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Disengagement of emotion regulation circuits was previously shown in depressed mothers and was hypothesized to underlie the impaired maternal–in-
fant sensitivity described in postpartum depression (PPD). We hypothesized similarly reduced resting-state functional connectivity in default mode
network (DMN) regions involved in social cognition in PPD. Resting-state functional MRI, clinical and mother–infant attachment data were obtained from
14 unmedicated postpartum women with major depression and 23 healthy postpartum women. Posterior cingulate cortex (PCC) time series were
extracted, filtered between 0.007 and 0.08 Hz and used as regressors in a whole brain general linear model analysis. PCC–right amygdala connectivity
was significantly disrupted in depressed compared to healthy mothers for low-frequency neural activity, showing a negative (inverse) coupling in the
depressed group but not in the controls. PCC–right amygdala connectivity was positively correlated with PCC–parahippocampus connectivity. Resting
connectivity patterns of positive co-activations in postpartum women mirrored the canonical DMN. These findings of reduced PCC–amygdala coupling
raise the possibility that PPD might involve the disruption of outward, preventative aspects of self-relevant thought and theory of mind/empathy
processes. Further integrated studies of neural connectivity and these cognitive/behavioral dimensions are warranted.
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INTRODUCTION

Postpartum depression (PPD) accounts for significant disability of

reproductive-aged women given the 19% period prevalence of PDD

in developed countries during the 3-month postpartum period (Gavin

et al., 2005) and nearly 60% prevalence rates in inner-city (Hobfoll

et al., 1995) and adolescent populations (Trad, 1995). PPD strikes

precisely at a time when sensitivity and synchrony of maternal–infant

interactions are required to positively shape the child’s long-term be-

havioral, cognitive and socioemotional development (Feldman, 2007;

Field, 2010). Depressed mothers’ diminished ability to recognize and

respond sensitively to their infant’s affective cues and their decreased

ability to recognize their infant as separate beings with unique desires

(mind-mindedness) consequently places offspring at risk for poor

emotion regulation, insecure attachment problems and developmental

delays. Although awareness and detection of PPD and its adverse ef-

fects on children has increased (Wichman et al., 2010), treatment trials

reveal disappointing PPD remission rates of 40–50% (O’Hara et al.,

2000; Wisner et al., 2006) and, furthermore, extant PPD treatments

may not uniformly modify the negative developmental impact of PPD

on the child (Weinberg and Tronick, 1998; Weissman et al., 2006).

To enhance the understanding of maternal neural processing of

emotional stimuli in order to guide preventative treatments for PPD,

we have undertaken emotional processing studies of depressed and

healthy mothers within 2–3 months postpartum. In our study of im-

plicit negative emotional face processing (Moses-Kolko et al., 2010),

face-related amygdala activity did not distinguish postpartum healthy

from depressed women; however, within the PPD group, infant-related

hostility was associated with lower right amygdala activity to faces.

This suggested that a disengagement of amygdala to negative emotions

in PPD could be a neural mechanism for deficient maternal detection

of salient infant cues and impaired maternal sensitivity reported in

PPD. We also reported that dorsomedial prefrontal (dmPFC) activity

and preceding dmPFC–amygdala connectivity to fearful and threaten-

ing faces were significantly reduced in PPD, further suggesting disen-

gagement in PPD of a cortico-limbic circuit critical for emotional

reappraisal and empathic/self-other relational processes.

In the present study, we build upon our earlier findings of neural

circuitry disruptions in PPD through examination of resting-state

neural connectivity, in which the spontaneous blood oxygen-level-de-

pendent (BOLD) activity has the potential to shed light on intrinsic

functional organization of the postpartum healthy vs depressed brain.

We focus on the default mode network (DMN), which encompasses

most prominently the posterior (PCC) and anterior (ACC) cingulate

cortices, inferior parietal cortex and precuneus (Buckner et al., 2008).

The DMN is a temporally coherent network found to be more active

during passive than active cognitive tasks, as shown in analyses of

pooled neuroimaging data from diverse positron emission tomography

studies (Shulman et al., 1997; Mazoyer et al., 2001) and later con-

firmed using functional magnetic resonance imaging (fMRI: Greicius

et al., 2003). As post-scan interviews identified that subjects often

thought about autobiographical material, past experiences, making
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plans and personal thoughts and experiences during resting-state para-

digms, the DMN is commonly considered a network that subserves

self-referential processing [reviewed by Buckner et al. (2008)]. The self-

referential role of DMN has been further validated by studies compar-

ing spontaneous/internal cognition to external attention and monitor-

ing (Andrews-Hanna et al., 2010) and studies designed to specifically

elicit self-referent ideation (Johnson et al., 2006; Northoff et al., 2006).

Although DMN circuitry is detected during different states of con-

sciousness, including sleep, coupling of PCC and ACC is less apparent

during sleep relative to resting wakefulness (Larson-Prior et al., 2011;

Samann et al., 2011). We were particularly interested in PCC connect-

ivity with whole brain given the centrality of the PCC within the de-

fault mode brain circuit, reports of altered PCC connectivity to limbic

regions in major depressive disorder (MDD) (Greicius et al., 2007;

Berman et al., 2011), involvement of PCC in more outward, preventa-

tive aspects of self-relevant thought, including duties and responsibil-

ities to others (Johnson et al., 2006) as well as theory of mind mental

functions (Mars et al., 2012). As successful maternal role attainment

involves identity transformation from being self to other focused

(Mercer, 2004), and in line with our prior findings of disengagement

of circuits of empathy and social cognition in PPD, we hypothesized

that depressed mothers would have decreased PCC connectivity to

other limbic regions relative to healthy mothers, in whom socially

focused reflective ideation would be more intact during resting states.

METHODS

Subjects

Subjects provided written informed consent as approved by the

University of Pittsburgh, Biomedical Institutional Review Board.

Subjects delivered a healthy, term infant in the preceding 12 weeks,

were medication free, multiparous and breastfeeding or bottlefeeding.

Depression was defined by DSM IV criteria for unipolar major depres-

sion (First et al., 1998) and a 25-item Hamilton depression scale score

�15. Both prevalent (beginning antenatally) and incident (new onset

postpartum) cases of PPD were included to maximize generalizability,

since the disorder commonly begins antenatally (Stowe et al., 2005;

Wisner et al., 2013). Women with bipolar illness were excluded.

Healthy subjects had no personal or family history of an Axis I affective

disorder. Subjects were excluded if they had medical or neurological

illnesses likely to affect cerebral physiology or anatomy, gross abnorm-

alities of brain structure evident by magnetic resonance images, sui-

cidal intent, substance abuse within 1 year, lifetime history of

substance dependence (other than nicotine), eating disorders, use of

hormonal contraception or exposure to medications likely to alter

cerebral physiology within 3 weeks.

Sixteen depressed and 28 healthy mothers were enrolled and imaged.

Clinical variables collected on the scan day included the Hamilton

depression scale, the Edinburgh Postnatal Depression Scale [a well-

validated, 10-item self-report measure of perinatal depression, anxiety

and function (Cox et al., 1987)] and the parent-to-infant attachment

questionnaire [a reliable and valid self-report of attachment quality,

hostility and pleasure in interaction during the first postpartum year

(Condon and Corkindale, 1998)]. Statistical tests of group differences

in demographic, reproductive, psychiatric and behavioral data were

performed with Pearson chi-square for categorical and

Mann–Whitney U-exact tests for continuous variables.

fMRI data acquisition and analysis

Imaging was performed using a 3 T Siemens Trio scanner (Erlangen,

Germany) at the UPMC MRRC. High-resolution, T1-weighted struc-

tural images were acquired using a magnetization prepared rapid gra-

dient-echo sequence [repetition time (TR)¼ 2300 ms, echo time

(TE)¼ 3.29 ms, flip angle¼ 98, field of view (FOV) 208� 256 mm2,

slice thickness¼ 1 mm, matrix¼ 208� 256, 176 continuous slices].

Subjects were then instructed to rest and not think of anything in

particular, with their eyes closed for the duration of 5 min. They

were asked to remain awake during the 5 min acquisition. Resting

blood oxygenation level dependent (BOLD) images were acquired

using a gradient-echo echoplanar image sequence [150 whole-brain

volumes, TR¼ 2000 ms, TE¼ 31 ms, flip angle¼ 908, FOV¼ 224�

224 mm2, slice thickness¼ 3 mm, matrix¼ 64� 64, covering 36 axial

slices].

Data from seven subjects were excluded for positive

Tetrahydrocannabinol (THC) on urine drug screen (n¼ 2), brain anom-

aly (n¼ 1) and movement >2 mm (n¼ 4), resulting in 14 depressed and

23 healthy mothers with usable functional data. Neuroimaging data were

preprocessed and analyzed using Statistical Parametric Mapping soft-

ware (SPM8, www.fil.ion.ucl.ac.uk/spm). Images were realigned and

unwarped, spatially normalized to a standardized stereotactic space

(Montreal Neurological Institute) via the segmented structural image

(the ‘Unified Segmentation’ method), resampled to 3� 3� 3 mm3

voxels and smoothed using an 8 mm full-width half-maximum

Gaussian kernel.

In order to reduce the confounding effects of physiological noise, a

variation of the component-based CompCor algorithm was per-

formed. The CompCor algorithm assumes that BOLD signal fluctu-

ations in non-gray matter tissue [i.e. white matter, cerebrospinal fluid

(CSF)] or in voxels with high variability largely reflect physiological

(e.g. cardiac, respiratory) noise, such that time series from these regions

are effective noise regressors in subsequent analyses (Behzadi et al.,

2007). Time series were extracted from voxels in a white matter/CSF

mask or from voxels with a high standard deviation (the top 2% within

a whole-brain mask), and then band-pass filtered between

0.007–0.15 Hz. Using singular value decomposition, the five principal

components that explained the majority of variance within this matrix

were extracted.

PCC was defined by the anatomical boundaries (cluster 9) estab-

lished in a prior study, which divided the cingulate cortex into distinct

clusters based upon diffusion tractography and connectivity-based par-

cellation techniques (Beckmann et al., 2009). The PCC region of inter-

est (ROI) overlapped Brodmann area 31 and other similar ROIs in

resting BOLD studies of MDD. Next, we averaged the time series of all

voxels within the PCC ROI. Nuisance regressors, including a mean

whole-brain average time series high-pass filtered at 0.15 Hz, the five

physiological regressors described above, six motion parameters and a

linear trend were included as independent measures in a multiple re-

gression analysis, with the average PCC time series as the dependent

measure. The resulting residuals were band-pass filtered twice at low

(0.007–0.08 Hz) and mid (0.08–0.15 Hz) frequencies (Salvador et al.,

2008), and each were mean and standard deviation corrected. The two

resulting time series were then used as covariates of interest in a whole-

brain linear regression (SPM8) for each subject (first-level analysis).

The nuisance regressors (five physiological/six motion/one whole

brain) were also included in the model. A high-pass filter of 143 s/

0.007 Hz was included in the SPM first-level model. Autoregressive

(AR(1)) modeling was also applied.

As the majority of resting-state fMRI studies focus on low frequen-

cies, contrast images for low-frequency regressors for each subject were

entered in the second-level analysis. A secondary analysis on the mid

frequencies was also performed to explore connections among subcor-

tical structures at this frequency range (Salvador et al., 2008). Analysis

was conducted using a series of planned contrasts. Results of this initial

analysis focused our attention on PCC–right amygdala connectivity

as an important circuit that was disrupted in PPD. We therefore

performed several follow-up tests, including examining bivariate
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relationships between clinical variables and PCC–amygdala-extracted

connectivity values from the whole sample. An additional ROI analysis

was performed to clarify the involvement of different amygdala sub-

regions using analytic techniques (3 mm voxel size, 8 mm smoothing

kernel) akin to Hurlemann et al. (2008), suited for resolving larger

nuclei of the amygdala. Additionally, because direct anatomical con-

nections between PCC and amygdala are thought to be weak or absent

(Stein et al., 2007; Robinson et al., 2010), we examined the overlap of

networks connected to the PCC and networks connected to the right

amygdala to elucidate, which intermediate brain regions displayed sig-

nificant connectivity with both the PCC and right amygdala.

RESULTS

Subject characteristics

Healthy and depressed mothers did not differ on demographic and

medical/obstetric characteristics with the exception that depressed

mothers were scanned on average 2 weeks closer to delivery

(8.1� 2.2 weeks postpartum) relative to healthy mothers (10.4� 1.9)

(P < 0.05). Subjects were free from hormonal contraceptives except for

a single control subject who had a levonorgestrel intrauterine device

inserted 6 days prior to the scan (Table 1). Depressed mothers were

medication free for at least 2 years prior to the date of the scan. As

expected, depressed mothers were significantly more depressed and

anxious, had more reported nighttime awakenings, were more likely

to have taken antidepressants in the past and were less well attached to

their infants relative to healthy mothers.

Functional connectivity analysis

Across all subjects, the low-frequency (0.007–0.08 Hz) filtered PCC

time series was positively coupled to a set of regions reflecting the

canonical ‘DMN’, including the medial prefrontal cortex, lateral par-

ietal cortex, thalamus, parahippocampal gyrus and middle temporal

gyrus at a whole brain, family wise error (FWE) rate corrected thresh-

old of p < 0.05 (Figure 1). The same analysis conducted separately

within the depressed and healthy groups revealed similar patterns of

findings. Regions negatively coupled with the PCC seed included a

variety of canonical ‘task positive’ regions at corrected significance

levels, including the insula, lateral prefrontal cortex, sensorimotor as-

sociation cortex, parietal cortex and visual cortex (Figure 1). The PCC

was similarly anticorrelated with these regions across each group. For

the mid-frequency (0.08–0.15 Hz) filtered PCC time series, activity

within the PCC was also positively associated with similar default net-

work regions and likewise was negatively associated with the anterior

insula and visual cortex across all participants and within each

subgroup.

Direct comparison of depressed and healthy mothers revealed a

region overlapping with the right amygdala, which was reduced in

depressed compared with healthy mothers (peak voxel: 33 5 �20;

T¼ 5.45, P¼ 0.043 FWE corrected) for low but not mid-frequency

neural activity (Figure 2). Within the whole cluster (74 voxels, thresh-

olded at P < 0.001, uncorrected), a negative coupling between the

amygdala region and the PCC was observed in the patient group [ac-

tivation significantly less than zero: t(13)¼�3.97, P¼ 0.002], whereas

the PCC–amygdala coupling did not differ from zero in the control

group [t(22)<1]. Using the template defined by the SPM anatomy

toolbox, we investigated this difference in more detail. The peak

voxel itself lay just anterior to the basolateral region of the amygdala.

The cluster overlapped with the right superficial (12.7% of cluster

within region) and basolateral (6.8%) nuclei of the amygdala, as well

Table 1 Sample characteristics, mean (s.d.)

Healthy mothers,
N¼ 23

Depressed mothers,
N¼ 14

Demographic characteristics
Age 27.7 (5.2) 26.4 (5.1)
Education (years) 15.8 (2.9) 15.1 (2.3)
Caucasian, n 18 (78.3%) 10 (71.4%)

Medical/reproductive characteristics
Right handed
Body mass index 26.8 (4.0) 30.0 (5.9)
Smoker, n 2 (8.7%) 3 (21.4%)
Primiparous, n 12 (52.2%) 7 (50.0%)
Breastfeeding, n 14 (60.9%) 12 (85.7%)
Time since childbirth (weeks)* 10.4 (1.9) 8.1 (2.2)

Psychiatric characteristics
Antidepressant naı̈ve*, n 23 (100%) 11 (78.6%)
Hamilton depression rating scale

score (25-item)**
3.3 (2.6) 21.6 (6.9)

Hamilton anxiety rating scale score** 1.4 (2.0) 13.9 (6.2)
Edinburgh postnatal scale for

depression score**
1.6 (1.3) 14.0 (4.8)

Quality of mother–infant attachmenta,** 43.3 (1.9) 35.7 (7.1)
Absence of maternal–infant hostilitya,** 22.2 (1.9) 15.9 (4.1)
Pleasure in maternal–infant interactiona,** 22.7 (1.6) 18.7 (5.8)
Average no. of awakenings per night in

the past 2 weeks*
1.7 (1.0) 3.0 (1.3)

Average no. of minutes awake per night
in past 2 weeks

53.9 (42.1) 50.8 (33.6)

Values are expressed as mean (s.d.) unless otherwise specified.
aCondon scale for parent–infant attachment (Condon and Corkindale, 1998).
*P < 0.05; **P < 0.001.

Fig. 1 Statistical map of PCC/whole-brain functional connectivity at low frequencies (0.007–0.08 Hz) across all subjects (n¼ 37: threshold set at uncorrected P < 0.001). Regions in red represent areas that are
positively coupled and blue regions represent areas that are negatively coupled with PCC time series. The scale at the top right represents the color coding of the range of t-statistics.
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as extending in a lateral and rostral direction into the anterior tem-

poral lobe. We then performed an ROI analysis within six amygdala

subregions (bilateral superficial, basolateral and centromedian),

Bonferroni correcting for the six tests. Connectivity group differences

between the PCC and the right superficial [t(35)¼ 2.80, P¼ 0.008,

partial �2
¼ 0.18] and basolateral [t(35)¼ 3.014, P¼ 0.005, partial

�2
¼ 0.21] subregions reached corrected significance, whereas differ-

ences between the right centromedian [t(35)¼ 2.34, P¼ 0.025, partial

�2
¼ 0.14] and left basolateral [t(35)¼ 2.64, P¼ 0.012, partial

�2
¼ 0.17] subregions reached uncorrected significance. Across all ana-

lyses (whole brain and ROI), no regions were found to show signifi-

cantly greater PCC connectivity in depressed compared with healthy

mothers.

We investigated whether variation in clinical symptoms was asso-

ciated with PCC–right amygdala coupling within the sample as a whole

or the depressed and healthy subgroups individually. No association

between connectivity and mother–infant attachment was observed.

Hamilton depression scale scores were inversely correlated with

PCC–right amygdala coupling, as would be expected based upon the

group difference (see Supplementary data). Although these relation-

ships were not significant in the depressed and healthy subgroups in-

dividually, a signal for a dose–response relationship (Supplementary

Figure S1) might be strengthened with a larger sample. Taking into

consideration the significantly greater reports of nighttime awakenings

in depressed relative to healthy mothers (see Table 1), we examined

whether the altered PCC–amygdala coupling in PPD could be ex-

plained by greater sleepiness during scan acquisition. We found no

significant correlation between sleep variables and PCC–right amyg-

dala connectivity in the full sample or depressed and healthy sub-

samples. When we examined the potentially confounding effect of

scan acquisition closer to delivery in depressed relative to healthy

mothers, we found that duration postpartum at time of scan was sig-

nificantly correlated with PCC–right amygdala coupling (r¼ 0.40,

n¼ 37, P¼ 0.014); however, when entered as a covariate with depres-

sion status in a linear regression of PCC–amygdala connectivity,

duration postpartum had no impact on the main effect of depression

status on disrupted PCC–right amygdala coupling, and duration

postpartum was not a significant covariate in the model (F < 1) and

[F(1,34)¼ 22.21, P < 0.001]. Including duration postpartum in the

whole-brain analysis prevented the right amygdala group difference

cluster reaching a whole-brain corrected significance threshold, but

the same peak voxel remained significant at uncorrected thresholds

(T¼ 4.62, P < 0.001).

To define the overlap between networks connected to the PCC and

networks connected to the right amygdala, we first created a functional

mask by seeding the right amygdala region identified in the group

contrast, thresholded at P < 0.001 uncorrected. Across both groups,

we observed a network including bilateral amygdala, insula, parahip-

pocampal gyrus, temporal lobe and a region of the medial frontal

cortex (dorsal/mid ACC). A negative coupling between this seed

region and the precuneus and lateral prefrontal cortex was observed.

We then examined PCC connectivity within this functional mask,

thresholded voxelwise at P < 0.001, uncorrected. As expected, given

anatomical evidence the most prominent regions of PCC positive con-

nectivity were within the bilateral parahippocampal gyrus/subiculum

(21 �19 �20; �24 �19 �23) and a region of pregenual ACC (6 26 10)

(Figure 3). We also noted PCC positive connectivity with several small

brainstem clusters (e.g. 9 �13 14) and a temporal lobe cluster (48 �7

�23). PCC–ACC [t(35)<1] and PCC–bilateral parahippocampal

gyrus/subiculum connectivity (t’s < 1.46, P’s > 0.15) did not differ be-

tween depressed and healthy mothers. However, within the full sample,

PCC–right amygdala connectivity was correlated with

PCC–parahippocampus gyrus/subiculum connectivity [left PHC

(r¼ 0.33, n¼ 37, P¼ 0.044); right PHC (r¼ 0.42, n¼ 37, P¼ 0.011)]

but not PCC–ACC connectivity (r¼�0.002, n¼ 37, P¼ 0.99) [hy-

pothesis of equality of correlations coefficients was rejected

[t(34)¼ 2.00, P¼ 0.054]] (Figure 4). That the ACC did not appear

to play any role in our findings was supported by a further analysis

in which we seeded the ACC, using a mask specified by regions 2 and 3

of the Beckmann study (2009). Although activity in this seed was

Fig. 2 Figure describing the right amygdala region which displayed reduced PCC–amygdala connectivity in depressed compared with healthy mothers (peak voxel: 33 5 �20; T¼ 5.45, P¼ 0.043, FWE
corrected). The region (displayed at a threshold of P < 0.001, uncorrected) overlapped with the right basolateral and superficial nuclei of the amygdala. Parameter estimates of the PCC connectivity within the
significant region displayed on the right hand side (error bars reflect standard error of the mean).
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strongly coupled to the DMN regions identified by the PCC across all

participants, as well as other regions such as the striatum and amygdala

(particularly the superficial subregion), significant group differences in

ACC connectivity were neither observed within amygdala subregions

[t(35) < 1.1 in all cases] nor at the whole-brain level. Together, these

results raise the possibility that the intermediate parahippocampal

gyrus/subiculum region may play a role in the disrupted

amygdala–PCC resting connectivity in PPD, and that this disruption

is not a consequence of a generalized abnormality of default mode

activation.

DISCUSSION

The present study is the first to our knowledge to examine resting-state

functional neural connectivity in postpartum women. An advantage of

resting-state fMRI is that it provides data informing neural circuitry

dysfunction without the need for more complex fMRI challenge tasks.

A strength of the study is that it was performed in unmedicated, care-

fully characterized depressed and healthy mothers in the early puer-

perium. In this study, we focused on the ‘DMN’, by examining

functional correlations between the PCC and the rest of the brain.

The canonical network of coactivated regions was replicated, as well

as an anticorrelation between the PCC and a network of ‘task positive’

regions. We also report the novel finding of a clear disruption of PCC

connectivity with the right amygdala in depressed but not healthy

mothers.

Anatomical evidence suggests that a direct connection between the

PCC and the amygdala, if present, is somewhat limited (Stein et al.,

2007; Robinson et al., 2010). However, there are at least two plausible

alternative pathways connecting the two regions: one via the anterior

cingulate/medial prefrontal cortex, and the second via the retrosplenial

cortex and parahippocampal gyrus (Stefanacci et al., 1996; Stein et al.,

2007). Our post hoc analyses provided evidence for the presence of both

of these connections, insofar as positive connectivity with both PCC

and the right amygdala region was observed in these regions. Since

the strength of PCC/amygdala coupling covaried across individuals

with PCC/parahippocampus coupling, but not PCC/ACC coupling,

it will be important in future studies to perform mediation analyses

to further examine the role of a parahippocampal circuit in the dis-

rupted PCC/amygdala network in PPD. Additionally, two studies em-

ploying meta-analytic connectivity modeling have suggested that

amygdala, the basolateral subregion in particular, is often activated

by similar tasks or contrasts that activate the DMN (e.g. pregenual

cingulate and the PCC) (Robinson et al., 2010; Bzdok et al., 2012).

It is therefore likely that the amygdala has an important functional

relationship with the posterior cingulate, even if this is mediated via a

polysynaptic pathway.

The interpretation of the negative coupling between PCC and amyg-

dala in the depressed group, seen in light of an ongoing controversy

within the resting fMRI literature (Fox et al., 2009; Murphy et al., 2009;

Scholvinck et al., 2010; Chai et al., 2012), may not be straightforward.

We consider broadly two possible accounts of the finding. First, there

is a progressively weaker pattern of positive, functional connectivity

between PCC and parahippocampus/subiculum and then amygdala.

The result is that the PCC and amygdala are essentially uncorrelated

in the depressed group, but that our method of physiological noise

correction overcompensates, leading to an apparent negative correl-

ation (Murphy et al., 2009) A second interpretation is that there is an

overactive inhibitory connection in the depressed group compared

with the non-depressed group. This would constitute an unusual find-

ing when seen in the context of previous studies examining DMN

activation in major depression. Prominent observations, within a

highly heterogeneous literature (Wang et al., 2012), have included

enhanced cross-network associations with the DMN via the dorsal

nexus (Sheline et al., 2010), stronger coupling between DMN and

limbic structures (Greicius et al., 2007) or the attenuation of a positive

coupling present in healthy individuals (Anand et al., 2005). Verifying

the presence of a specific inhibitory connection remains a topic for

Fig. 3 Figure representing most prominent regions of PCC connectivity within a mask constrained to amygdala–whole-brain connectivity (P < 0.001, uncorrected). This included the bilateral parahippocampal
gyrus/subiculum (21 �19 �20; �24 �19 �23) and a region of pregenual ACC (6 26 10). There were no significant between-group differences in PCC connectivity within these regions.

Fig. 4 Association of PCC–right amygdala connectivity with PCC–parahippocampal and
PCC–pregenualACC connectivity: PCC–right amygdala coupling correlated positively and significantly
with PCC–right parahippocampus/subiculum coupling (black squares) but not PCC–pgACC coupling
(open circles).
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future study and may have nosological implications for the status of

PPD among other mood disorders.

The study findings of the disrupted PCC connectivity with the right

amygdala suggest potentially important alterations in default mode

processing in PPD. Default mode processing is understood to encom-

pass self-relevant thought (Buckner et al., 2008) and well as theory of

mind functions (Mars et al., 2012). Indeed, the PCC extending into

precuneus is increasingly recognized for its role in self-reflection and

social cognition (Mars et al., 2012), although the PCC does serve other

diverse functions including visuospatial orientation and memory and

processing of emotional and non-emotional information (Vogt et al.,

2006). Johnson and colleagues’ study of subtypes of self-relevant

thought noted the anteroinferior PCC having a more outward, pre-

ventative focus on duties and responsibilities and ventromedial ACC

having a more inward, promotional focus on self-related hopes and

aspirations and (Johnson et al., 2006). Mothers who have adapted well

to their new role as infant caregivers would be expected to have a

stronger focus on infant-related responsibilities as well as being more

involved in thinking about the intentions of others, particularly the

newborn, during resting states. Since PPD has been associated with

impaired quality of mother–infant attachment in the broader literature

as well as this sample, we speculate that disrupted amygdala–PCC

connectivity might be related to how cognitively oriented the mother

is to others in her social network, particularly the infant, as well as

her adaptation to the responsibilities of motherhood. Our measure of

mother–infant attachment did not show a relationship to resting-state

neural connectivity. Future studies with more rigorous dimensional

ratings of mother–infant attachment and self-reflective function are

needed to substantiate these speculations. Additionally, because pre-

existing social cognition impairments may contribute to the pathogen-

esis of depression, theory of mind and other social cognition processes

also deserve further elucidation with respect to neural connectivity

in PPD.

It is possible that the PCC–amygdala disconnectivity may stem

more from cognitive differences in attention and memory in the

PPD group, a dimensional characteristic highlighted in a recent

factor analysis of newly postpartum women (Marrs et al., 2009).

Since PCC–parahippocampal cortical connections provide access to

autobiographical and other memories involved in self/other-relevant

thought, women with PPD may be less apt to access these cognitive

functions. Based on the current study design, it is also unknown to

what extent pre-existing depression history and neural vulnerability

traits for depression contributed to circuit disruption and possibly

impaired social cognition (Barrett and Fleming, 2011).

Although published data on inter-regional connectivity in healthy

mothers are sparse, engagement of maternal amygdala activity to infant

stimuli is a consistent finding among healthy mothers (Seifritz et al.,

2003; Leibenluft et al., 2004; Ranote et al., 2004; Swain et al., 2008;

Lenzi et al., 2009), and echoes the broader literature describing the role

of amygdala in social and attachment behaviors (Numan et al., 2003).

Furthermore, amygdala activity to infant stimuli was associated with

heightened oxytocin exposures through vaginal relative to surgical de-

livery (Swain et al., 2008) and breast relative to bottle feeding (Kim

et al., 2011) and was correlated with maternal sensitivity within the

first 3 months postpartum (Kim et al., 2011). In contrast, mothers

characterized as having intrusive infant-interactional patterns dis-

played more disorganized patterns of amygdala–whole-brain connect-

ivity while watching mother–infant interactional videos (Atzil et al.,

2011) and depressed postpartum women displayed reduced amygdala

activity (Silverman et al., 2007) and amygdala–mPFC connectivity to

emotional stimuli (Moses-Kolko et al., 2010). These collective findings

highlight a putative mechanistic role of reduced amygdala reactivity

and amygdala–cortical connectivity to infant and emotional stimuli

and during rest in PPD and impaired maternal caregiving. Whether

altered amygdala activity/connectivity in depressed or poorly attached

mothers relates to unique brain sensitivities to neurosteroids or neuro-

peptides or alterations in stress-reactivity would be a fruitful direction

for additional research. Though our findings were strongest in the

basolateral and superficial nuclei of the right amygdala, high-reso-

lution neuroimaging of the amygdala (e.g. Prevost et al., 2012)

would be required both to confirm the precise anatomical coordinates

of the location of the largest effect and to demonstrate a selective role

for these nuclei.

Although alterations in functional connectivity may be a common

feature of PPD based upon these and our prior findings, altered func-

tional interactions of the amygdala may be context specific. We pre-

viously found that amygdala connectivity with the ACC during the

presentation of fearful faces was disrupted in PPD, without evidence

for amygdala–PCC disconnectivity (Moses-Kolko et al., 2010). In con-

trast, the present resting-state study provided no evidence for dis-

rupted amygdala–ACC connectivity. The relationship between these

regions, therefore, may depend on different task conditions (Mennes

et al., 2012), which suggests that a fuller description of the disrupted

connectivity between the PCC and amygdala in PPD requires further

examination under different cognitive states.

An important direction for future research will be to more clearly

map patterns of resting neural connectivity onto specific phenotypes of

PPD and styles of maternal–infant attachment as well as to consider

the roles of social attachment-related reproductive hormones (i.e. oxy-

tocin), past psychiatric history and cognitive function. Additional at-

tention should also be paid to wakefulness in the scanner and thought

content during acquisition of resting BOLD data in future studies;

however, it is noteworthy that descent into light and deeper stages of

sleep reflected by a decoupling between the PCC and ACC (Larson-

Prior et al., 2011; Samann et al., 2011) was neither observed in either

group; nor was there any group difference in PCC/pregenual ACC

coupling. Additionally, PCC retained a clear robust inverse functional

connectivity with anterior insula, the salience network and the task

positive network across both groups, which is opposite to what

would be expected in sleep deprivation (De Havas et al., 2012).

Although it has been argued that some limbic regions communicate

information at frequencies higher than typically investigated in resting

fMRI studies (Salvador et al., 2008), our observations suggest that PPD

is associated with disrupted connectivity within the low-frequency

bands which tend to dominate the resting fMRI signal. Despite the

complexity of studying the neural mechanisms of PPD, it is an area

ripe for investigation. Improved mechanistic understanding of the ill-

ness cannot only benefit mothers, children and families, through guid-

ing development of neural circuit-specific treatments, but it may also

shed light on fundamental mechanisms of social attachment and role

transition in the pathogenesis of depression.

SUPPLEMENTARY DATA

Supplementary data are available at SCAN online.
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