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ABSTRACT The developmental transition to motherhood requires gene expression changes that alter the
brain to drive the female to perform maternal behaviors. We broadly examined the global transcriptional
response in the mouse maternal brain, by examining four brain regions: hypothalamus, hippocampus,
neocortex, and cerebellum, in virgin females, two pregnancy time points, and three postpartum time points.
We find that overall there are hundreds of differentially expressed genes, but each brain region and time
point shows a unique molecular signature, with only 49 genes differentially expressed in all four regions.
Interestingly, a set of “early-response genes” is repressed in all brain regions during pregnancy and post-
partum stages. Several genes previously implicated in underlying postpartum depression change expres-
sion. This study serves as an atlas of gene expression changes in the maternal brain, with the results
demonstrating that pregnancy, parturition, and postpartum maternal experience substantially impact di-
verse brain regions.
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The developmental transformation of the mammalian female brain
during pregnancy, parturition, and the postpartum period prepare and
drive maternal behaviors, and is both a response to, and presumably a
cause of, the physiological changes accompanying these reproductive
transitions (reviewed in Brunton and Russell 2008; Dulac et al. 2014;
Hillerer et al. 2014; Kinsley and Amory-Meyer 2011). While it is clear
that fluctuating titers of hormones contribute to changes in gene ex-
pression that mediate this transformation, how the female brain is
shaped as a result of reproductive and maternal experience is not un-
derstood at a molecular-genetic or neural circuit level.

Hormones are vital for both the establishment and maintenance
of pregnancy, parturition, and the onset of postpartum maternal be-
havior, with peptide hormones prolactin (Prl) and oxytocin (Oxt), and
steroid hormones estrogen (E) and progesterone (P4) having key roles
(reviewed in Brunton and Russell 2010). With respect to the brain, the
epicenter of hormone regulation is the hypothalamus, which is the
major central nervous system (CNS) component of the hypothalamus-
pituitary-gonadal axis (reviewed in Brunton and Russell 2008, 2010;
Russell et al. 2001). Hormones produced in the hypothalamus reg-
ulate the pituitary gland, which in turn regulates gonadal hormone
production. The hormone feedback loops mean that the cells of the
hypothalamus are both the source and the target of a variety of
hormones.

Both positive and negative feedback loops are known to regulate the
key hormones of pregnancy. The hormones luteinizing hormone (LH),
follicle stimulating hormone (FSH) and Prl are released from the
pituitary, E and P4 from the ovary, and Oxt, which regulates both labor
and lactation, is produced in the hypothalamus.The central connections
of the hypothalamus to other brain regions means that it also plays a
fundamental role in regulating maternal and other behaviors. For
example, the neural circuits that underliematernal behaviors are primed
by E and P4 during pregnancy and postpartum (Bridges 1984; Bridges
et al. 1990; Gonzalez-Mariscal et al. 1996). Even the most basic mam-
malian maternal behavior, such as nursing, requires Prl to stimulate
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milk secretion (Horseman et al. 1997), and Oxt to stimulate milk
ejection in response to suckling (reviewed in Brunton and Russell
2010).

Outside of the hypothalamus, and the hypothalamus-pituitary-
gonadal axis, many brain areas are the presumed targets of hormones
andplayarole inmaternalbehavior.Forexample, lesionsof thecingulate
cortex, amygdala, septal regions, and regions of the brain that process
olfactory information have been shown to impact maternal behaviors,
such as pup retrieval and nest building (Kinsley and Amory-Meyer
2011; Slotnick 1967; Slotnick and Nigrosh 1975). These major repro-
ductive transitions also impact cognition. For example, the hormone
changes during pregnancy and the postpartum period are thought to
underlie improved cognitive abilities, with reproductive experience en-
hancing spatial memory (reviewed in Kinsley et al. 1999), as well as
other hippocampal functions (reviewed in Galea et al. 2014).

Previous gene expression studies that examined expression changes
associated with the maternal brain have focused on single time points
and examined particular subregions of the brain (Eisinger et al. 2013;
Zhao et al. 2012), or particular gene functional groups, like neurotrans-
mitter receptor pathway genes (Mann 2014). Thus far, there has not
been a comprehensive examination of the brain to understand how
extensive the molecular changes are in different brain regions, and also
how different these changes are at each stage.

To understand how extensive the gene expression changes are, we
have examined gene expression in four brain regions, using RNA-
sequencing (RNA-seq). The rationale for the four brain regions exam-
ined are: (1) the hypothalamus: because of its key role in regulating
hormones, and because it is both a source and target ofmanyhormones;
(2) the hippocampus; and (3) the neocortex: because of their roles in
memory, learning, and cognition; and (4) the cerebellum: a key motor
control region that, although it is known to have cells with hormone
receptors, does not seem a priori to have amajor role in the regulation of
maternal behaviors. Thus, these four brain regions include regions pre-
viously implicated in underlying maternal behaviors, and those with
less established roles. In this study, we examined these brain regions in
virgin, pregnant, and postpartum females to provide a sequential view
of gene expression changes across a changing physiological landscape,
with a focus on the peripartum period, pregnancy time points near
parturition, and early postpartum time points when the potential for
maternal behaviors are likely being established, and also a later post-
partum time point when maternal behaviors are robustly displayed.

MATERIALS AND METHODS

Animal Husbandry
Eight-week-old male and female C57BL/6J (B6) mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). To generate timed
pregnant mice, nulliparous B6 females were trio bred to B6 males. The
day of vaginal plug discovery was designated postconception day 0
(PC0). Gestational age was confirmed using external morphological
features at necropsy (Theiler 1989). Randomly cycling, age-matched
virgin females were used. All animals were housed in individually
ventilated cages, on beta-chip bedding, and maintained under con-
trolled conditions of temperature (20�–24�), humidity (40–60%), and
lighting (12 hr light: 12 hr dark). Mice were fed standard chow diet
and distilled water ad libitum. All animal husbandry protocols were in
accordance with the guidelines of the American Association for the
Accreditation of LaboratoryAnimal Care (AAALAC). All experimental
protocols conducted in this study were approved by the Florida State
University Animal Care and Use Committee.

RNA-seq library preparation
The brain tissues were dissected rapidly, flash-frozen in liquid nitrogen,
andmaintained on dry ice until storage at –80�. Frozen brain tissue was
homogenized in 1 ml TRIzol solution (Life Technologies 15596-018),
using a motorized homogenizer. Samples were then centrifuged at 4�
for 10 min at 4000 rpm to separate out debris, and the resulting su-
pernatant was processed for total RNA extraction. Total RNA was
treatedwith TURBODNase (AmbionAM223) and purifiedwith Zymo
Research RNA Clean & Concentrator-25kit (Zymo Research R1018).
The DNase treated and purified total RNA (5 mg for cerebellum, neo-
cortex, and hippocampus, or 1 mg for hypothalamus) was used for
subsequent mRNA isolation and RNA-seq library preparation. The
External RNA Controls Consortium (ERCC) RNA Spike-in Controls
(Ambion 4456740) were diluted 1:10 (for 5 mg total RNA sample) and
1:100 (for 1 mg total RNA sample) and added to total RNA. RNA-seq
libraries were generated using the NEBNext Ultra RNA Library Prep
Kit for Illumina (New England Biolabs Inc. E7530L), with 12 PCR
cycles. The qualities of the libraries were examined using Agilent High
Sensitivity DNA Bioanalyzer Chips (Agilent Technologies 5067-4626)
and quantified by KAPA Library Quantification Kits for Illumina se-
quencing platforms (KAPA Biosystems KK4824).

Illumina sequence read mapping and analyses
Initial quality checks on the Illumina sequencing data were done using
FastQC(version 0.11.2, BabrahamBioinformatics). Raw sequence reads
were preprocessed using Trimmomatic to remove Illumina adaptor
sequence (Bolger et al. 2014), retaining only sequences that are 50 ba-
ses or longer. The ILLUMINACLIP section of the Trimmomatic com-
mandwas set to two seedmismatches, thus allowing amaximumof two
mismatches to be allowedwhile still allowing a full match to the adapter
sequence, a palindromeClipThreshold of 30, and a simpleClipThres-
hold of 10.

TheMusmusculus reference genome (release 75) was obtained from
Ensembl (Flicek et al. 2014). The vast majority of the Illumina sequence
data resulted in reads that are 100 bases in length after processing. The
processed Illumina reads were mapped to the reference genome using
the Tophat alignment tool (Trapnell et al. 2009), version 2.0.8, which
uses Bowtie 2 as its underlying alignment algorithm. The parameters
of Tophat were set to their default values, except the number of allowed
mismatches and allowed edit distance (–read-mismatches and –read-
edit-dist), which was set to six. The –GTF option was used to provide
Tophat with a set of gene model annotations. easyRNASeq (obtained
fromBioconductor version 3.0.2) was used to extract a count table from
the Tophat files (Delhomme et al. 2012), containing raw count data for
the genic feature of interest (gene), used in the count option and the
geneModels option in the summarization parameter. The chromosome
sizes option was set to auto to derive the chromosome sizes from the
header of the BAM file generated by Tophat.

Cufflinks (version 2.1.1) was used to determine FPKM (Fragments
Per Kilobase of Exon Per Million Fragments Mapped) values for each
gene, based on the obtained full length and junction reads, utilizing the
same GTF gene annotation file as before, and the –no-effective-length-
correction flag set (Trapnell et al. 2012). The FPKM values were used to
filter the final differentially expressed gene lists. Here, we require that
for a gene to be considered in our statistical analyses, it needed to have
a minimum FPKM value of 1, in all three replicates, in at least one
treatment condition.

We used the edgeR statistical package (Bioconductor version 3.0.2)
(Robinson et al. 2010). The trimmed means of M normalization
method was performed on all samples. To determine if a gene is
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differentially expressed, we used the “tagwise” model of calculating
dispersion. The p values were converted to q values by applying a false
discovery rate (FDR) correction to account for multiple testing and
false positives (Benjamini and Hochberg 1995). Genes that were de-
termined to be significantly differentially expressed are provided in
Supporting Information, Figure S1, Table S6, Table S7, Table S8, Table
S9, Table S10, Table S11, Table S12, Table S13, Table S14, Table S15,
Table S16, Table S17, Table S18, Table S19, and Table S20.

DESeq2 (obtained from Bioconductor version 3.0.2) was used to
obtain PCA plots of the replicates (Love et al. 2014). The PCA plot
generates two-dimensional plots of the first two components of the
replicates for all the samples, allowing us to visualize the variance
among the replicates. We note that we observe differences in variance
among our biological replicates from the different time points (Figure
S15). Thus, we do not have the same power to detect differences in all
samples, due to this variance. Furthermore, we examined two PC time
points and three PP time points, so we have different power to detect
differences in the PP stages.

Clustering approaches
Validation of our dissections was conducted by performing a literature
survey (Sandberg et al. 2000) and identifying brain-region-specific
genes in the Allen Brain Atlas (Lein et al. 2007). Visualization of our
gene lists was done by generating heat maps using the hierarchical
clustering module of GENE-E (http://www.broadinstitute.org/cancer/
software/GENE-E/). The FPKM values that were obtained from Cuf-
flinks were averaged, for each time point, for each gene for the hierar-
chical clusters. GENE-E was also used to find expression pattern
similarities among the 49 genes that are common in the differentially
expressed lists among all comparisons using K-means clustering. We
found an initial value of nine for clustering centroids was optimal.

WebGestaltwas used for geneontology (GO) enrichment analysis and
visualization of the ontology trees (Zhang et al. 2005). Genes determined
to be differentially expressed in the pairwise comparisons examined were
collated into gene lists that were classified as being induced or repressed.
These gene lists were tested against the full mouse genome, using a
hypergeometric test, to identify significantly enriched terms (p value
,0.05 after a Benjamini-Hochberg correction). Ensembl gene IDs were
provided to the WebGestalt software. Each GO analysis (biological
processes, molecular functions, and cellular components), Phenotype
ontology, and KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway had to contain five or more genes to be considered enriched.

Data availability
The RNA-seq data are available in the FASTQ format at the gene
expression omnibus (GEO) with the accession number: GSE70732.

RESULTS AND DISCUSSION

Experimental overview
The goal of this studywas to determine the gene expression changes in the
female mouse brain that are a result of pregnancy, parturition, and the
postpartummaternal experienceusingRNA-seq.Weexamined fourbrain
regions in C57BL/6J (B6) female mice (hypothalamus, hippocampus,
neocortex, and cerebellum; Figure 1A).Gene expressionwas compared in
closely age-matched virgin females; females pregnant 14 and 16 days
after observation of a seminal plug; and nursing dams with postnatal
day 1, 3, and 10 pups (Figure 1B). Dams that are 14 and 16 days post
observation of a seminal plug will be referred to as postconception
days 14 and 16 (PC14 and PC16) (Figure 1B). Dams at postpartum
days 1, 3, and 10 will be referred to as postpartum days 1, 3, and 10

(PP1, PP3, and PP10) (Figure 1B). The pregnancy (PC14 and PC16) and
postpartum (PP1 and PP3) time points are equally spaced and also close
to parturition, whereas the PP10 time point is when maternal behaviors
are robustly displayed, thus analysis of these time points are likely to
provide insight into the molecular-genetic basis of creating the potential
formaternal behaviors, in the changing hormonal landscape surrounding
parturition.

Samples ofmRNAfromthreebiological replicateswere examined. For
each replicate, mRNA was derived from a single mouse brain, with each
mouse brain being used to collect all four brain regions. All sequencing
libraries were confirmed to be of high-quality using FastQC (Andrews
2010). In addition, spike-in control mRNAs at a large range of concen-
trations were added at the total RNA step of library preparation (Jiang
et al. 2011), and the results showed that all library preparation steps were
of high quality (Table S1). Gene expression levels are reported as nor-
malized values that take into account gene length and RNA-seq library
size (Fragments Per Kilobase of Exon Per Million Fragments Mapped;
FPKM) (Trapnell et al. 2012) (Table S2, Table S3, Table S4, and Table S5
for FPKM values for each brain region). Significant differential gene
expression was determined using the statistical package edgeR (FDR-
adjusted p value,0.05 was used in all analyses) (Robinson et al. 2010)
(Table S6, Table S7, Table S8, Table S9, Table S10, Table S11, Table
S12, Table S13, Table S14, Table S15, Table S16, Table S17, Table S18,
Table S19, and Table S20).

To test the accuracy of the dissections, we compiled a list of genes that
had been reported to have region-specific expression or absence of
expression and examined their expression values in our data sets (Figure
1C, Table S1, and Table S21) (Lein et al. 2007; Sandberg et al. 2000).
Genes previously implicated as having region-specific expression largely
show the expected patterns here. For example, genes previously demon-
strated as having only expression in the cerebellum (CO; Figure 1C) have
high expression in the cerebellum (purple in CO rows; Figure 1C) and
low or an absence of expression in other brain regions. Taken together
with similar analyses of all four brain regions, we provide evidence that
the dissections were performed accurately (Figure 1C).

Global analyses of gene expression changes
Our results indicate that there are extensive changes in gene expression in
all regions of the brain examined (Figure 1D). All females were closely
age-matched, kept in the same environmental conditions, and were the
same strain. Thus, we expect that a majority of gene expression differ-
ences observed here between virgin, pregnant, and postpartum females
were due to the effects of pregnancy, parturition, and postpartum ma-
ternal experience. We refer to genes with higher expression in pregnant
or nursing dams compared to virgins as induced (blue small number in
top of boxes, Figure 1D), and those with lower expression as repressed
(black small number in bottom of boxes, Figure 1D). In postconception
(PC) vs. postpartum (PP) comparisons, genes with higher and lower
expression in the PP stage are considered induced and repressed,
respectively.

Examinationof eachpairwise comparison inourdata sets (Figure 1D),
as females progress frompregnancy to the postpartumperiod, shows that
a large number of genes have expression differences, with each brain
region examined having many differentially expressed genes: hypothal-
amus (1,043 genes; Table S24), hippocampus (1,243 genes; Table S23),
neocortex (1,940 genes; Table S25), and cerebellum (606 genes; Table
S22). Thus, the neocortex shows the most expression change and the
cerebellum is themost stable. The large number of induced and repressed
genes suggests that the transition to motherhood involves repression of
some active pathways and induction of new pathways.
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For the pairwise comparisons with virgin animals, there were
generally more genes with differences in expression when compared
to the PP stages than the PC stages (Figure 1D, histogram insets in lower

left part of each box). One exception is the gene expression differences
in the hippocampus, where both the virgin vs. PC and the virgin vs. PP
comparisons show a large number of genes with expression differences.

Figure 1 Transcriptome analyses of four regions of the mouse brain. (A) The four brain regions examined are: cerebellum (yellow); hippocampus (green);
hypothalamus (red); and neocortex (blue). (B) Overview of the research design with six different stages examined: virgin females, two postconception (PC)
stages, and three postpartum (PP) stages. (C) Hierarchical clustering of genes from literature survey and the Allen Brain Atlas data to check for region
specificity of gene expression. The expected expression is indicated on the left of the cluster, as follows: cerebellum only (CO; yellow), cerebellum absent
(CA; yellow), hippocampus only (HO; green), hippocampus absent (HA; green), hypothalamus only (HO; red), neocortex only (NO; blue), and neocortex
absent (NA; blue). Columns are labeled at the bottom, from left to right: cerebellum (yellow square), hippocampus (green square), hypothalamus (red
square), and neocortex (blue square). In the cluster, purple indicates row maximal expression, and white indicates row minimum expression. (D) Number
of significant differentially expressed genes for each pairwise comparison (FDR corrected p value ,0.05). Genes higher in the condition in blue (column
labels) or black (row labels) are indicated by smaller blue and black numbers, respectively. Insets show the number of genes that are higher (blue) or lower
(black) in virgin (Vir) and PC comparisons (Vir/PC), virgin and PP comparisons (Vir/PP), and PC and PP comparisons (PC/PP), respectively.
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This suggests that the hippocampus is undergoing as many gene ex-
pression changes during pregnancy as during PP stages, whereas the
cerebellum, hypothalamus, and neocortex have the most substantive
changes compared to virgins during PP stages. It is clear from previous
studies that there are cognitive changes throughout pregnancy that are
mediated by the hippocampus, with improved cognition early in preg-
nancy, but during late pregnancy and early postpartum stages there was
impaired spatial cognition (Galea et al. 2014); the gene expression data
here may provide insight into those differences.

Interestingly, when we compare expression differences between PC
and PP stages in each brain region, we see the largest number of
differentially expressed genes in the cerebellum,whereas the other brain
regions have the largest differences in the virgin comparisons vs. PC or
PP stages. This suggests that, in the hippocampus, hypothalamus, and
neocortex, many of the changes in gene expression arise during preg-
nancy and persist during PP stages, whereas in the cerebellum the genes
that change expression during PC stages are different than those for the
PP stages.

To determine which brain regions are most similar with respect to
genes with significant expression changes, wemade a correlation cluster
using the data from the 3737 genes that had an expression change in any
pairwise comparison (Figure 2). As expected, the data fromwithin each
brain region show the highest correlation across time points. Across
brain regions, the neocortex and hippocampus show the highest cor-
relation in gene expression levels, whereas the data from the hypothal-
amus is the least correlated with the other brain regions. These results
fit well with the fact that both the hippocampus and neocortex have
roles in memory, learning, and cognition, and with the unique role of
the hypothalamus in hormone production and regulation of progres-
sion through reproductive stages.

Similarities and differences in gene expression changes
across the four brain regions
To determine if the four brain regions examined have unique gene
expression differences, we examined the overlap of genes with differ-
ential expression across the four brain regions (Figure 3). We first
examined all the genes that had differential expression in any time
point comparison (Figure 3A), as described above (Figure 1D). We
find that only 49 genes have differential expression in all four brain
regions (Table S26), whereas 293 (cerebellum), 577 (hypothalamus),
698 (hippocampus), and 1318 (neocortex) genes are differentially
expressed in only one brain region.

Tounderstandthegeneexpressiondifferencesduringpregnancyand
the postpartum period, we also identified the genes with differences
between any PP and PC time point, and determined the overlap (Figure
3B). Here we find that 22 of the 49 genes are differentially expressed in
all brain regions (Table S26). Fewer genes are differentially expressed in
each brain region than when the virgin comparisons were also included
(Figure 3A), though generally there are fewer genes with differential
expression in these comparisons (see insets in Figure 1D).

Finally, if we limit our analyses to genes that are either induced
(Figure 3C) or repressed (Figure 3D) relative to virgins, we find only
seven and 14 genes, respectively, that are differentially expressed in all
four brain regions (Table S26). The seven genes that are induced in-
cludes four hemoglobin genes (Hbb-bs, Hbb-bt, Hba-a1, Hba-a2), and
aminolevulinic acid synthase 2 (Alas2)—the first enzyme in heme bio-
synthesis (Ponka 1999). This suggest that one commonality across all
brain regions is a need for more hemoglobin, and perhaps an increase
in blood flow or angiogenesis during PC and PP stages, relative to

virgins, though we interpret this result with caution given that the
brains were not perfused before tissue collection.

The 14 genes that are repressed include eight that are annotatedwith
the GO term positive regulation of transcription from RNApolymerase
II promoter. This includes members of the “early-response genes” in-
cluding activating protein complex 1 (AP-1); encoded by FBJ osteosar-
coma oncogene (Fos) and JunB, and two nuclear receptor superfamily
members (Nr4a1 and Nr4a3) (reviewed in West and Greenberg 2011);
previous studies have shown that fosB mutant mice have a defect in
maternal nurturing behaviors (Brown et al. 1996). Additionally, we
found that two transcription factors that underlie aspects of circadian
biology, Per1 and D site albumin promoter binding protein (DBP), are
repressed. Taken together, each brain region has a unique gene expres-
sion signature during the peripartum period, but also several overlap-
ping genes.

Similarities and differences in gene expression changes
within each of the four brain regions
To determine if each time point examined has a unique gene expression
response within each brain region, we determined for each brain region
the overlap of differentially expressed genes among the five time points,
each compared to virgins. For each brain region examined, each time
point had a unique molecular signature (Figure 4). For the hypothal-
amus and cerebellum, later time points had progressively more unique
differentially expressed genes than earlier time points (Figure 4, A and
D). The hippocampus has the most unique gene expression differences
at the PC16 and PP10 time points, whereas in the neocortex the most
unique differences are observed at PP1 and PP3. Interestingly, time
points that are closer together do not necessarily have more genes with
differential expression in common.

We also examined similarities and differences in gene expression
compared to virgins, across the four brain regions at each time point.We
found that eachbrain regionhas auniquemolecular responseat each time
pointcomparisonexamined,withthehippocampusandneocortexhaving
the most genes with expression differences in common (Figure S1).

Patterns of expression for genes with differential
expression in all brain regions
We performedK-means clustering and visualization to determine if the
49 genes with differential expression in all four brain regions had
similarities in expression (Figure 3A; highlighted in gray), with nine
nodes as the optimumnumber.While the genes within a node show the
same trends of mRNA fluctuation, for a given gene, each brain region is
unique with respect to abundance. For example, in cluster nine, the
hemoglobin genes,Hbb andHba, have the same trends in terms of peak
and trough expression, but the cerebellum generally has higher expres-
sion than the other brain regions across time points (Figure 5, Figure
S2, and Figure S3). Similarly, genes in cluster 8 have higher expression
in the cerebellum, but genes in clusters five, six, and seven tend to have
higher expression in the hippocampus and neocortex. Thus, while the
overall trends or patterns are similar across brain region, for each gene
within a cluster, the overall abundance within each brain region is
different.

Given that these 49 genes are differentially expressed in all brain
regions, they represent a high confidence set, in terms of changing
expression during PC and PP stages. We determined if homologs of the
genes in this set have been previously implicated in underlying mental
health disorders, especially depression, and provide annotation onwhat
is known (Table S27). Overall, 21/49 have previously been implicated in
underlying depression or other mental health disorders.
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Phenotype pathway, KEGG pathway, and
GO enrichments
Wenext determined for each brain region if the large numbers of genes
that are induced or repressed at any time point relative to virgins (see
Figure 1), are enriched with genes with phenotype ontologies, genes in
KEGG pathways (Kanehisa and Goto 2000), or with GO terms, as
assessed using the online portal WebGestalt (Zhang et al. 2005). First
we looked for phenotype ontology enrichments that are prevalent
across all brain regions (Figure 6); here we only show the phenotype

ontologies that are significant in at least three analyses (Benjamini-
Hochberg FDR corrected p value of ,0.05), but the full data set is
provided, with many additional interesting pathways to further study
(Table S28).

We found several expected enriched phenotype ontologies, such as
abnormal nervous systemmorphology and nervous system phenotype,
as having the largest number of brain regions showing these as signif-
icant. The genes with repressed expression in the hippocampus and
hypothalamus have the most shared, highly significant phenotype

Figure 2 Heat map of sample distance and similarity matrix. The set of 3737 genes that showed differential expression in at least one pairwise
comparison was used for this analysis. For each gene, the averaged FPKM (Fragments Per Kilobase of Exon Per Million Fragments Mapped) values
were used to generate the similarity of expression plot between time points and across brain regions. The hierarchical cluster and the similarity
matrix were generated by GENE-E, using the “one minus Pearson correlation coefficient” metric, with the average linkage method (http://www.
broadinstitute.org/cancer/software/GENE-E/).
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ontology enrichments (see filled red boxes in Figure 6), whereas genes
repressed in the cerebellumwere not enriched for phenotype ontologies
common to other brain regions (Figure 6). Genes that are induced or
repressed in the neocortex are highly enriched for genes that affect
aging and survival, whereas only repressed genes in the hippocampus
and hypothalamus are highly enriched for these phenotype ontologies.
Among the phenotype ontologies common to genes differentially
expressed in all four brain regions, genes induced and repressed in
the hypothalamus and repressed in the hippocampus had the highest
number of shared highly significant enrichments for these phenotype
pathways. The observation that many brain regions have genes with
differential expression are enriched for behavior, neuronal physiology,
brain and neuronal morphology, and learning and memory ontologies,
suggests that the developmental transition of the dam during preg-
nancy and parturition involves many complex processes acting across
the brain.

Next we examined KEGG pathway enrichments that are prevalent
across all brain regions (Figure 6; Table S28). Themap kinase pathway is
significantly enriched for genes identified in all four brain regions, for
both induced and repressed genes, with the exception of genes induced
in the cerebellum. This suggests that signal transduction is one of the
primary mechanisms to mediate changes in all brain regions at the
stages examined. Three other KEGG pathways that are highly enriched
across nearly all brain regions, for both induced and repressed genes
are: (1) focal adhesion, (2) metabolic pathways, and (3) neuroactive
ligand-receptor interaction. The observation that focal adhesion and
neuroactive ligand-receptor interaction are both enriched pathways in
many brain regions, suggests that signaling either through the extra-
cellular matrix or transmembrane receptors is important during preg-
nancy, parturition, and the postpartumperiod. Consistent with the notion
that this transition is both a developmental and physiological transition,
we observe additional axon guidance, developmental and physiological
pathways as enriched pathways in many brain region data sets.

We also examined GO enrichments (biological, molecular, cellular)
that are prevalent across all brain regions (Table S29). As expected,
broad GO terms withmany subset GO terms are highly enriched. Since
those terms do not provide much insight, we focus on terms that are
more specific, but are also among the most significant. Genes with
induced and repressed differential expression in all brain regions are
enriched for nerve impulse (biological process), ion transmembrane
transporter activity (molecular function), and neuron projection (cel-
lular process) (Table S29).

To determine if the molecular changes that underlie pregnancy are
different than those that underlieparturitionand thepostpartumperiod,
we partitioned the differentially expressed genes to those that are either
different between virgins vs. PC stages; or virgins vs. PP stages; or PC vs.
PP stages. In these analyses, genes that changed expression in the virgin
and PP stages in the hippocampus, hypothalamus and neocortex share
the most enriched phenotype pathway terms. The KEGG pathways that
have the most shared highly significant enrichments in these compari-
sons also include the MAPK signaling pathway, metabolic pathways,
neuroactive ligand-receptor interactions, and focal adhesions (Table S30)

Brain region-specific patterns of gene
expression changes
To understand the biologically important and robust changes in gene
expression that occur within each brain region, we examined hierarchal
clusters of genes that showedboth significant and substantial differences
(.two-fold difference in at least one comparison) (Figure S4, Figure S5,
Figure S6, and Figure S7). We identified different numbers of genes in
each brain region that meet these criteria: cerebellum (92 genes), hip-
pocampus (196 genes), hypothalamus (180 genes), and neocortex (89
genes) (Table S31, Table S32, Table S33, and Table S34). The hierar-
chical cluster visualization was annotated with enriched GO terms,
Disease and Pathway categories, as well as whether the gene shows
region-specific changes in expression, to gain more insight.

Figure 3 Brain regions have distinct and
overlapping sets of differentially expressed
genes. Venn diagrams illustrating the overlap
of differentially expressed genes across the
cerebellum (yellow), hippocampus (green),
hypothalamus (red), and neocortex (blue)
data sets. The diagrams were made using
the online tool Venny (http://bioinfogp.cnb.
csic.es/tools/venny/index.html). (A) A gene
is included in this analysis if it was differen-
tially expressed in any pairwise comparison.
(B) A gene is included in this analysis if it was
differentially expressed between or within
any PC and PP time points. (C) A gene is in-
cluded in this analysis if it was induced rela-
tive to virgin gene expression in a PC or PP
time point. (D) A gene is included in this anal-
ysis if it was repressed relative to virgin gene
expression in a PC or PP time point.
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The majority of genes within each cluster were unique to that brain
region cluster (last column of each cluster annotation; Figure S4, Figure
S5, Figure S6, and Figure S7). Further, the GO terms were distributed
throughout the clusters, demonstrating that genes that are coexpressed
are from diverse functional groups. All the clusters had subclusters
containing the four hemoglobin genes (Hbb-bs, Hbb-bt, Hba-a1,
Hba-a2) and Alas2, with the same overall patterns of expression. Ad-
ditionally, all four clusters have subclusters that contain genes encoding
transcription factors, including “early-response genes”, that start out
with high expression in virgins and then show lower expression during
PC and PP stages. The transcription factors include cysteine rich protein
61 (Cyr61), Dbp, Fos, fos-like antigen 2 Fosl2, Kruppel-like factor 2
(Klf2), neuronal PAS domain protein 4 (Npas4), and nuclear receptor
subfamily 4, group A members 1, 2, and 3 (Nr4a1, Nr4a2, and Nr4a3).
Five of these transcription factors have been annotated with the GO
category response to steroid (Fosl2, Npas4, Nr4a1, Nr4a2, and Nr4a3).

For each brain region we also examined the genes with maintained
inducedor repressed significant expressiondifferences relative tovirgins
(FDR ,0.05 in all virgin comparisons and either induced in all or
repressed in all comparisons). The hypothalamus has the largest num-
ber of genes with sustained induced expression (Figure S9, Figure S10,
and Figure S11) and the neocortex has the largest number of genes with
sustained repressed expression (Figure S12, Figure S13, and Figure
S14), with several “early response genes” showingmaintained repressed
expression in the hypothalamus, hippocampus, and neocortex. The
cerebellum only had one gene that maintained repressed expression
(Insulin-like growth factor binding protein; Igfbp4) and none withmain-
tained induced expression.

Additionally, we determined if each brain region had a different
repertoire of genes with significant expression differences between the
postconception stagesPC14andPC16, the twopregnancy timepoints in
this study. We find that the data from the hypothalamus has no genes

Figure 4 Time points have distinct and overlapping sets of differentially expressed genes. Overlap of the differentially expressed genes in each
virgin pairwise comparison to PC and PP stages in the (A) hypothalamus, (B) hippocampus, (C) neocortex, and (D) cerebellum. The Venn diagram
was made using an online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).
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with significant expression differences betweenPC14 and PC16, despite
seeing substantive changes in other time point comparisons, suggesting
thatmanyof the expression differences at PC14 aremaintained at PC16,
or thatwe lack sufficient power to detect the changes. For the other three
brain regions, thereweremoregeneswithsignificantlyhigherexpression
at PC14 compared to PC16, suggesting that repression of gene expres-
sion is an important mechanism for the transition to the late pregnancy
time points (Table S6 and Table S36).

Common and distinct molecular function
GO enrichments
We used ToppCluster, a clustering tool that finds overlapping ontology
enrichments in several gene lists (Kaimal et al. 2010), to identify shared
and distinct GO molecular enrichments in the lists of genes with sig-
nificant and substantial differences (FDR,0.05 and.two-fold differ-
ence in expression in at least one comparison; Figure 7). The
hypothalamus has the most unique molecular ontologies (green arrow-

heads, Figure 7). These unique ontologies include insulin-like growth
factor, G-protein coupled receptor, neuropeptide receptor binding,
neurotransmitter transporter activity, bone morphogenetic protein
binding, and many others. The cerebellum, hypothalamus, and neo-
cortex share several molecular ontology enrichments for transcription
factor molecular terms (orange boxes, Figure 7). We find that the neo-
cortex uniquely has tumor necrosis factor and death receptor activity as
GO terms, whereas the hippocampus has hormone binding as a unique
term. Taken together, these results further demonstrate that while there
are many shared molecular changes in the four brain regions, each
region also has a unique molecular signature.

Genes previously shown to have a role in
maternal behaviors
We performed a literature search to find genes previously implicated in
the developmental transition tomotherhood, and examined the expres-
sion data (Table S35; references therein). For this we report all FPKM

Figure 5 Expression pattern for the 49 genes
that are differentially expressed in all four
brain regions. Expression profile of the 49
genes found to have differential expression
in all four brain regions (see Figure 3A).
K-means clustering was performed by rows
(the rows are the 49 genes indicated on the
right of clustergram), resulting in 9 nodes of
the cluster (indicated on the left of cluster-
gram). The algorithm used row normalization
and the Euclidean distance metric. The out-
put is visualized with a cluster with red indi-
cating high expression and blue indicating
low expression.
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values obtained, but, for all of our statistical analyses above, a gene was

considered only if it had FPKM values .1 for all three samples in at

least one treatment group of the comparison. A hierarchal cluster of the

data shows the interesting expression patterns of these genes (Figure

S8).
Oxytocin (Oxt) is one of the most critical genes known for maternal

behaviors, playing key roles in parturition and lactation (Pedersen et al.
1994; Rich et al. 2014; Russell et al. 2003). We find that Oxt shows
significant differences in expression in the hypothalamus, but not in
other tissues examined. In the hypothalamus, Oxt has high expression
in virgins (648 FPKM), trough expression in PC14 (346 FPKM), and
then rising, progressive elevated expression in PP stages, but not sub-
stantially higher than observed in virgins (652 FPKM at PP10). Fur-
thermore, the oxytocin receptor (Oxtr) does not significantly change

expression in any of the brain regions examined, nor is expression high
in any tissue. The average expression is highest in the hypothalamus
(2.89 FPKM), lowest in the cerebellum (0.19 FPKM), and intermediate
in the hippocampus (1.98 FPKM), and Neocortex (1.04 FPKM).

On the other hand, prolactin (Prl), important for postpartummood
and behavior (Bridges et al. 1990; Larsen and Grattan 2012), has sig-
nificant changes in expression in all brain regions examined, with
relative peak expression at PP1 and PP3, in all brain regions examined.
The hypothalamus had the largest difference in peak and trough ex-
pression, with virgins having the lowest expression (0.11 FPKM), and
PP3 having the highest expression (74.24 FPKM). This expression
pattern was similar to growth hormone (Gh), which also has been
shown to have fluctuating levels from several different sources depend-
ing on reproductive state (Hull and Harvey 2002).

Figure 6 Phenotype ontology and KEGG ontology enrichments. The differentially expressed genes were separated into genes that were either
induced (Ind) or repressed (Rep) with respect to virgins and analyzed for significantly enriched phenotype pathways and KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways. The brain region abbreviations are: cerebellum (Cer), hippocampus (Hip), hypothalamus (Hyp),
and neocortex (Neo).
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Figure 7 Molecular ontology enrichments in the four brain regions. Genes with significant and substantial gene expression differences were
identified for each brain region examined (FDR ,0.05; .two-fold difference in at least one comparison). Toppcluster was used to find significant
molecular gene ontology (GO) enrichments for each brain region and their overlap. For an ontology to be considered, it needed to include at
least five genes at an FDR cut-off of ,0.05.
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Interestingly, the prolactin receptor (Prlr) shows significant changes
in expression in three brain regions, but not the neocortex. The cere-
bellum and hippocampus start out with trough expression of Prlr in
virgins (0.94 FPKM and 1.03 FPKM), and peak expression at PP10
(4.92 FPKM and 11.19 FPKM), with a five-fold and 11-fold difference
in expression, respectively. In the cerebellum and hippocampus, ele-
vated expression relative to virgins is observed at all PC and PP stages.
The hypothalamus shows a different pattern, with significant differ-
ences in expression only between PP1 (peak expression, 2.6 FPKM) and
PP10 (trough expression, 1.91 FPKM). The gene prolactin releasing
hormone (Prlh) is not detectably expressed at any time point examined
in any tissue, except the hypothalamus, whereas the prolactin releasing
hormone receptor (Prlhr) is detectable at low FPKM values in all tissues,
but has highest expression in the hypothalamus.

Genes implicated in depression
Given the relatively high incidence of postpartum depression (30–75%
have postpartum blues), and other mental health disorders in women
after pregnancy (reviewed in Andersson et al. 2006; Josefsson et al.
2001; Philipps and O’Hara 1991; Stein et al. 1981), we examined the
full data set to determine if there is any overlap of genes with expression
changes during pregnancy and the postpartum period, with genes im-
plicated in human postpartum depression or depressive disorders. We
used the HuGENavigator to find human genes that are associated with
these terms (Yu et al. 2010). For the disease term postpartum depres-
sion, there are 17 human genes in the database, for which we found
16 mouse homologs. Each brain region had a set of these genes with
differential expression (Table S37): cerebellum (three genes), hippo-
campus (two genes), hypothalamus (six genes), and neocortex (four
genes). For the disease term depressive disorder, there were 502 human
genes, for which we found 475mouse homologs. Each brain region also
had a set of these genes with differential expression (Table S37): cere-
bellum (29 genes), hippocampus (51 genes), hypothalamus (47 genes),
and neocortex (67 genes). There were three genes that were differen-
tially expressed in all four brain regions: Per1, Dbp, heat shock protein
1B (Hspa1b).

We note, however, that we do not see a significant enrichment of
depression-related genes in our mouse phenotype ontology analyses of
all genes with differential expression or genes with region-specific
differential expression in this study, using the ToppCluster portal,
but anxiety-related, parental behavior, decreased dopamine, and ab-
normal emotion/affect behavior phenotype gene categories were
enriched. Thus, in the mouse, it will be interesting to determine if
postpartum mental-health related phenotypes manifest, in part, as
anxiety phenotypes. The expression data set presented here may also
reveal new candidate genes, pathways, and networks to investigate their
roles in human postpartumdepression, which is poorly understood and
may be different than other categories of depression, with differences in
theunderlyingmolecular andneuroanatomical etiology. Inaddition, the
large numbers of differentially expressed genes in hippocampus both
prepartum and postpartum suggest that there is significant reorgani-
zation in the gene expression profile of this structure, which has been
implicated as having a key role in depression (reviewed in Pawluski et al.
2015).

Conclusions
It is clear that the brain undergoes extensive pregnancy and postpartum
changes ingeneexpression inthe fourregions thatweexamined.Wefind
that each brain region had a unique molecular response, with several
hundred genes changing expression; however,wealso founda core set of
49 genes that change expression in all four brain regions. The hippo-

campus andhypothalamus had the largest number of genes that showed
significantandrobustchanges,whereas the cerebellumhad the fewest. In
all four brain regions there is a set of some of the “early-response gene”
transcription factors implicated in diverse processes that start out with
high expression in virgin females, then have reduced expression
through pregnancy and the postpartum period.

The study presented here is only a subset of the types of information
that these data sets can yield, with additional future analyses to provide
further insights. In the future, it will also be interesting to examine how
extensive thesegeneexpressionchangesarewithineachbrain region.An
examination of the in situ expression of these genes can contribute to
the identification of neural circuits that underlie maternal behaviors
and help to determine if there are dedicated circuits for maternal be-
havior or if the potential for this behavior is distributed throughout the
brain. This study also provides a comprehensive transcriptional atlas of
the maternal hypothalamus, hippocampus, neocortex, and cerebellum
during late pregnancy and the early postpartum period that can be
leveraged for future studies to examine maternal behaviors, and also
to understand how the normal perturbation of gene pathways during
pregnancy and postpartum stages may lead to human postpartum de-
pression. Future studies examining additional time points both early in
pregnancy and later postpartum time points will be important addi-
tions to this data set to understand the dynamic changes underlying
these developmental transitions.

ACKNOWLEDGMENTS
We are thankful for helpful reviewer comments and suggestions and
comments from laboratory members. We thank the College of
Medicine Translational Core that runs the Illumina HiSeq machine.
This work was supported by funds from the Florida State University
College of Medicine. The authors have no competing financial
interest.
Author contributions: S.R. performed the computational biology
analyses, R.T. performed the molecular experiments, L.D. performed
the mouse husbandry, and L.D. and J.B. performed the animal
dissections. All authors contributed to the writing, analyses, and
approve the final manuscript.

LITERATURE CITED
Andersson, L., I. Sundstrom-Poromaa, M. Wulff, M. Astrom, and M. Bixo,

2006 Depression and anxiety during pregnancy and six months post-
partum: a follow-up study. Acta Obstet. Gynecol. Scand. 85: 937–944.

Andrews, S., 2010 A quality control tool for high throughput sequence data,
Reference Source, Fast, QC.

Benjamini, Y., and Y. Hochberg, 1995 Controlling the false discovery rate—
a practical and powerful approach to multiple testing. J Roy Stat Soc B
Met 57: 289–300.

Bolger, A. M., M. Lohse, and B. Usadel, 2014 Trimmomatic: A flexible
trimmer for Illumina Sequence Data. Bioinformatics. doi: 10.1093/
bioinformatics/btu170

Bridges, R. S., 1984 A quantitative analysis of the roles of dosage, sequence,
and duration of estradiol and progesterone exposure in the regulation of
maternal behavior in the rat. Endocrinology 114: 930–940.

Bridges, R. S., M. Numan, P. M. Ronsheim, P. E. Mann, and C. E. Lupini,
1990 Central prolactin infusions stimulate maternal behavior in steroid-
treated, nulliparous female rats. Proc. Natl. Acad. Sci. USA 87: 8003–8007.

Brown, J. R., H. Ye, R. T. Bronson, P. Dikkes, and M. E. Greenberg, 1996 A
defect in nurturing in mice lacking the immediate early gene fosB. Cell 86:
297–309.

Brunton, P. J., and J. A. Russell, 2008 The expectant brain: adapting for
motherhood. Nat. Rev. Neurosci. 9: 11–25.

Brunton, P. J., and J. A. Russell, 2010 Endocrine induced changes in brain
function during pregnancy. Brain Res. 1364: 198–215.

232 | S. Ray et al.

http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.115.020982/-/DC1/TableS37.xlsx
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.115.020982/-/DC1/TableS37.xlsx


Delhomme, N., I. Padioleau, E. E. Furlong, and L. M. Steinmetz,
2012 easyRNASeq: a bioconductor package for processing RNA-Seq
data. Bioinformatics 28: 2532–2533.

Dulac, C., and L. O’Connell, and Z. Wu, 2014 Neural control of maternal
and paternal behaviors. Science 345: 765–770.

Eisinger, B. E., C. J. Zhao, T. M. Driessen, M. C. Saul, and S. C. Gammie,
2013 Large scale expression changes of genes related to neuronal sig-
naling and developmental processes found in lateral septum of postpar-
tum outbred mice. PLoS One 8: e63824.

Flicek, P., M.R. Amode, D. Barrell, K. Beal, K. Billis, S. Brent, D. Carvalho-
Silva, P. Clapham, G. Coates, S. Fitzgerald et al., 2014 Ensembl 2014.
Nucleic Acids Res. 42: D749–D755

Galea, L. A., B. Leuner, and D. A. Slattery, 2014 Hippocampal plasticity
during the peripartum period: influence of sex steroids, stress and ageing.
J. Neuroendocrinol. 26: 641–648.

Gonzalez-Mariscal, G., A. I. Melo, P. Jimenez, C. Beyer, and J. S. Rosenblatt,
1996 Estradiol, progesterone, and prolactin regulate maternal nest-
building in rabbits. J. Neuroendocrinol. 8: 901–907.

Hillerer, K. M., V. R. Jacobs, T. Fischer, and L. Aigner, 2014 The maternal
brain: an organ with peripartal plasticity. Neural Plast. 2014: 574159

Horseman, N. D., W. Zhao, E. Montecino-Rodriguez, M. Tanaka, K. Nakashima
et al., 1997 Defective mammopoiesis, but normal hematopoiesis, in mice
with a targeted disruption of the prolactin gene. EMBO J. 16: 6926–6935.

Hull, K. L., and S. Harvey, 2002 GH as a co-gonadotropin: The relevance of
correlative changes in GH secretion and reproductive state. J. Endocrinol.
172: 1–19.

Jiang, L., F. Schlesinger, C. A. Davis, Y. Zhang, R. Li et al., 2011 Synthetic
spike-in standards for RNA-seq experiments. Genome Res. 21: 1543–1551.

Josefsson, A., G. Berg, C. Nordin, and G. Sydsjo, 2001 Prevalence of de-
pressive symptoms in late pregnancy and postpartum. Acta Obstet.
Gynecol. Scand. 80: 251–255.

Kaimal, V., E. E. Bardes, S. C. Tabar, A. G. Jegga, and B. J. Aronow,
2010 ToppCluster: a multiple gene list feature analyzer for comparative
enrichment clustering and network-based dissection of biological sys-
tems. Nucleic Acids Res. 38: W96–W102.

Kanehisa, M., and S. Goto, 2000 KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Res. 28: 27–30.

Kinsley, C. H., and E. Amory-Meyer, 2011 Why the maternal brain? J.
Neuroendocrinol. 23: 974–983.

Kinsley, C. H., L. Madonia, G. W. Gifford, K. Tureski, G. R. Griffin et al.,
1999 Motherhood improves learning and memory. Nature 402: 137–138.

Larsen, C. M., and D. R. Grattan, 2012 Prolactin, neurogenesis, and ma-
ternal behaviors. Brain Behav. Immun. 26: 201–209.

Lein, E. S., M. J. Hawrylycz, N. Ao, M. Ayres, A. Bensinger et al.,
2007 Genome-wide atlas of gene expression in the adult mouse brain.
Nature 445: 168–176.

Love, M.I., Huber, W., and Anders, S. 2014 Moderated estimation of fold
change and dispersion for RNA-Seq data with DESeq2. Genome Biol. 15: 550

Mann, P. E., 2014 Gene expression profiling during pregnancy in rat brain
tissue. Brain Sci. 4: 125–135.

Pawluski, J. L., K. G. Lambert, and C. H. Kinsley, 2015 Neuroplasticity in
the maternal hippocampus: Relation to cognition and effects of repeated
stress. Horm. Behav. pii: S0018-506X(15)00110-5.

Pedersen, C. A., J. D. Caldwell, C. Walker, G. Ayers, and G. A. Mason,
1994 Oxytocin activates the postpartum onset of rat maternal behavior
in the ventral tegmental and medial preoptic areas. Behav. Neurosci. 108:
1163–1171.

Philipps, L. H., and M. W. O’Hara, 1991 Prospective study of postpartum
depression: 4 1/2-year follow-up of women and children. J. Abnorm.
Psychol. 100: 151–155.

Ponka, P., 1999 Cell biology of heme. Am. J. Med. Sci. 318: 241–256.
Rich, M. E., E. J. deCardenas, H. J. Lee, and H. K. Caldwell,

2014 Impairments in the initiation of maternal behavior in oxytocin
receptor knockout mice. PLoS One 9: e98839.

Robinson, M. D., D. J. McCarthy, and G. K. Smyth, 2010 edgeR: a Bio-
conductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26: 139–140.

Russell, J. A., A. J. Douglas, and C. D. Ingram, 2001 Brain preparations for
maternity–adaptive changes in behavioral and neuroendocrine systems
during pregnancy and lactation. An overview. Prog. Brain Res. 133: 1–38.

Russell, J. A., G. Leng, and A. J. Douglas, 2003 The magnocellular oxytocin
system, the fount of maternity: adaptations in pregnancy. Front. Neuro-
endocrinol. 24: 27–61.

Sandberg, R., R. Yasuda, D. G. Pankratz, T. A. Carter, J. A. Del Rio et al.,
2000 Regional and strain-specific gene expression mapping in the adult
mouse brain. Proc. Natl. Acad. Sci. USA 97: 11038–11043.

Slotnick, B. M., 1967 Disturbances of maternal behavior in the rat following
lesions of the cingulate cortex. Behaviour 29: 204–236.

Slotnick, B. M., and B. J. Nigrosh, 1975 Maternal behavior of mice with
cingulate cortical, amygdala, or septal lesions. J. Comp. Physiol. Psychol.
88: 118–127.

Stein, G., A. Marsh, and J. Morton, 1981 Mental symptoms, weight
changes, and electrolyte excretion in the first post partum week. J. Psy-
chosom. Res. 25: 395–408.

Theiler, K., 1989 The House Mouse: Atlas of Embryonic Development,
Springer-Verlag, New York.

Trapnell, C., L. Pachter, and S. L. Salzberg, 2009 TopHat: discovering splice
junctions with RNA-Seq. Bioinformatics 25: 1105–1111.

Trapnell, C., A. Roberts, and L. Goff, 2012 Differential gene and transcript
expression analysis of RNA-seq experiments with TopHat and Cufflinks.
Nat. Protoc. 7: 562–578.

West, A.E., and Greenberg, M.E. (2011) Neuronal activity-regulated gene
transcription in synapse development and cognitive function. Cold
Spring Harb. Perspect. Biol. 3: pii: a005744. doi: 10.1101/cshperspect.
a005744

Yu, W., M. Clyne, M. J. Khoury, and M. Gwinn, 2010 Phenopedia and
Genopedia: disease-centered and gene-centered views of the evolving
knowledge of human genetic associations. Bioinformatics 26: 145–146.

Zhang, B., S. Kirov, and J. Snoddy, 2005 WebGestalt: an integrated system
for exploring gene sets in various biological contexts. Nucleic Acids Res.
33: W741–W748.

Zhao, C. J., M. C. Saul, T. Driessen, and S. C. Gammie, 2012 Gene ex-
pression changes in the septum: possible implications for microRNAs in
sculpting the maternal brain. PLoS One 7: e38602.

Communicating editor: D. W. Threadgill

Volume 6 January 2016 | Maternal Brain | 233


