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Abstract

Although Postpartum depression (PPD) and PPD with anxiety (PPD-A) have been well

characterized as functional disruptions within or between multiple brain systems,

however, how to quantitatively delineate brain functional system irregularity and the

molecular basis of functional abnormalities in PPD and PPD-A remains unclear. Here,

brain sample entropy (SampEn), resting-state functional connectivity (RSFC), tran-

scriptomic and neurotransmitter density data were used to investigate brain func-

tional system irregularity, functional connectivity abnormalities and associated

molecular basis for PPD and PPD-A. PPD-A exhibited higher SampEn in medial pre-

frontal cortex (MPFC) and posterior cingulate cortex (PPC) than healthy postnatal

women (HPW) and PPD while PPD showed lower SampEn in PPC compared to HPW

and PPD-A. The functional connectivity analysis with MPFC and PPC as seed areas

revealed decreased functional couplings between PCC and paracentral lobule and

between MPFC and angular gyrus in PPD compared to both PPD-A and HPW. More-

over, abnormal SampEn and functional connectivity were associated with estrogenic
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level and clinical symptoms load. Importantly, spatial association analyses between

functional changes and transcriptome and neurotransmitter density maps revealed

that these functional changes were primarily associated with synaptic signaling, neu-

ron projection, neurotransmitter level regulation, amino acid metabolism, cyclic aden-

osine monophosphate (cAMP) signaling pathways, and neurotransmitters of

5-hydroxytryptamine (5-HT), norepinephrine, glutamate, dopamine and so on. These

results reveal abnormal brain entropy and functional connectivities primarily in

default mode network (DMN) and link these changes to transcriptome and neuro-

transmitters to establish the molecular basis for PPD and PPD-A for the first time.

Our findings highlight the important role of DMN in neuropathology of PPD and

PPD-A.
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functional connectivity, molecular basis, postpartum depression, postpartum depression with
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1 | INTRODUCTION

Maternal mental health in the early postpartum period are a global

public health problem (Kimmel, 2020), with an estimated 12% of

healthy mothers (without a history of depression) diagnosed with

postpartum depression (PPD) and up to 70% of those with PPD hav-

ing co-morbid anxiety (Bobo & Yawn, 2014; Hendrick et al., 2000;

Naki�c Radoš et al., 2018; Ross et al., 2003; Shorey et al., 2018), that

is, postpartum depression with anxiety (PPD-A). PPD and PPD-A lead

not only to maternal mood disorders and behavioral changes (Falah-

Hassani et al., 2016; Muzik & Borovska, 2010), but also affect the

mental health status of family members, especially their offspring

(Goodman, 2004; Shonkoff and Garner, 2012). However, compared to

PPD, PPD-A was associated with more severe depressive symptoms

(Farr et al., 2014; Goodman, 2004), longer response time to treatment

(Hendrick et al., 2000), and increased risk of self-harm ideation

(Martin et al., 2018). Current clinical practice relies primarily on sub-

jective psychological scales to assess anxiety and depressive symp-

toms (Falah-Hassani et al., 2016; Han et al., 2023) making it difficult

to accurately differentiate PPD and PPD-A. Therefore, identifying

neurofunctional biomarkers for PPD and PPD-A is particularly impor-

tant for precision diagnosis and therapy.

The human brain is a complex dynamic system (Başar, 2011).

Brain entropy (BEN) is a physical measure to characterize system

irregularity and thus may be potential to distinguish healthy and dis-

ease states by reflecting brain status (Pei-Shan et al., 2017; Wang

et al., 2014). BEN is calculated with resting-state functional magnetic

resonance imaging which is a non-invasive technique to depict brain

intrinsic spontaneous fluctuations (Rosen & Savoy, 2012; Saxe

et al., 2018; Smith et al., 2013). The previous studies have demon-

strated that sample entropy (SampEn) is more consistent and insensi-

tive to missing data (Lake et al., 2002; Richman & Moorman, 2000).

SampEn has been used to investigate the relationship between brain

entropy and normal cognitive function and to reveal functional

abnormalities in Alzheimer's disease, mild cognitive impairment, and

depression patients (Pei-Shan et al., 2017; Saxe et al., 2018; Wang,

Niu, et al., 2017). These studies indicated that SampEn is an effective

tool to characterize complex behaviors, disease pathogenesis and clin-

ical manifestations.

Genetic effects of PPD have been reported on the basis of twin

(Treloar et al., 1999) and family studies (Forty et al., 2006; Murphy-

Eberenz et al., 2006). However, the neurobiological and genetic mecha-

nisms associated with brain functional changes of PPD and PPD-A

remain poorly understood, and the combination of neuroimaging with

transcriptomic provides the opportunity to bridge the gap. Recently,

Allen Human Brain Atlas (AHBA) was developed to link macroscopic

brain structure and function properties with microscopic gene expres-

sion profiles to uncover potential molecular basis (Arnatkeviciute

et al., 2019; Hawrylycz et al., 2012). A large number of literatures have

applied spatial association analysis between neuroimaging measures and

spatial transcriptomic data and identified the underlying genetic basis of

brain functional organization patterns and structural and functional

changes in brain disorders (Altmann et al., 2020; Anderson et al., 2020;

Chen et al., 2022; Liu et al., 2020; Yang et al., 2023; Zhu et al., 2021). In

addition to AHBA atlas, the neurotransmitter density maps are from

PET images of over 1200 healthy individuals and include 19 different

neurotransmitter receptors and transporters for nine different neuro-

transmitter systems (dopamine, norepinephrine, 5-HT, acetylcholine,

glutamate, GABA, histamine, cannabinoids, and opioids) were con-

structed (Hansen et al., 2022). The neurotransmitter density maps pro-

vide a new tool to investigate the brain structural and functional

changes associated neurotransmitters.

In this study, we aimed to use a newly developed brain entropy

method and transcriptomic data to identify diagnostic neuromarkers

and molecular basis for PPD and PPD-A using resting-state fMRI

acquired from 62 healthy postnatal women (HPW), 45 PPD patients

and 31 PPD-A patients. Furthermore, enrich, neurotransmitter distri-

bution and protein–protein interaction analyses were performed to
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identify the associated biological process, molecular functions and

hubs of the identified genes.

2 | MATERIALS AND METHODS

2.1 | Participants

The fMRI data in this study were obtained from a longitudinal project

investigating the pathogenic mechanisms and influencing factors of

PPD and PPD-A in Chengdu, China. From June 1, 2018 to January

1, 2020 postpartum women were screened, recruited and diagnosed at

the Maternity Clinic, West China Second University Hospital of Sichuan

University by two experienced psychiatrists (Cheng, Hu, et al., 2022).

Diagnosis was made according to the criteria of the Diagnostic and Sta-

tistical Manual of Mental Disorders, Fifth Edition (DSM-5) and the Chi-

nese Classification and Diagnostic Criteria of Mental Disorders, Third

Edition (CCMD-3). The exclusion criteria of all participants are: (1) left-

handedness; (2) the presence of intracranial organic lesions affecting

brain structure; (3) a history of suicide or any other Axis I mental disor-

ders; (4) a history of drug or alcohol abuse; hormonal contraceptive and

vasoactive drug use; and (5) contraindications to MRI

(e.g., claustrophobia, etc.). A total of 138 participants including

62 HPW, 45 drug-naive PPD patients and 31 drug-naive PPD-A

patients were recruited. The clinical performances including load of

postpartum depression, anxiety, sleep quality, and stress were evalu-

ated by Edinburgh postnatal depression scale (Cox et al., 1987), Beck's

anxiety inventory (BAI) (Beck et al., 1988), Beck Depression Inventory

(BDI) (Beck et al., 1961), Pittsburgh Sleep Quality Index (PSQI) (Buysse

et al., 1989), and Perceived Stress Scale (PSS) (Cohen, 1988), respec-

tively. This study was approved by the local ethics committee of West

China Second University Hospital of Sichuan University and was in

accordance with the latest revision of the Declaration of Helsinki, Writ-

ten informed consent was obtained from all participants.

2.2 | Resting-state fMRI data acquisition

During MRI scanning, participants were asked to remain awake with their

eyes closed and to keep relaxed. The fMRI data were acquired using a

Siemens 3.0 T MRI system at theWest China Second University Hospital

of Sichuan University. No participants were found to fall asleep during

the scan. The scan parameters were: repetition time (TR) = 3.05 s, echo

time = 22.5 ms, flip angle = 30�, number of slices = 36, slice

thickness = 4 mm, slice gap = 1 mm, field of view = 230 � 230 mm2,

voxel size = 2.45 � 2.45 � 4 mm3, acquisition matrix = 94 � 94.

2.3 | Resting-state fMRI data preprocessing

The preprocessing steps for resting-state fMRI were as follows: the

first six volumes were removed to reduce the effect of magnetization

imbalance, and the remaining images were aligned to the first volume

to correct for the subject's head movements. Subjects with a shift

more than 2.5 mm and angular motion more than 2.5� were excluded

to minimize the effect of head motion, no subjects were excluded in

this study. Then, all fMRI data were aligned to Montreal Neurological

Institute (MNI) EPI template, resampled to a size of 3 � 3 � 3 mm3,

and smoothed using an 8 mm Gaussian kernel. Next, covariates

including Friston-24 head movement parameters, whole brain mean,

cerebral white matter and cerebrospinal fluid signals were regressed.

All the data were filtered with a temporal bandpass of 0.01–0.1 Hz.

Moreover, scrubbing method with linear interpolation was further

used to eliminate the bad images exceeding the predefined criteria

(frame displacement (FD), FD >0.5) for excessive motion.

2.4 | Sample entropy (SampEn) calculation

SampEn which is defined as the negative logarithm of the conditional

probability for two sequences mainly characterize the complexity of

time series. The smaller SampEn means smaller complexity of the time

series, the greater self-similarity and the higher predictability

(Richman & Moorman, 2000). The SampEn could accurately estimate

the probability distribution function from a moderate number of time

points of the fMRI time series (Saxe et al., 2018). The details for Sam-

pEn calculation can be found in previous studies (Abásolo et al., 2006;

Molina-Picó et al., 2011; Richman & Moorman, 2000). In this study,

SampEn for resting-state fMRI data is calculated as follows, defining

x as a time series with the length of N for each voxel, exclusion of

self-matching (i ≠ j) and (1 ≤ i ≤ N � m) (Richman & Moorman, 2000).

The data matrix is set up and the vector space of m is constructed,

Xm(i) = {x(i), x(i + 1), … x(i + m � 1)}, 1 ≤ i ≤ N � m + 1, which repre-

sents the value of m consecutive x's from point i. By defining the max-

imum distance between Xm(i) and Xm( j) as d[Xm(i), Xm( j)] = maxk=0,…,

m�1{jx(i + k) � x( j + k)j}, we counted the number of j whose distance

between Xm(i) and Xm( j) is ≤r (1 ≤ i ≤ N � m, i ≠ j), it denoted as

Bi = num{dj Xm(i), Xm( j) j < r}. We define Bm i(r) = Bi(N � m � 1)�1,

Similarly, to the vector space of m + 1, we can get Ai = num{dj Xm

+1(i), Xm+1( j) j < r} and Am i(r) = Ai(N � m � 1)�1. We define the prob-

ability of two sequences matching m points at a similar tolerance r as

Bm(r), and define the probability of two sequences matching m + 1

points at a similar tolerance r as Am(r):

Bm rð Þ¼ N�mð Þ�1
XN�m

i¼1
Bm
i rð Þ ð1Þ

Am rð Þ¼ N�mð Þ�1
XN�m

i¼1
Am
i rð Þ ð2Þ

The SanpEn is defined as:

SampEn m, r,Nð Þ¼�ln Am rð Þ=Bm rð Þ½ � ð3Þ

In the calculation of SampEn, two parameter values must be con-

sidered and set, namely the embedding dimension m and the distance

threshold r. According to the published literatures, it is known that
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SampEn shows good statistical properties when m = 2 and r in the

range of 0.1–0.25 (Costa et al., 2002; Lipsitz & Goldberger, 1992;

Protzner et al., 2010; Sokunbi, 2014). In this study, m was set as 2 and

r was set as 0.2 since it enables a more detailed reconstruction of the

joint probabilistic dynamics of the time series.

The voxel-wise SampEn was calculated for each subject. To effec-

tively improve normality for statistical analysis, a standardized z-

transformation of the whole-brain SampEn map was performed to

generate z-scores map. An analysis of variance (ANOVA) with age as a

covariate was performed among HPW, PPD and PPD-A to determine

the brain regions showing differences in SampEn among the three

groups, the significance was determined using a cluster-level Monte

Carlo simulation corrected threshold of p < 0.05 (cluster-forming

threshold at voxel-level p < 0.001; cluster size = 40). To further deter-

mine the between-group differences, the mean SampEn values of the

brain regions identified in ANOVA analysis were computed. Post hoc

two-sample t-tests were performed between any pair of groups of

HPW, PPD, and PPD-A, and the significance level was set at p < 0.05

with Bonferroni correction.

2.5 | Seed-based functional connectivity analysis

Functional connectivity analysis was performed using the brain

regions with differences in SampEn as seed region to further explore

whether abnormal distal functional interactions between HPW, PPD,

and PPD-A. Functional connectivity (FC) was measured using Pear-

son's correlation coefficient and was converted to z values for statisti-

cal analysis using the Fisher z-transform. ANOVA with age as a

covariate was performed on the whole brain functional connectivity

maps among HPW, PPD and PPD-A subjects. The statistically signifi-

cant differences were set using cluster-level Monte Carlo simulation

correction method with p < 0.05 (cluster-forming threshold at voxel-

level p < 0.001; cluster size = 35). To determine between-group dif-

ferences, the mean FCs of brain areas with changed FCs were calcu-

lated for post hoc two-sample t-tests, the significant level was set at

p < 0.05 using Bonferroni correction.

2.6 | Correlation analysis

To investigate whether SampEn and FCs showing differences among

HPW, PPD, and PPD-A were associated with clinical performances,

estrogen, and progesterone levels, correlation analyses were per-

formed, and the significance level was set at p < 0.05 corrected using

false discovery rate (FDR) method.

2.7 | Neuroimaging-transcriptome spatial
association analysis

To identify the molecular basis of functional differences for PPD and

PPD-A, neuroimaging-transcriptome spatial association analysis was

performed. The genes expression data in this study were obtained

from Allen Human Brain Atlas (AHBA) (http://www.brain-map.org)

which is derived from the brains of six human autopsy donors

(1 female, age range 24–57 years). The dataset includes 20,737 genes

with unique Entrez IDs detected by 58,692 probes extracted from

3702 tissue samples from different sites (Arnatkeviciute et al., 2019;

Hawrylycz et al., 2012). To screen the most representative probes to

annotate genes, the probes showing 50% higher than background sig-

nal of brain samples in all subjects based on expression intensity were

selected (Habets et al., 2023). Removing duplicate annotations and

probes with low correlation with RNA-seq data (Spearman Rho <0.2),

10,027 genes with unique Entrez IDs annotated by 10,027 probes

were finally used for further analyses. Given that only two subjects in

AHBA had right-sided brain data, thus, only the left hemispheric data

were analyzed in this study (Arnatkeviciute et al., 2019). For spatial

association analysis, the gene expression data was projected a Schae-

fer brain atlas and a 500 � 10,027 expression matrix was obtained.

Because partial least squares (PLS) is technically well suited to the

high degree of covariance in gene expression data, we used it to

establish a correspondence between the gene expression data and

the neuroimaging data to derive the genes that were most associated

with changes in SampEn and FCs in PPD and PPD-A (Farahani

et al., 2010). The independent variable of PLS was the z-score normal-

ized gene expression matrix, and the dependent variable is the statisti-

cal t-values of whole-brain SampEn and FCs between any pair of the

three groups. The first principal component (PLS1) was a linear combi-

nation of gene expression values with the highest correlation with the

region of difference between the groups (Li et al., 2021), and we used

an alignment test to test the statistical significance of PLS1 and a

bootstrap test to assess the weight of genes contributing to PLS1.

Standard errors were estimated using the Bootstrap method and z-

values (PLS weights divided by their standard errors) were converted

to p-values to assess the contribution of each gene to PLS1. After

Bonferroni correction (p < 0.05), the set of genes that reliably contrib-

uted to PLS1 were obtained (Whitaker et al., 2016).

2.8 | Enrichment analysis of associated genes

The genes most associated with the changes in SampEn and FCs

were selected for functional annotation using ToppGene (https://

toppgene.cchmc.org) (Chen et al., 2009). The ability to obtain anno-

tations of 14 different aspects of gene function based on the Gene

Ontology (GO) resource (http://geneontology.org) to determine bio-

logical function including molecular functions (MF), biological pro-

cesses (BP) and cellular components (CC) (Gene Ontology

Consortium, 2021). We also use the Kyoto Encyclopedia of Genes

and Genomes (KEGG) to identify biological pathways. KEGG con-

tains mostly known metabolic pathways and regulatory pathways

and can identify higher level functions of the genome (Kanehisa &

Goto, 2000). The significance for gene enrichment analysis was

determined using fisher's exact tests and corrected using FDR

method with q < 0.05.
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2.9 | Protein–protein interaction (PPI) analysis

PPI analysis was performed using STRING (version 11.0, http://string-

db.org) to construct a PPI network of genes associated with changes

in SampEn, FCs according to a criterion of a highest confidence inter-

action score of 0.4, and the genes with the top 10% highest degree

values in the network were identified as hub genes. Whole-brain gene

expression levels of the top five hub genes rankings by node degree

were analyzed using the Neurosynth toolkit (https://neurosynth.org/).

2.10 | Spatial correlation analyses for
neuroimaging and neurotransmitter density maps

To identify neurotransmitters associated with PPD and PPD-A, we per-

formed spatial Pearson correlation analyses between statistical t-maps

of SampEn and FCs and neurotransmitter density maps. The 19 neuro-

transmitter receptor density maps in standard space were downloaded

from this link (https://github.com/netneurolab/hansen_receptors/tree/

main/data/PET_nifti_images) for analyses. Significance was determined

by a spatial substitution test by transforming voxel space to the surface

space of fSL32K and rotating the t-statistic maps of SampEn and FCs

10,000 times to preserve spatial autocorrelation, yielding a distribution

of spatial correlation values. Finally, the position of the true spatial cor-

relation values in the distribution was calculated and defined as the sta-

tistical p-value. The significance level was set at p < 0.05.

3 | RESULTS

3.1 | Clinical characteristics

Subjects' demographic and clinical data information are shown in

Table 1. The three groups of subjects were well matched in age

(p = 0.11), postpartum time (p = 0.9), levels of estradiol (p = 0.74),

and progesterone (p = 0.96). The EPDS, BAI, BDI, PSQI, PSS in PPD

and PPD-A were significantly higher than those of HPW group.

PPD-A has significantly higher EPDS, BAI and BDI scores than PPD.

3.2 | SampEn differences among HPW, PPD, and
PPD-A

ANOVA identified significant difference in SampEn maps among

HPW, PPD and PPD-A groups located in left medial prefrontal cortex

(MPFC_L) and left posterior cingulate cortex (PCC_L, Table 2 and

Figure 1). The post-hoc two-sample t-tests found that PPD-A shows

significantly higher SampEn in PCC_L than both PPD and HPW while

there is no significant difference between PPD and HPW. PPD-A also

shows significantly higher SampEn in MPFC_L than HPW and PPD,

and PPD shows lower SampEn in MPFC_L than HPW.

3.3 | Functional connectivity differences of MPFC
and PCC

Using MPFC_L and PCC_L as seed area, whole-brain functional con-

nectivity analysis identified significant differences in FCs between

MPFC_L and right angular gyrus (AG_R) and between PCC_L and right

paracentral lobule (PCL_R). PPD shows significantly decreased FCs

between MPFC_L and AG_R and between PCC_L and PCL_R com-

pared to both HPW and PPD-A, but there are no significant difference

between HPW and PPD-A (Table 2 and Figure 2).

3.4 | Correlation analyses

In PPD group, the SampEn in PCC_L was significantly negatively cor-

related with estrogen level (r = �0.56, p = 1 � 10�4) (Figure 3). We

also found that FCs of PCC_L with PCL-R were negatively correlated

TABLE 1 Demographic and clinical characteristics of the used subjects.

Characteristics HPW (62) PPD (45) PPD-A (31) F value

HPW

vs. PPD

HPW vs.

PPD-A

PPD vs.

PPD-A

Age (years) 32.42 ± 3.92 31.11 ± 3.19 31.03 ± 3.83 F2,135 = 2.29 (p = 0.11) p = 0.069 p = 0.11 p = 0.92

Postpartum time

(days)

96.27 ± 58.86 94.29 ± 56.29 100.35 ± 53.16 F2,135 = 0.11 (p = 0.9) p = 0.86 p = 0.75 p = 0.64

Estradiol (pg/ml) 81.23 ± 372.8 67.2 ± 241.09 32.01 ± 19.5 F2,135 = 0.31 (p = 0.74) p = 0.83 p = 0.47 p = 0.42

Progesterone

(ng/ml)

0.79 ± 1.41 0.85 ± 2.75 0.92 ± 1.67 F2,135 = 0.04 (p = 0.96) p = 0.89 p = 0.71 p = 0.9

EPDS scores 7.06 ± 4.14 16.2 ± 3.22 18.87 ± 5.46 F2,135 = 104.07 (p < 0.001) p < 0.001 p < 0.001 p = 0.0092

BAI scores 30.73 ± 7.23 37.18 ± 5.94 53.71 ± 10.23 F2,135 = 93.83 (p < 0.001) p < 0.001 p < 0.001 p < 0.001

BDI scores 7.24 ± 5.7 17.4 ± 7.37 24.26 ± 9.7 F2,135 = 61.8 (p < 0.001) p < 0.001 p < 0.001 p = 0.001

PSQI scores 6.85 ± 3.41 9.29 ± 3.46 10.71 ± 3.85 F2,135 = 13.94 (p < 0.001) p < 0.001 p < 0.001 p = 0.097

PSS scores 15.5 ± 4.8 19.62 ± 4.9 20.68 ± 3.92 F2,136 = 16.83 (p < 0.001) p < 0.001 p < 0.001 p = 0.3

Note: One-way analysis of variance (ANOVA) was first used to identify differences in demographics and clinical characteristics. Post-hoc two-sample t-tests

were further used to determine the between group differences in all the clinical performances. A Pearson chi-squared test was used for gender comparison.

Abbreviations: BAI, Beck's anxiety inventory; BDI, Beck's depression inventory; EPDS, Edinburgh postnatal depression scale; HPW, healthy postnatal

women; PSQI, Pittsburgh sleep quality index; PSS, perceived stress scale; PPD, postpartum depression; PPD-A, postpartum depression with anxiety.
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with PSS scores in the PDD group (r = �0.33, p = 0.036), and FCs of

MPFC_L with AG-R were positively correlated with PSS scores in the

PDD-A group (r = 0.37, p = 0.047) before multiple comparisons cor-

rection (Figure S1).

3.5 | Gene enrichment and PPI analyses

The associated genes with the changes of FCs (MPFC_L or PPC_L as

seed areas) between PPD and HPW and between PPD-A and HPW

were identified, respectively. The overlapped genes found between

PPD versus HPW and PPD-A versus HPW was taken as the MPFC_L

or PCC_L related FCs changes associated genes for PPD (Figures S2

and S3). In addition, the overlapped genes for FC changes of MPFC_L

and PCC_L as seeds areas were further analyzed and 446 overlapped

genes finally kept as the basic functional connectivity changes

associated genes for PPD. GO analysis for the 446 genes revealed

that these genes were mainly enriched in synaptic signaling, response

to hormones, energy metabolism, and modulation of neuronal actions

(Figure 4a). The KEGG analysis for the 446 genes found that these

genes were mainly enriched in cAMP signaling pathway, neurotrans-

mitterergic synapses, amino acid metabolism, inflammatory signaling

pathway, and endocrine hormone signaling pathway (Figure 4b). By

PPI analysis, we constructed a statistically significant PPI network for

the 446 genes (p = 1.0 � 10�16) (Figure 4c). The top 10 hub genes

with the highest degree values in the PPI network were shown

(Figure 4d).

In addition, we found 231 genes significantly associated with

changes in SampEn between PPD and PPD-A. GO analysis revealed

that these genes were mainly enriched in cell signaling responses,

modulation of neuronal and synaptic actions, and adrenergic receptor

activity (Figure 5a). In KEGG analysis, these genes were mainly

enriched in cAMP signaling pathway, neurotransmitterergic synapses,

inflammatory pathways, neuroactive ligand-receptor interactions, and

endocrine hormone signaling pathways (Figure 5b). By PPI analysis,

we constructed a statistically significant PPI network

(p = 1.0 � 10�16) (Figure 5c), and the top 10 hub genes with the high-

est degree values in the PPI network were shown (Figure 5d).

In addition, the expression levels of the top three hub genes (ALB,

ACO2, AGT) between PPD and PPD-A in the whole brain and in the

top five brain areas were shown. These hub genes with the highest

expression levels in amygdala, cingulate gyrus, striatum, thalamus and

cerebellum were observed (Figure 6a). The top three hub genes of

APOE, RHOA, and ANXA5 specific for PPD had the highest levels

of expression in the striatum, amygdala, thalamus and cerebellum

(Figure 6b); and the top three hub genes of ADRB2, ACOX1, and

ACTA1 specific for PPD-A had the highest levels of expression in the

striatum, supplementary motor area, thalamus, amygdala, the orbital

part of inferior frontal cortex, cingulate cortex, cerebellum and rectus

(Figure 6c).

3.6 | PPD and PPD-A related neurotransmitter
receptors

Neurotransmitter receptor distribution-neuroimaging spatial correla-

tion analyses found that the changes of FC with MPFC_L as seed area

TABLE 2 Differences in sample entropy (SampEn) and functional connectivity (FC) between HPW, PPD, and PPD-A groups.

Indices Brain regions L/R

Peak MNI coordinates

F values pX Y Z

SampEn Medial prefrontal cortex (MPFC) L �6 51 3 13.87 p < 0.001

Posterior cingulate cortex (PCC) L �3 �54 24 11.3 p < 0.001

FC: MPFC Angular gyrus R 45 �63 51 7.99 p = 0.001

FC: PCC Paracentral lobule R 9 �27 54 12.03 p < 0.001

Note: The one-way analysis of variance (ANOVA) was used to identify differences in SampEn values and FCs among the three groups.

Abbreviations: L, left hemisphere; R, right hemisphere.

F IGURE 1 Differences in brain sample entropy (SampEn)
between postpartum depression (PPD), PPD with anxiety (PPD-A) and
healthy postnatal women (HPW). Analysis of variance (ANOVA) of
SampEn maps (with age as covariate) showed significant differences
in left medial prefrontal cortex (MPFC_L) and left posterior cingulate

cortex (PCC_L) in HPW, PPD and PPD-A. Post-hoc two-sample t-tests
of SampEn in MPFC_L and PCC_L between any pair of HPW, PPD,
and PPD-A were further performed to identify between group
differences.
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between PPD and HPW were negatively correlated with CB1

(r = �0.24, p = 0.004); the changes of FC with PCC_L as seed area

between PPD and HPW was positively correlated with NAT (r = 0.26,

p = 0.006) and VAChT (r = 0.27, p = 0.014); the changes of SampEn

between PPD and HPW were positively correlated with NMDAR

(r = 0.17, p = 0.03). For PPD-A compared with HPW, the changes in

SampEn were positively correlated with 5HT1B (r = 0.14, p = 0.033),

5HT4 (r = 0.16, p = 0.019), GABA (r = 0.14, p = 0.043), and NMDAR

(r = 0.16, p = 0.014). For PPD-A compared with PPD, the changes of

FC with MPFC_L as seed area were positively correlated with CB1

(r = 0.27, p = 0.02), D2 (r = 0.26, p = 0.031), mGluR5 (r = 0.25,

p = 0.015), and MOR (r = 0.38, p = 0.011) (Figure 7).

4 | DISCUSSION

In this study, combining brain sample entropy, functional connectivity

and neuroimaging-transcriptome/neurotransmitter spatial association

analyses, we revealed abnormal sample entropy and functional cou-

plings of DMN in PPD and PPD-A. Moreover, we linked these func-

tional changes with trancriptomic expression level and neurotransmitter

density. We found that the functional abnormalities in PPD or PPD-A

are associated with synaptic signaling, neuron projection, neurotransmit-

ter level regulation, ion transmembrane transport, cAMP signaling path-

ways and neurotransmitters of 5-HT, norepinephrine, glutamate and

dopamine etc. Our findings highlight the important role of DMN in neu-

ropathology of PPD and PPD-A and identify the molecular basis for

functional changes in PPD and PPD-A for the first time.

4.1 | DMN in PPD and PPD-A

Both MPFC and PCC which are core areas of DMN are involved in

emotion regulation and various cognitive functions (Drevets

et al., 2008; Payne & Maguire, 2019; Zheng et al., 2018) and are also

F IGURE 2 Differences in functional connectivities (FCs) of left MPFC and PCC among HPW, PPD, and PPD-A. One-way ANOVA found
altered FCs between MPFC_L and right angular gyrus (AG_R) and between PCC_L and right paracentral lobule (PCL_R) among HPW, PPD, and
PPD-A. Post-hoc two-sample t-tests revealed significantly decreased FCs between PCC_L and PCL_R and between MPFC_L and AG_R in PPD
compared to both HPW and PPD-A. There are no significant differences in FCs between HPW and PPD-A.

F IGURE 3 Correlation analysis results. The SampEn of PCC_L
was significantly negatively correlated with estrogen level in patients
with PPD not in subjects with HPW.
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key brain regions in PPD and postpartum anxiety (Chase et al., 2014;

Sabihi et al., 2021). The DMN has been shown to be involved in regu-

lating depression and anxiety levels (Payne & Maguire, 2019; Tao

et al., 2015). Compared with HPW and PPD, we found that the Sam-

pEn of left PCC specifically increased in PPD-A. PCC is the posterior

core region of the DMN and plays an important role in self-reflection

(Chase et al., 2014; Zheng et al., 2018). Compared with depression,

many studies emphasize the key role of PCC in anxiety because PCC

shows relatively high activities to think about responsibilities and obli-

gations. For example, it has been found that neuroticism scores are

associated with PCC activity and is positively correlated with anxi-

ety symptoms (Roelofs et al., 2008). Orchard et al. found that a

decrease in the inhibitory effects of the ventromedial prefrontal

cortex on PCC may cause excessive maternal worry to induce

F IGURE 4 Gene enrichment analysis and the corresponding PPI network of the genes for PPD derived from spatial association analyses
between transcriptome and changes of FCs. (a) Triplicate histograms were plotted for GO enrichment analysis of biological processes (BP), cellular
component (CC), and molecular functions (MF). All the results were obtained with p < 0.05 (BH-FDR correction). (b) Bubble plot was used to
show the KEGG enrichment analysis results obtained with p < 0.05 (BH-FDR correction). (c) A PPI network was constructed using significantly
associated genes with changes of FCs. (d) The top 10 hub genes of the PPI network were shown and different colors represent the size of degree
(The dark red represents higher degree values and the yellow represent lower degree values).
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postnatal anxiety (Orchard et al., 2023). We found the specifically

elevated SampEn of PCC suggesting increased irregularity of the

brain system caused by elevated levels of fear and reduced levels of

well-being in patients with PPD-A. The elevated SampEn of PCC

may be specific for anxiety symptoms and may serve as a biomarker

to identify PPD-A.

Compared to HPW, the SampEn of MPFC increased in PPD-A

while decreased in PPD. The MPFC is the anterior core of the DMN

and acts as a control panel for cognitive processes as well as emotion

regulation (Drevets et al., 2008; Miller & Cohen, 2001). The functional

disruption of MPFC plays a key role in the development of both PPD

and postpartum anxiety disorder (Sabihi et al., 2021). Structural

F IGURE 5 Gene enrichment analysis of the genes associated with sample entropy (SampEn) differences between PPD and PPD-A groups
and corresponding protein–protein interaction (PPI) network. (a) Triplicate histograms were plotted for GO enrichment analysis of biological
processes (BP), cellular component (CC), and molecular functions (MF). All the results were obtained with p < 0.05 (BH-FDR correction).
(b) Bubble plot was used to show the KEGG enrichment analysis results obtained with p < 0.05 (BH-FDR correction). (c) A PPI network was
constructed with the significantly associated genes for the changes of SampEn between PPD and PPD-A. (d) The top 10 hub genes of the PPI
network were shown and different colors represent the size of degree (the dark red represents higher degree values and the yellow represent
lower degree values).
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plasticity and altered neuronal activity in the MPFC are closely associ-

ated with emotional and cognitive deficits in PPD (Leuner et al., 2014;

Leuner et al., 2023). Patients with PPD were found to have decreased

spontaneous neural activity in the prefrontal cortex and to exhibit

impaired cognitive function (Zheng et al., 2018). These findings indi-

cated that depression is an adaptive behavior of a person to reduce

the uncertainty in life by reducing the entropy of sensory and physical

states (Badcock et al., 2017). It has been found that the neuropeptide

oxytocin in the prelimbic region of the MPFC modulates maternal

anxiety-like behavior (Sabihi et al., 2014). The higher anxiety sensitiv-

ity of healthy adults with negative childhood experiences showed

higher MPFC entropy (Duncan et al., 2015). Depression is a state of

neuronal hypoactivity while anxiety is a state of neuronal excitation.

The presence of both states indicates increased brain irregularity in

patients PPD-A. Using SampEn analysis, we provide new evidence for

irregular activity of MPFC in patients with PPD and PPD-A, and Sam-

pEn of MPFC can be used as a marker to distinguish PPD and PPD-A.

Decreased FCs between PCC and PCL as well as between MPFC

and AG were found in patients with PPD Compared with HPW and

PPD-A. The PCL is a part of the somatosensory network, and the

reduced FC with PCC may be related to impaired ability to process

autosensory leading to reduced sensitivity to various somatosensory

stimuli. This conclusion is supported by a previous study which found

reduced somatosensory cortical activation in patients with PPD lead-

ing to reduced sensitivity of patients to neonatal pain manifestations

(Bembich et al., 2016). The negative correlation of FC between PCC

and PCL with PSS scores found in our study suggests that the FC

between PCC and PCL directly regulated the mental stress in PPD.

MPFC and AG are two important components of DMN and patients

with PPD showed reduced voxel-mirrored homotopic connectivity of

MPFC (Zhang et al., 2022). The AG is involved in attention, emotion,

memory and semantic processing (Liu et al., 2012; Wang, Xie,

et al., 2017). The reduced FC between MPFC and AG may be related

to self-reference dysfunction, impaired attention and memory capac-

ity in PPD patients. Moreover, we found that SampEn of PCC was

negatively correlated with blood estrogen levels in PPD patients indi-

cating the functional irregularity of PCC in PPD was mediated by

estrogen level. Our findings were supported by the previous studies

which found that the biological mechanism of PPD is estrogen fluctu-

ations through the estrogen signaling pathway and estrogen receptor

α was negatively correlated with gray matter volume of PCC (McEvoy

et al., 2017; Tan et al., 2020). All these findings highlight the important

role of PCC and MPFC in the neuropathology of PPD.

4.2 | Molecular basis for PPD and PPD-A

We constructed two PPI networks with hub genes screened from

genes associated with altered brain entropy and functional connectiv-

ity. These genes are mainly involved in the regulation of nutrient

metabolism and protein expression at the synapse in PPD and PPD-A.

For PPD-A, some of the central genes are closely associated with the

development of anxiety symptoms, and they have functional implica-

tions for understanding the molecular pathogenesis and treatment of

PPD-A. For example, ADRB2 encodes the adrenergic receptor β2

which has been shown to reduce β-adrenergic signaling in patients

with postpartum anxiety (Nicoloro-SantaBarbara et al., 2022). ACOX1

can contribute to the development of anxiety by affecting the level of

ω-3 LC-polyunsaturated fatty acid synthesis (Aliev et al., 2022). In the

case of PPD, high expression of several pivotal genes has been shown

to be a risk factor for PPD. For example, the RhoA signaling pathway

plays a key role in PPD by participating in the process of glutamatergic

synaptic stress and the release of AMPA receptors to dendritic spines

(Gerges et al., 2004; Olivier et al., 2015). ANXA5 is a Ca2+-dependent

membrane and phospholipid-binding protein, and Ca2+ promotes the

synthesis of 5-HT, thereby playing an important role in preventing

the development of PPD (Freiría-Martínez et al., 2023; Robinson

et al., 2014).

Compared with PPD, genes associated with altered brain function

in PPD-A are predominantly enriched in biological pathways

F IGURE 7 PPD and PPD-A related neurotransmitter receptors. Spatial Pearson correlation analyses between statistical t maps of SampEn
and FCs and neurotransmitter density maps have identified PPD and PPD-A-related neurotransmitter receptors. The significant level was set
at p < 0.05.
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associated with anxiety-like symptoms, including modulation of neu-

ronal and synaptic actions, lipid metabolism, neuroactive ligand-

receptor interactions, and inflammatory pathways. For example, Ageta

et al. find that activin in the forebrain bi-directionally affects anxiety-

related behaviors (Ageta et al., 2008). Monoacylglycerol lipase inhibi-

tors significantly increase basal corticosterone levels causing anxiety-

like symptoms (Aliczki et al., 2013). Conditional ablation of the neural

cell adhesion molecule L1 results in increased basal excitatory synap-

tic transmission and decreased anxiety in mice with CA1 (Law

et al., 2003). Excess purine produced by T cells can over-activate neu-

rons in the amygdala leading to anxiety symptoms (Fan et al., 2019).

We found that the distribution of the neurotransmitter of MOR which

elicits anxiety-like behaviors by altering interactions between the

brain's opioid and GABA systems, is also important for anxiety symp-

toms (Kalinichev et al., 2000). The neurotransmitter of mGluR5 is one

of the most important receptors of the central glutamatergic system,

and anxiety symptoms exhibited by offspring rats exposed prenatally

and postnatally to a high-calorie diet are associated with overexpres-

sion of glutamate receptor mRNA in the prefrontal cortex (Rivera

et al., 2020). Postpartum mothers separated from their infants show

anxiety-like behaviors and a tendency toward high expression of

dopamine receptor D2 (Noori et al., 2020). Our study also found that

PPD-A is associated with the neurotransmitters of 5-HT and GABA,

which is consistent with previous findings that symptoms of depres-

sion and anxiety in PPD mouse model are associated with differential

expression of GABA receptor subunits and a significant increase in

5-HT in the hypothalamus (Avraham et al., 2017; Tarantino

et al., 2011). Genes associated with altered brain function in PPD

were mainly enriched in response to hormones, neuronal projections,

and cAMP signaling pathways, which are associated with depressive

symptoms. For example, PAŘÍZEK et al. found that changes in steroid

hormone levels in the 4 weeks before delivery were associated with

PPD (Pařízek et al., 2014). The hair cortisol levels during pregnancy

can predict depressive symptoms in PPD (Romero-Gonzalez

et al., 2019). The neurotransmitters of CB1 and VAChT belong to

dopamine and acetylcholine systems, respectively. Activation of the

CB1 receptor and inhibition of VAChT could reduce dopamine release

and cause PPD (Anderson & Maes, 2013; Busquets-Garcia

et al., 2018). The neurotransmitter of NMDAR is associated with neu-

roplasticity and mediates learning and memory functions (Dupuis

et al., 2023). The use of a noncompetitive NMDAR antagonist show

rapid and sustained antidepressant effects in a rodent model of post-

partum depression (Feng et al., 2024). In addition, the neurotransmit-

ter of NAT which belongs to the noradrenergic system was also found

in our study. A previous study has reported that postnatal dysregula-

tion of the metabolism of norepinephrine causes PPD (Ma

et al., 2019). Taken together, we found that the occurrences of PPD

are not only associated abnormal gene expression profiles but also are

regulated by multiple neurotransmitters.

It should be noted that our study has several limitations. First, it is

possible that the differences between PPD and PPD-A are due to

their confounding factors including the modes of conception and

delivery and differences in the mothers' own cognitive abilities, thus

further refinement of the study design is needed; Second, we only

conducted a cross-sectional research of PPD and PPD-A patients in

this study. A longitudinal study from preconception, prenatal to post-

natal period is desired, which may delineate the dynamic mechanisms

of PPD and PPD-A. Third, the gene expression data came from six

postmortem brains not from the same subjects as the neuroimaging

data, which may result in the results bias. In addition, the transcrip-

tomic data only include six subjects and only one female subject

enrolled. The small samples and skewed gender distribution may also

influence the spatial correlation analyses results. Fourth, in our study,

we found that some of the PPD-A subjects have higher BDI scores

than PPD, which suggest that the PPD-A sample does not just have

co-morbid anxiety but also with severe depression. Although PPD-A

has higher BDI scores than PPD, we found the inconsistency that

some PPD or PPD-A subjects with higher EPDS but with lower BDI

and vice versa indicating that PPD and general depression may share

similar but different brain circuits (Cheng, Guo, et al., 2022). In spite of

this inconsistency, our study still cannot rule out the effects of this

confound factor, which is indeed a limitation of our study. The future

studies need to pay more attention during screening samples to

ensure that the selected samples have same conditions to exclude

other confound factors.

5 | CONCLUSIONS

By combining brain entropy, functional connectivity, transcriptomic

and neurotransmitter data, we found that the functional irregularity of

DMN and functional connectivities within DMN could serve as effec-

tive neuromarkers to distinguish PPD and PPD-A. Furthermore, the

functional changes in PPD and PPD-A are closely associated with syn-

aptic signaling, neuron projection, neurotransmitter receptor and

transmembrane transporter activity, which indicates that long-term

postpartum depression or anxiety results in synaptic plasticity and

neurotransmitter changes. These synaptic and molecular alterations

may be the underlying neuropathological basis of PPD and PPD-A.
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Chaves, Y., Gonzalez-Freiria, N., Martín-Forero-Maestre, M.,

Fernández-Feijoo, C. D., Suárez-Albo, M., Fernández-Lorenzo, J. R.,

Guisán, A. C., Olivares, J. M., & Spuch, C. (2023). Proteomic analysis of

exosomes derived from human mature milk and colostrum of mothers

with term, late preterm, or very preterm delivery. Analytical Methods,

15, 4905–4917.
Gene Ontology Consortium. (2021). The gene ontology resource: Enrich-

ing a GOld mine. Nucleic Acids Research, 49, D325–d334.
Gerges, N. Z., Backos, D. S., & Esteban, J. A. (2004). Local control of AMPA

receptor trafficking at the postsynaptic terminal by a small GTPase of

the Rab family. The Journal of Biological Chemistry, 279, 43870–43878.
Goodman, J. H. (2004). Paternal postpartum depression, its relationship to

maternal postpartum depression, and implications for family health.

Journal of Advanced Nursing, 45, 26–35.
Habets, P. C., Kalafatakis, K., Dzyubachyk, O., van der Werff, S. J. A.,

Keo, A., Thakrar, J., Mahfouz, A., Pereira, A. M., Russell, G. M.,

Lightman, S. L., & Meijer, O. C. (2023). Transcriptional and cell type

profiles of cortical brain regions showing ultradian cortisol rhythm

dependent responses to emotional face stimulation. Neurobiology of

Stress, 22, 100514.

Han, X., Cao, M., He, J., Xu, D., Liang, Y., Lang, X., & Guan, R. (2023). A

comprehensive psychological tendency prediction model for pregnant

women based on questionnaires. Scientific Reports, 13, 2.

Hansen, J. A.-O., Shafiei, G. A.-O., Markello, R. A.-O., Smart, K. A.-O.,

Cox, S. M. L., Nørgaard, M. A.-O., Beliveau, V. A.-O. X., Wu, Y.,

Gallezot, J. D., Aumont, �E., Servaes, S., Scala, S. G., DuBois, J. M.,

Wainstein, G. A.-O., Bezgin, G., Funck, T., Schmitz, T. A.-O.,

Spreng, R. A.-O., Galovic, M., … Misic, B. A.-O. (2022). Mapping neuro-

transmitter systems to the structural and functional organization of

the human neocortex.

Hawrylycz, M. J., Lein, E. S., Guillozet-Bongaarts, A. L., Shen, E. H., Ng, L.,

Miller, J. A., van de Lagemaat, L. N., Smith, K. A., Ebbert, A., Riley, Z. L.,

Abajian, C., Beckmann, C. F., Bernard, A., Bertagnolli, D., Boe, A. F.,

Cartagena, P. M., Chakravarty, M. M., Chapin, M., Chong, J., …
Jones, A. R. (2012). An anatomically comprehensive atlas of the adult

human brain transcriptome. Nature, 489, 391–399.
Hendrick, V., Altshuler, L., Strouse, T., & Grosser, S. (2000). Postpartum

and nonpostpartum depression: Differences in presentation and

response to pharmacologic treatment. Depression and Anxiety, 11,

66–72.
Kalinichev, M., Easterling, K. W., & Holtzman, S. G. (2000). Periodic post-

partum separation from the offspring results in long-lasting changes in

anxiety-related behaviors and sensitivity to morphine in Long-Evans

mother rats. Psychopharmacology, 152, 431–439.

Kanehisa, M., & Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and

genomes. Nucleic Acids Research, 28, 27–30.
Kimmel, M. (2020). Maternal mental health MATTERS. North Carolina Med-

ical Journal, 81, 45–50.
Lake, D. E., Richman, J. S., Griffin, M. P., & Moorman, J. R. (2002). Sample

entropy analysis of neonatal heart rate variability. American journal of

physiology. Regulatory, Integrative and Comparative Physiology, 283,

R789–R797.
Law, J. W. S., Lee, A. Y. W., Sun, M., Nikonenko, A. G., Chung, S. K.,

Dityatev, A. E., Schachner, M., & Morellini, F. (2003). Decreased anxi-

ety, altered place learning, and increased CA1 basal excitatory synaptic

transmission in mice with conditional ablation of the neural cell adhe-

sion molecule L1. The Journal of Neuroscience, 23, 10419–10432.
Leuner, B., Dye, C., Franceschelli, D., Ringland, A., & Lenz, K. (2023). Peri-

neuronal net remodeling in the prefrontal cortex across the peripartum

period and in response to gestational stress. Biological Psychiatry,

93, S22.

Leuner, B., Fredericks, P. J., Nealer, C., & Albin-Brooks, C. (2014). Chronic

gestational stress leads to depressive-like behavior and compromises

medial prefrontal cortex structure and function during the postpartum

period. PLoS One, 9, e89912.

Li, J. S., Suckling, J., Fan, F., Ji, G.-J., Meng, Y., Yang, S., Wang, K., Qiu, J.,

Chen, H., & Liao, W. (2021). Cortical structural differences in major

depressive disorder correlate with cell type-specific transcriptional sig-

natures. Nature Communications, 12, 1647.

Lipsitz, L. A., & Goldberger, A. L. (1992). Loss of “complexity” and aging.

Potential applications of fractals and chaos theory to senescence.

JAMA, 267, 1806–1809.
Liu, F., Hu, M., Wang, S., Guo, W., Zhao, J., Li, J., Xun, G., Long, Z.,

Zhang, J., Wang, Y., Zeng, L., Gao, Q., Wooderson, S. C., Chen, J., &

Chen, H. (2012). Abnormal regional spontaneous neural activity in

first-episode, treatment-naive patients with late-life depression: A

resting-state fMRI study. Progress in Neuro-Psychopharmacology & Bio-

logical Psychiatry, 39, 326–331.
Liu, S., Seidlitz, J., Blumenthal, J. D., Clasen, L. S., & Raznahan, A. (2020).

Integrative structural, functional, and transcriptomic analyses of sex-

biased brain organization in humans. Proceedings of the National Acad-

emy of Sciences of the United States of America, 117, 18788–18798.
Ma, J., Huang, Z., Wang, S., Zheng, S., & Duan, K. (2019). Postpartum

depression: Association with genetic polymorphisms of noradrenaline

metabolic enzymes and the risk factors. Nan Fang Yi Ke Da Xue Xue

Bao, 39, 57–62.
Martin, J. A., Hamilton, B. E., Osterman, M. J. K., Driscoll, A. K., & Drake, P.

(2018). Births: Final data for 2017. National vital statistics reports,

67, 1–50.
McEvoy, K., Osborne, L. M., Nanavati, J., & Payne, J. L. (2017). Reproduc-

tive affective disorders: A review of the genetic evidence for premen-

strual dysphoric disorder and postpartum depression. Current

Psychiatry Reports, 19, 94.

Miller, E. K., & Cohen, J. D. (2001). An integrative theory of prefrontal cor-

tex function. Annual Review of Neuroscience, 24, 167–202.
Molina-Picó, A., Cuesta-Frau, D., Aboy, M., Crespo, C.,

Miró-Martínez, P., & Oltra-Crespo, S. (2011). Comparative study of

approximate entropy and sample entropy robustness to spikes. Artifi-

cial Intelligence in Medicine, 53, 97–106.
Murphy-Eberenz, K., Zandi, P. P., March, D., Crowe, R. R., Scheftner, W. A.,

Alexander, M., McInnis, M. G., Coryell, W., Adams, P., DePaulo, J. R.,

Jr., Miller, E. B., Marta, D. H., Potash, J. B., Payne, J., & Levinson, D. F.

(2006). Is perinatal depression familial? Journal of Affective Disorders,

90, 49–55.
Muzik, M., & Borovska, S. (2010). Perinatal depression: Implications for

child mental health. Mental Health in Family Medicine, 7, 239–247.
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