possibly in combination with
the several other reward related changes in neural activity and con-
nectivity, may lower the saliency of pup cues, resulting in the depressed
levels of pup care during early lactation.

4.5. Primary motor cortex

Connectivity between the SSC and motor regions was disrupted in
these rats as virgin females (Nephew et al., 2017). The decreased ACC-
M1 connectivity in these animals as dams may impair the physical
coordination necessary for typical levels of pup grooming and nursing
during early lactation. This type of neural alteration could also affect
pup retrieval, which was unable to be assessed in the present study but
has been disorganized in previous studies of ECSS dams (Carini and
Nephew, 2013).

4.6. Medial preoptic area

Oxytocin neurons in the in the mPOA regulate dopamine function in
the ventral tegmental area, mediating the reward salience of pups
(Shahrokh et al., 2010; Lippard et al., 2015). In AVP deficient Brat-
tleboro rats which exhibit impaired maternal care, cFOS expression in
the mPOA is increased (Fodor et al., 2012), and this may indicate dis-
rupted functional connectivity with other regions. In addition, rats that
display low levels of maternal care exhibit lower oxytocin receptor
binding in the mPOA (Francis et al., 2000). Previous study of ECSS
dams has revealed maternal care and anxiety associated disruptions in
both oxytocin and vasopressin related gene expression in the amygdala
and PVN; expression in the mPOA has not been examined (Murgatroyd
et al., 2015b). The disrupted connectivity between the ACC and mPOA
in ECSS dams may be mediated by changes in oxytocin receptor ex-
pression.

4.7. Periaqueductal gray

Regions of the PAG are differentially involved in the control of ro-
dent maternal care (Lonstein and Stern, 1997, 1998; Lonstein et al.,
1998). In human mothers, increased PAG activity is observed in re-
sponse to pictures of a mother's own child vs. an unknown child (Bartels

B.C. Nephew et al. Journal of Affective Disorders 229 (2018) 213–223

220



and Zeki, 2004; Noriuchi et al., 2008). The decrease in ACC-PAG con-
nectivity in ECSS dams may decrease the reward salience of pups, re-
sulting in depressed maternal care during early lactation. The im-
provement in connectivity from early to late lactation (similar levels
between groups during late lactation) may be the result of cumulative
exposure to pup related stimuli, similar to what is observed when
nulliparous rats are induced to express maternal care by exposure to
foster pups (Cohen and Bridges, 1981).

5. Conclusions

Previous investigations of the CSS model combined with the current
study present both neural and behavioral targets for the testing of po-
tential preventative measures and treatments for the adverse behavioral
effects of early life stress on mothers, their offspring and future gen-
erations. The results underscore important differences between adult
females and dams, adding to concerns about the need for data on sex
and life history stage dependent differences in stress related disease
etiology (McCullough et al., 2014; Prendergast et al., 2014; Klein et al.,
2015). Extrapolating neuroimaging data from adult to maternal females
may be misleading and specific focus on developmental stage is clearly
needed in future imaging work. In maternal imaging, stage of lactation
also needs to be considered given the present differences between early
and late lactation and established transitions in maternal care across
lactation (Reisbick et al., 1975). It is likely that changes in both ma-
ternal care and associated neural connectivity that are limited to early
lactation, which is the key period for natural variation in care (Meaney,
2001; Champagne et al., 2003), induce long term deficits in the physical
and mental health of offspring. Future neuroimaging studies should
attempt to combine detailed anatomical scans, including diffusion
tensor imaging with RSFC and stimulus dependent imaging in long-
itudinal studies of ethologically relevant animal models.

One potential therapeutic manipulation for ameliorating the ad-
verse effects of CSS on SSC connectivity and behavior is increased
physical contact through enhancing maternal care and/or the use of
artificial offspring grooming. An ongoing investigation is testing the
effects of intranasal oxytocin and vasopressin on maternal care in F1
dams and F2 offspring, and there are beneficial behavioral effects on F2
offspring, possibly mediated by enhanced F1 maternal care. The ma-
nipulation of tactile stimulation in rodent pups has established effects
on both maternal care (Gonzalez and Fleming, 2002) and other social
behavior (Melo et al., 2006), and in humans, tactile stimulation of in-
fants mediates the adverse effects of antenatal anxiety on children
(Sharp et al., 2014; C. Murgatroyd et al., 2015a). While the obvious
benefit of detailed fMRI studies is neural targeting for potential treat-
ments, they may also provide critical behavioral insight and validation.
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