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Abstract

During lactation, adult female mice display aggressive responses toward male intrud-
ers, triggered by male-derived chemosensory signals. This aggressive behavior is not
shown by pup-sensitized virgin females sharing pup care with dams. The genetic
mechanisms underlying the switch from attraction to aggression are unknown. In
this work, we investigate the differential gene expression in lactating females ex-
pressing maternal aggression compared to pup-sensitized virgin females in the me-
dial amygdala (Me), a key neural structure integrating chemosensory and hormonal
information. The results showed 197 genes upregulated in dams, including genes
encoding hormones such as prolactin, growth hormone, or follicle-stimulating hor-
mone, neuropeptides such as galanin, oxytocin, and pro-opiomelanocortin, and genes
related to catecholaminergic and cholinergic neurotransmission. In contrast, 99 genes

were downregulated in dams, among which we find those encoding for inhibins and
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1 | INTRODUCTION

Maternal aggression against intruders has an important adap-
tive value due to its direct relation to offspring survival.'”
In mice, this behavior is only displayed by lactating females,
even though pup-sensitized virgin females display most of
pup-directed maternal behaviors.”* Thus, whereas dams
display aggressive responses against intruder males, pup-
sensitized females display sociosexual investigatory behavior
toward males.? Both aggression and investigation are elicited
by pheromones, which are chemosensory cues related with
intraspecific communication.” One of these pheromones is a
male-specific major urinary protein named darcin, which in-
duces attraction in virgin females® and aggression in dams.?
This suggests that the aggressive behavior of dams induced
by darcin arises after hormonal changes linked to pregnancy
and lactation.

The medial amygdala (Me) is the key node in the brain
integrating chemosensory and hormonal information,”® and
therefore it plays a critical role in sociosexual behaviors in fe-
male mice.”'® This amygdaloid nucleus receives projections
from both the main and accessory olfactory bulbs''"!"® and is
enriched in neurons with hormonal receptors.M’15 Therefore,
we hypothesize that it may suffer key changes during preg-
nancy and/or lactation that underlie the switch from attrac-
tion to aggression.

The Me is implicated in the control of aggression in
males,'"” and probably also in maternal aggression.18
However, in spite of its central position in the chemosensory
pathway and its hormonal inputs, little is known about the
physiological changes happening in the Me during pregnancy
and lactation, which may underlie the change in significance
of male pheromones from attraction-inducing in virgin fe-
males to aggression-inducing in dams. Thus, in this work we

transcription factors of the Fos and early growth response families. The gene set
analysis revealed numerous Gene Ontology functional groups with higher expres-
sion in dams than in pup-sensitized virgin females, including those related with the
regulation of the Jak/Stat cascade. Of note, a number of olfactory and vomeronasal
receptor genes was expressed in the Me, although without differences between dams
and virgins. For prolactin and growth hormone, a gPCR experiment comparing dams,
pup-sensitized, and pup-naive virgin females showed that dams expressed higher lev-
els of both hormones than pup-naive virgins, with pup-sensitized virgins showing
intermediate levels. Altogether, the results show important gene expression changes

in the Me, which may underlie some of the behavioral responses characterizing ma-

aggression, prolactin, RNA-Seq, transcriptome, vomeronasal amygdala

analyze the changes induced by motherhood in the Me tran-
scriptome by means of RNA-Seq technique, comparing lac-
tating and pup-sensitized virgin females tested for maternal
aggression against a male intruder. The use of pup-sensitized
virgin females as controls allowed the comparison of two
groups of females displaying similar pup-directed behaviors,
but dramatically differing in their response toward intruder
males. Thus, we expect that the observed changes in gene ex-
pression will be induced by the hormonal changes associated
to pregnancy and lactation, and will include those mediating
aggressive behavior against intruders.

2 | MATERIALS AND METHODS

2.1 | Animals

For this experiment, we used 34 adult mice (Mus musculus)
from the CD1 strain (females, n = 26; males, n = 8, Janvier;
Le Genest Saint-Isle, France). Mice were treated throughout
according to the guidelines of the European Union Council
Directive of September 22, 2010 (2010/63/UE). The Ethics
Committee on Animal Experimentation of the University of
Valencia approved all of the experimental procedures.

The animals were 8-12 weeks old and weighed between
27.2 and 49.1 g at the beginning of the experiments. Females
for the RNA-Seq experiment were randomly assigned to
two groups: dams (n = 6) and pup-sensitized virgin females
(n = 6). The group of dams were housed individually with
a stud male during 4 days for mating. The day of birth was
considered as postpartum day 0, and in PPD2 litters were
culled to eight pups. Pup-sensitized virgin females were pair-
housed with dams after mating, and therefore were continu-
ously exposed to pups and shared maternal caregiving with
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the accompanying dams.* For the gPCR experiments, fe-
males were randomly assigned to a group of dams (n = 7) or
pup-sensitized virgin females (n = 7) treated as described for
the RNA-Seq experiments and a group of pup-naive virgin
females (n = 8) (not exposed to pups).

2.2 | Behavioral tests and Me
microdissection

Females used for the RNA-Seq were exposed at PPD4 or
PPD5 during 5 minutes to an intruder male in their home
cage. Pups were separated during behavioral testing to avoid
possible damage. Tests were video-recorded and a researcher
blind to the experimental groups analyzed the number and
duration of attacks, and body and anogenital approaches that
females directed toward males, using the SMART 3.0 video
tracking system (Panlab, Cornella, Barcelona, Spain).

Immediately after the behavioral test, animals were sacri-
ficed by cervical dislocation, between 11:00 and 12:00, and
the brain was removed for Me microdissection (Figure 1A).
Tissue samples were dissected rapidly in ice-cold Dulbecco's
phosphate-buffered saline (PBS; Cat # L0615, Biowest,
Nuaillé, Pays De La Loire, France), flash-frozen in liquid ni-
trogen, and maintained on dry ice until storage at —80°C. The
micro dissection of the Me of both hemispheres was done fol-
lowing histological landmarks in a 1-mm thick slice obtained
by positioning the brain in a stainless-steel brain matrix with
a coronal cut of 1 mm. Then, under a stereoscopic micro-
scope, two incisions were made, one following the optic tract
(opt) and the other tracing an approximately dorso-ventral
straight line (Figure 1A). The approximate stereotaxic coor-
dinates of the microdissected tissue (relative to Bregma, from
the mouse brain atlas of Paxinos and Franklin20) were: A-P:
—0.7 to =2.06 mm, M-L: —2 to —2.2 mm, and D-V: —4.2 mm
to the ventral surface of the brain. After microdissection, the
I-mm thick brain slice was post-fixed overnight in 4% para-
formaldehyde, embedded in 15% gelatin in phosphate buffer,
and cut in the freezing microtome in 40-micrometer thick
sections. The resulting sections were Nissl-stained for histo-
logical validation (Figure 1B-E).

2.3 | RNA extraction

Total RNA from dissected Me was isolated using the RNeasy
Mini kit (Cat # 74104, Qiagen, Hilden, Germany). Frozen
brain tissue was homogenized in pB-mercaptoethanol (Cat
# M3148, SIGMA, St. Louis, Missouri, USA) with RLT
buffer (RNeasy Mini kit) according to the manufacturer's
protocol (10 pL B- mercaptoethanol per 1 mL Buffer RLT).
Genomic DNA contamination was eliminated following the
RNase-Free DNase Set steps (Cat # 79254, Qiagen, Hilden,
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Germany). Total RNA was eluted from the RNeasy Mini
columns with 40 pL. of RNase-free water (Cat # 129112,
Qiagen, Hilden, Germany). The amount of total or mRNA
isolated from the tissue was assessed for quality and quan-
tified using Bioanalyzer 2100 (Agilent, Santa Clara, CA,
USA). Eight females (dams n = 4; pup-sensitized virgin fe-
males n = 4) with the highest levels of aggression (dams)
and RNA integrity number (RIN)*!' were selected for RNA-
Seq analysis.

2.4 | Illumina sequence read
mapping and analyses

RNA-Seq data were obtained at the Genomic core facility
of the Universitat de Valéncia (Seccié de Gendomica-SCSIE,
Burjassot, Valencia, Spain). Libraries were obtained using
the Illumina TruSeq Stranded mRNA Sample Preparation Kit
(San Diego, CA, USA). Cluster generation and sequencing
were done in a NextSeq 500 instrument using a High Output
kit 1 x 75 bp. Initial quality checks on the Illumina sequenc-
ing data were done using FastQC v0.11.3 (http://www.bioin
formatics.babraham.ac.uk). Adaptor sequences were trimmed
with Cutadapt software (version 1.8.3%). Sequencing data
were filtered by discarding reads of fewer than 20 nucleotides
and more than 30 undetermined nucleotides.

The M musculus reference genome was obtained from
Ensembl.”® A total of 375 237 009 bp single-end reads were
generated from the 8 RNA samples (average of 46 904 626
reads per sample). The processed Illumina reads were
mapped to the reference genome using the Tophat alignment
tool,24’25 version 2.0.8, which uses Bowtie2 as its underlying
alignment algorithm.26 The obtained SAM files were com-
pressed into the BAM files using samtools.?” The count ma-
trix was calculated using Rsamtools, GenomicFeatures, and
GenomicAlignments28 (Supporting Information I).

The parameters of Tophat were set to their default values.
The GTF option was used to provide Tophat with a set of
gene model annotations (note that we are using Rsamtools).
Genes with a positive count for any sample were included
in the study. To analyze differential gene expression, the
Bioconductor package edgeR was used (Bioconductor ver-
sion 3.0.2).” To determine whether a gene was differentially
expressed in dams versus pup-sensitized virgin females, a
common dispersion parameter was assumed and estimated.
The raw P values obtained with the edgeR method were
transformed to adjusted P values (adjp) using the Benjamini-
Hochberg correction in order to control the false discovery
rate (FDR).*® Genes with significant differential expression
using a FDR equal or below to 0.05 are listed in Supporting
Information II, sections A and B. Genes without significant
differential expression but adjusted P values <1 are listed in
Supporting Information II, section C.
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FIGURE 1 Histological validation of Me microextraction, showing the anatomical position of the slice taken to perform the microdissection
(A). Photomicrographs of Nissl-stained sections showing the rostral (B) and caudal (D) boundaries of the tissue included in the study in a
representative case. C and E, depict schematic reconstructions of coronal brain sections corresponding to photomicrographs B and D, showing

the structures included. The colored outline represents the extent of Me extraction. Scale bar in B and D: 1 mm. AAD, Anterior amygdaloid area,
dorsal part; ACo, anterior cortical amygdaloid nucleus; BLA, basolateral amygdaloid nucleus, anterior part; BMA, basomedial amygdaloid nucleus,
anterior part; Ce, central amygdaloid nucleus; CPu, caudate putamen (striatum); ic, internal capsule; IPAC, interstitial nucleus of the posterior

limb of the anterior commissure; LGP, lateral globus pallidus; LH, lateral hypothalamic area; LOT, nucleus of the lateral olfactory tract; MCPO,
magnocellular preoptic nucleus; MeAD, medial amygdaloid nucleus, anterodorsal; MePD, medial amygdaloid nucleus, posterodorsal part; MePV,
medial amygdaloid nucleus, posteroventral part; MGP, medial globus pallidus; opt, optic tract; PLCo, posterolateral cortical amygdaloid nucleus;
SI, substantia innominate; SO, supraoptic nucleus
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Gene set analysis includes evaluation of the expression
of genes that are grouped based on their interacting role
in biological pathways (biological pathway analysis) and
genes that share similar cellular functions (functional gene
sets). Gene Ontology was used to obtain the gene set collec-
tion. The self-contained null hypothesis31 was tested using
permutation tests. This null hypothesis establishes that the
gene set considered does not contain any genes which ex-
pression levels are associated with the phenotype of inter-
est. Statistical significance was calculated using permutation
tests. The significant groups, using a FDR equal to 0.05, are
shown in Supporting Information III. The representation of
gene interactions shown in Figures 4 and 5 is generated using
GeneMANIA.*

2.5 | Validation of the dissection

First, we performed a histological validation of the dissec-
tions by means of the analysis of the Nissl-stained sections
obtained after the Me extraction (Figure 1B-E). In addition,
we performed a literature survey to identify genes specifi-
cally expressed in the Me.**> The same strategy was car-
ried out with the Allen Brain Atlas and the Gene Help of
NCBI's databases.”® The genes expressed in Me that are
gathered from the literature search and from the Allen Brain
Atlas were compared with the list obtained in the RNA-seq
(Supporting Information IV).

2.6 | Quantitative PCR experiments

The procedures for Me microdissection and the subsequent
RNA isolation were the same as those used for the RNA-Seq
experiments. The RNA concentrations were quantified with
Qubit 3.0 Quantitation Starter Kit (Invitrogen, Cat # Q33217,
Thermo Fisher Scientific, Waltham, MA, USA). cDNA was
produced from each sample using SuperScript III Reverse
Transcriptase (Thermo Fisher Scientific, Cat # 1808093) ac-
cording to the manufacturer's instructions. For each sample,

TABLE 1 Sequences of primers used
for qPCR and GenBank Accession Number

%ASEBJOURNALJ—

132 ng of total RNA was copied. The primers used in qPCR
reactions were designed using Primer3Plus software.*®
Primers for Prl and Actinf} (Actb) (Table 1) were designed
to span an exon-exon boundary (to exclude genomic ampli-
fication) and to amplify a product between 50 and 150 bp.
Regarding Gh and glyceraldehyde 3-phosphate dehydroge-
nase (Gapdh), the primers were the same as those used in
Daude et al.>” Actb and Gapdh were employed as house-
keeping controls. All primers used were tested in a nucleo-
tide Basic Local Alignment Search Tool (BlastN; BLAST:
Basic Local Alignment Search Tool [nih.gov]) specific for
mouse (taxid: 10090). GenBank IDs (see Table 1) corrobo-
rate mRNA specificity of each pair of primers.

Quantitative PCR was performed using TB Green Premix
Ex Taq (Tli RNase H Plus, Cat # RR420A, Takara Bio, Shiga,
Japan) in a 10 pL reaction volume, using 2 pL. cDNA reaction
and 0.4 pL of primers (5 pM), following the manufacturer's
instructions. Master mixes were made for each pair of prim-
ers and cDNAs were added independently for the genes of in-
terest and the housekeepings. Same master mixes were used
for a non-template control (NTC) adding water instead cDNA
and they were loaded at same plate. Briefly, following an en-
zyme activation step of 30 s at 95°C, we performed 40 cycles
of 15 s denaturation step at 95°C, 34 s annealing at 56°C, and
15 s extension at 95°C, and fluorescence data collection at
the end of the extension step. Melt-curve analysis followed
each run with ramping from 50° to 95°C, with fluorescence
data collection in 0.5°C increments. Each sample, compris-
ing cDNA from one animal, was run in triplicate.

Quantification was based on the number of PCR cy-
cles required to cross a threshold (Ct) of fluorescence in-
tensity. NTC was undetermined in 71% of the cases, and
fluorescent readings in the rest of cases showed different
melting temperature (Tm) than the Tm of the experimental
wells. The mean Ct value of the NTC showing fluores-
cence was 36.004 + 0.669 (range 30.124-39.723). These
Ct and Tm values are consistent with primer hybridization.
A few reads of the genes of interest showed two (or three)
Tm values. Those readings (17 out of 325) were excluded
of the analysis, to avoid any fluorescence due to primer

GenBank ID:

Gene Forward (5’ = 3’) Reverse (5’ — 3') Accession Number
for each gene analyzed

Prl atcaatgactgccccacttc ctgcaccaaactgaggatca NM_011164.2;
NM_001163530.1

Gh aagagttcgagcgtgcctac ggatggtctctgagaagcaga NM_008117.3

Actb gctgtattccectecategt gacccattcccaccatcac NM_007393.5

Gapdh aagagttcgagcegtgcctac ggatggtctctgagaagcaga NM_001289726.1;
NM_008084.3

Note: The alignment specificity of each pair of primers to the target genes was checked using basic local
alignment search tool (BLAST).
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hybridization to be included in the experimental data.
Data point was calculated for each animal as the average
of the three replicates (after excluding the replicates with
several melting temperatures [Tm]). The Ct data for each
studied gene was normalized to the geometric mean of the
Ct values of the housekeeping genes (Actb and Gadph) to
obtain the ACt values for each animal. The ACt values of
the three experimental groups were normalized to the ACt
mean of the pup-naive virgins, giving a AACt value. This
was converted into expression fold change using the 2 adct
called relative quantification (RQ).SS'40

Statistical analyses were performed using IBM SPSS
Statistics 26.0. First, we checked if the data fulfilled the con-
ditions of the ANOVA: normality (Kolmogorov-Smirnov test
with Lilliefors' correction) and homoscedasticity (Levene's
test). In the case of lack of normality, data were analyzed
using Mann-Whitney U or Kruskal-Wallis nonparametric
tests. Statistically significant differences (P < .05) were fur-
ther explored by means of post hoc pairwise comparisons
with Bonferroni's correction.

Finally, the data obtained in the results of both qPCR (Prl
and Gh) of Me microdissections from the same animals were
analyzed with a Spearman correlation for nonparametric
measures.

3 | RESULTS

3.1 | Behavioral tests

This experiment was carried out to select the dams with higher
levels of maternal aggression for RNA-seq studies. The com-
parison of the total duration of attacks showed that four of the
females displayed maternal aggression (Figure 2A), whereas
the other two animals showed low levels of aggressive behav-
ior (less than 2 seconds, not shown). Therefore, the four dams
with higher levels of aggression and the pup-sensitized virgin
females which shared the home cage with them were selected
for further RNA-Seq studies. As expected, pup-sensitized
virgin females did not display aggression toward males, and
thus the comparison of the time spent attacking the intruder
males showed significant differences (Mann-Whitney U test,
P < .05). Pup-sensitized virgin females showed chemoinves-
tigatory behaviors (body approaches and anogenital sniffing
toward males), but in this case the time spent in these so-
ciosexual behaviors did not differ between virgins and dams
(Mann-Whitney U test, P > .05) (Figure 2B).

In addition to behavior, after the RNA extraction, RIN
value of these highly aggressive dams was checked to dis-
card animals with RIN lower than 8. The results showed
that all the highly aggressive dams and their respective pup-
sensitized virgin females presented RIN values above 8 (data
not shown).

3.2 | Histology

The Nissl preparations of the tissue showed that the Me was
completely dissected in all the studied cases, including the
three Me subdivisions (anterior, posterodorsal, and pos-
teroventral parts) (Figure 1). It is important to remark that
small portions of the structures adjacent to Me were included
in the microdissection in most cases. At rostral levels, the
nearest aspects of the substantia innominata, lateral globus
pallidus, and internal capsule were affected by the incisions.
In the rostral amygdala, parts of the anterior amygdaloid
area, the nucleus of the lateral olfactory tract, the bed nu-
cleus of the accessory olfactory tract, and the anterior corti-
cal amygdaloid nucleus were encompassed, to some extent,
by the microdissected tissue. More caudally, parts of the
anterior basomedial amygdaloid nucleus (BMA), the cen-
tral amygdala (Ce), the intra-amygdaloid division of the bed
nucleus of the stria terminalis, the posteromedial cortical
amygdaloid nucleus, and the amygdalohippocampal area
were also included. In addition, extra-amygdaloid structures
located medial to the microdissection, such as the supraop-
tic nucleus (SO), the opt, the lateral hypothalamic area, and
the magnocellular preoptic nucleus were pulled out partially
in some animals.

3.3 |
in Me

Differential gene expression analysis

The differential gene expression analyzed using the method
proposed in Robinson and Smyth*'*? and implemented
in the R package edgeR, with an adjusted P value <.05
(ie, a FDR = 0.05), yielded a total of 296 differentially ex-
pressed genes in the Me. From these, 197 genes were up-
regulated in dams as compared to pup-sensitized virgin
females, and 99 were downregulated. The full list of genes
with significant differential expression is given in sections
A and B of Supporting Information II. In these tables, genes
were classified depending on their fold change (FC), in other
words, depending on how much they were upregulated or
downregulated in dams with respect to pup-sensitized virgin
females. The number of reads per animal is also provided in
these tables.

3.4 | Genes upregulated in dams

Some of the most upregulated genes, according to the FC,
were related to maternal behavior and lactation (Figure 2C).
Specifically, within those genes related with maternal behav-
ior, prolactin (Prl) and growth hormone (Gh) were the ones
with more upregulated mean expression in dams respect to
pup-sensitized virgin females. Genes coding for peptides
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previously reported to be involved in maternal behavior were
also upregulated, including oxytocin (Oxf) and galanin (Gal).
In addition, other genes related to Gh and/or Prl were also more
expressed in dams than in pup-sensitized virgin females, such
as the growth hormone-releasing hormone receptor (Ghrhr),
the transcription factor POU domain, class 1, transcription

Pup-sensitized virgin females

factor 1 (Pit-1 or PoulfT), the paired-like homeodomain tran-
scription factor 1 (PitxI), which encodes a transcriptional
regulator involved in basal and hormone-regulated activity
of prolactin, and the cytokine-inducible SH2-containing pro-
tein (Cis or Cish) which play a role in the regulation of signal
transducer and activator of transcription protein-5 (STATS)
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FIGURE 2 A, Maternal aggression test. Scatter plot showing the individual levels of aggression of dams when exposed to an intruder male.

Pup-sensitized virgin females displayed almost no aggressive behavior. Individual animals are identified by the geometric shape representing the

data point. The same geometric shape identifies co-housed dams and pup-sensitized females. *P < .05 (Mann-Whitney U test). B, Time spent

performing non-aggressive body and anogenital exploration (sociosexual behaviors). No significant difference in this variable was observed.

Data points of individual animals coded as in panel A. C, Volcano plot showing the differential gene expression analysis between dams and pup-

sensitized virgin females. The graph displays the expression FC (Log,FC) for each gene and its associated adjusted P value (—Log,, adjp). The

gray dots below the dotted line show genes with non-significant differences in expression between dams and pup-sensitized virgin females. The

right side of the graph (positive fold change values) shows genes significantly upregulated in dams, with those related with maternal behavior

(purple), reproductive hormones (dark green), and neurotransmission (light green) highlighted in color. The left side of the graph (negative fold

change values) shows significantly downregulated genes in dams, highlighting in color those used as neural activity markers (blue), inhibins (light

orange), and transcription factors (dark orange). D-G, Scatter plot showing the data of the number of reads obtained in the RNA-Seq for the Prl,

Gh, Stat5a, and Stat5b genes. Data points of individual animals coded as in panel A. *adjp <.01 (edgeR analysis, see text and Table 2). A#f3,

Activating transcription factor 3; Egrl, early growth response 1; Egr2, early growth response 2; Egr3, early growth response 3; Egr4, early growth

response 4; Fos, FBJ osteosarcoma oncogene; Fosb, FBJ osteosarcoma oncogene B; Fshb; follicle-stimulating hormone beta; Gal, galanin; Cga,

glycoprotein hormones, alpha subunit; Gnrhl, gonadotropin-releasing hormone 1; Gnrhr, gonadotropin-releasing hormone receptor; Gh, growth

hormone; Ghrhr, growth hormone-releasing hormone receptor; Inhbc, inhibin beta-C; Inhbe, inhibin beta-E; Junb, jun B proto-oncogene; Ngfr,

nerve growth factor receptor (TNFR superfamily, member 16); Oxt, oxytocin; Poulfl, POU domain, class 1, transcription factor 1; Prl, prolactin;

Stat5a and Stat5b, signal transducer and activator of transcription 5a and b

signaling (Table 2). In contrast, other genes important to social
and maternal behavior such as prolactin receptor (Prir), signal
transducer and activator of transcription 5 (Stat5a/b), arginine
vasopressin receptor 1A (Avprla), and arginine vasopressin
(Avp) did not show significant adjusted P values using a FDR=
0.05 (Supporting Information IIC).

Since it has been previously reported that the expression
of Prl and Gh in the brain is coordinated, although super-
imposed to a large interindividual variation,®’ we analyzed
the intragroup variability (Figure 2D-G) of the reads of these
genes, and also those of the Stat5a/b, which are involved in
the common signaling pathway of Prl and Gh, as well as the
possible correlation between the expression levels of these
genes and the aggressive behavior displayed in the mater-
nal aggression test, using the nonparametric Spearman tests.
The results confirm the previously reported large interin-
dividual variation, and also show that the number of reads
of Prl and Gh is significantly correlated within dams (P <
.01). In addition, the levels of Pr/ and Gh show a significant
correlation with the aggression levels (P < .01). In contrast,
in pup-sensitized virgin females Prl and Gh are significantly
correlated (P < .01) but no correlation is present with the
aggression levels (P > .6 in both cases). On the other hand,
the levels of expression of Stat5a and Stat5b are significantly
correlated both in dams and pup-sensitized females (P < .01
in both groups), but in no case show correlation with Prl and
Gh of aggressive responses (P > .4 in all cases).

Other genes related with reproductive hormones or in-
volved in the reproductive cycle were also significantly
upregulated in dams (Figure 2C). These genes included
the follicle-stimulating hormone beta (Fshb), the alpha
subunit of glycoprotein hormones (Cga), which encodes
the follicle-stimulating hormone (FSH) alpha subunit, the
gonadotropin-releasing hormone receptor (Gnrhr), and the
gonadotropin-releasing hormone 1 (Gnrhl) (Table 2).

A third group of genes overexpressed in dams were related
with different kinds of neurotransmission (Table 2). Among
them, we found several genes related with cholinergic neu-
rotransmission, such as the choline acetyltransferase (Chat),
several subunits of the nicotinic receptor, including the beta
polypeptide 3 (Chrnb3), the alpha polypeptide 6 (Chrna6),
and the alpha polypeptide 2 (neuronal) (Chrna2), and the
cardiac muscarinic 2 subunit (Chrm2). In addition, the nerve
growth factor receptor (TNFR superfamily, member 16)
(Ngfr) a p75 neurotrophin receptor, which is expressed in the
cholinergic neurons of the basal telencephalon, was upregu-
lated in dams (Table 2).

Another group of genes with significantly increased mean
expression in the Me of dams was related with catecholami-
nergic pathways. Within these genes, the alpha 2b adrenergic
receptor (Adra2b) and the tyrosine hydroxylase (7h) were
upregulated in dams respect to pup-sensitized virgin females
(Table 2).

The Me of dams also showed significant differences in
the regulation of genes involved in peptidergic neurotrans-
mission. One of these overexpressed genes in dams is the
pro-opiomelanocortin-alpha (Pomc). This gene codifies for
pro-opiomelanocortin (POMC), which is cleaved in different
peptides as adrenocorticotropic hormone (ACTH), the alpha-,
beta-, and gamma-melanocyte-stimulating hormones (a-, -,
and y-MSH) and p-endorphin. A related overexpressed gene
is the T-box 19 (Tbx19), which appears to be selectively ex-
pressed in precursors of the corticotrope/melanotrope lin-
eages and in the rostral ventral diencephalon, and may act as
a component of the POMC gene activation program. Also,
the pro-melanin-concentrating hormone (Pmch) was upregu-
lated in the Me of dams. On the other hand, the gene encod-
ing the relaxin/insulin-like family peptide receptor 2 (Rxfp2)
was expressed more in dams than in pup-sensitized virgin
females (Table 2). However, the relaxin 3 gene (R/n3) did not
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TABLE 2 Summary of significant upregulated genes in dams
with respect to pup-sensitized virgin females

Group Gene FC Adjp
Maternal behavior Prl 27.8 2.66 x 107188
Gh 2747 1.15%x107'%
Ghrhr 2359 3.77x107%
Poulfl 8 221 %1071
Oxt 175  4.82x107%
Gal 156  1.31x1072
Reproductive Fshb 1432 221x107'°
hormones Cga 11.16  4.04x 107
Gnrhr 851  130x107"
Gnrhl 245  324x107%
Neurotransmission
Cholinergic Chrnb3 281 1.99%x 107
Chrna6 264  7.03x 107
Chat 216 1.13x 10710
Ngfr 193  345x107%
Chrna2 158 1.30x 1072
Chrm2 1,43 247 x 107
Catecholaminergic Adra2b 1.90 1.47 x 107
Th 158 3.94x107%
Pomc 230 243x107M
Pmch 1.86 243 x 107"
Rxfp2 174 416x 1072
Glutamatergic Trpvl 8.34 1.29 x 10712
Cell adhesion Epcam 4.11 7.57% 107"
Siglece 3.10  1.87x10™%
Others Thx19 1213 624 %107
Pitx] 811 273x107™
Vmn2r-ps159 706  3.17x107%
Cis 147 447x107?

Note: Genes are ordered according to their fold change (fc) in each group. Raw
P values (Supporting Information ITA) were transformed to adjusted P values
(adjp).

Abbreviations: Adra2b, Adrenergic receptor, alpha 2b; Cga, glycoprotein
hormones, alpha subunit; Chat, choline acetyltransferase; Chrm2, cholinergic
receptor, muscarinic 2, cardiac; Chrna2, cholinergic receptor, nicotinic,
alpha polypeptide 2 (neuronal); Chrna6, cholinergic receptor, nicotinic, alpha
polypeptide 6; Chrnb3, cholinergic receptor, nicotinic, beta polypeptide

3; Cis, cytokine-inducible SH2-containing protein; Epcam, epithelial

cell adhesion molecule; Fshb, follicle-stimulating hormone beta; Gal,
galanin; Gh, growth hormone; Ghrhr, growth hormone-releasing hormone
receptor; Gnrhl, gonadotropin-releasing hormone 1; Gnrhr, gonadotropin-
releasing hormone receptor; Ngfr, nerve growth factor receptor (TNFR
superfamily, member 16); Oxt, oxytocin; Pitx], paired-like homeodomain
transcription factor 1; Pmch, pro-melanin-concentrating hormone; Pomc, pro-
opiomelanocortin-alpha; Poulfl, POU domain, class 1, transcription factor 1;
Prl, prolactin; Siglece, sialic acid-binding Ig-like lectin E; Thx19, T-box 19;
Th, tyrosine hydroxylase; Trpv1, transient receptor potential cation channel,
subfamily V, member 1; Vmn2r-ps159, vomeronasal 2, receptor, pseudogene
159.
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TABLE 3 Genes most downregulated in dams compared with
pup-sensitized virgin females

Group Gene —-FC Adjp
Inhibins Inhbc 238.86 2.06 x 107'%°
Inhbe 35.51 1.02 x 107%
Transcription factors Atf3 2.95 6.01 x 107'°
Early expression genes Egr2 2.69 8.89 x 107"
Fos 2.13 9.33x 107
Egrd 211 3.06 x 107!
Fosb 1.93 2.67x 107!
Junb 1.81 4.07%x 1077
Egrl 1.77 1.13x107%
Egr3 1.41 3.42x 107"

Note: Genes are ordered in each group according to their negative fold change
(—FC). Raw P values (Supporting Information IIB) were transformed to
adjusted P values (adjp).

Abbreviations: A#f3, activating transcription factor 3; Egrl, early growth
response 1; Egr2, early growth response 2; Egr3, early growth response 3;
Egr4, early growth response 4; Fos, FBJ osteosarcoma oncogene; Fosb, FBJ
osteosarcoma oncogene B; Inhbc, inhibin beta-C; Inhbe, inhibin beta-E; Junb,
jun B proto-oncogene.

show significant differences in expression (adjusted P value
>.05; Supporting Information IIC).

In addition, the transient receptor potential cation channel,
subfamily V, member 1 (Trpvi), which is involved in gluta-
matergic neurotransmission, was also overexpressed in dams
(Table 2).

Two genes related with cell adhesion showed signifi-
cant mean expression differences between dams and pup-
sensitized virgin females in the Me: the epithelial cell
adhesion molecule (Epcam) and the sialic acid-binding Ig-
like lectin E (Siglece) (Table 2).

Finally, a non-expected finding within the genes showing
overexpression in dams was the vomeronasal type 2 receptor,
pseudogene 159 (Vmn2r-psi159) (Table 2).

3.5 | Genes downregulated in dams

The most downregulated genes in dams compared with pup-
sensitized virgin females were inhibin Beta-C (Inhbc) and E
(Inhbe) (Figure 2C; Table 3).

In addition, the activating transcription factor 3 (A#f3)
was significantly downregulated in dams. A#3 is a member
of the mammalian activation transcription factor/cAMP re-
sponsive element-binding (CREB) protein family of tran-
scription factors (Figure 2C). Some other genes related with
cell activation were also significantly downregulated in dams
(Figure 2C), such as the FBJ osteosarcoma oncogene (Fos),
the FBJ osteosarcoma oncogene B (Fosb) (Table 3), and sev-
eral members of the early growth response family, such as



ABELLAN-ALVARO ET AL.

M?ASE‘BJOURNAL

the early growth response 1 (Egrl), early growth response
2 (Egr2), early growth response 3 (Egr3), and early growth
response 4 (Egr4) (Table 3).

3.6 | Genes with no differential expression
Finally, our data revealed the expression of a number of
genes encoding olfactory (OR558, OR690, OR691, OR1349,
OR1392, OR1417, and OR1564) and vomeronasal receptors
(type 1, VIR32, and type 2, V2R29, V2R54, V2R57, and
V2R87), which were not differentially expressed in the Me
of virgins and dams (Supporting Information IIC).

3.7 | Bibliographic survey

The genes obtained in the RNA-Seq were compared with
those previously reported to be expressed in the Me (ac-
cording to the literature and database survey described in the
Methods). Some of the genes that matched with the literature
were overexpressed in dams respect to pup-sensitized virgin
females, including: 0)ct,33 ISL1 transcription factor LIM/
homeodomain (Ist),** inter-alpha trypsin inhibitor, heavy
chain 3 (Itih3),* and NK2 homeobox 1 (Nkx2.1).>*

On the other hand, aromatase (Cypl9al ),18 vasopres-
sin (Avp),* adenylate cyclase activating polypeptide 1
(Adcyapl )23 neuritin 1 (Nrm1),% prostaglandin D2 synthase
(PtgsZ),35 glycerophosphodiester phosphodiesterase domain
containing 2 (Gdpd2), delta-like non-canonical Notch ligand
1 (DIkI), and neuro-oncological ventral antigen 1 (Noval )
concur with the bibliography as genes expressed in Me.
However, these genes did not show significant differences in
expression between dams and pup-sensitized virgin females
(adjusted P value >.05) (Table 4).

3.8 | Gene set analysis

We have tested the self-contained null hypothesis of no
association between gene set and phenotype using a gene
enrichment set analysis where the per-gene statistic has
been the P value previously considered. The enrichment
measure has been the mean of the P values per group.
The randomization null distribution of the enrichment
measure has been used. The gene set collection was ob-
tained from Gene Ontology.44 The analysis of these func-
tional groups (Supporting Information III) yields several
groups of genes with significant differential expression,
among which it is important to remark the positive regu-
lation of Janus kinase/signal transducer and the activa-
tor of transcription protein (JAK-STAT) cascade and
the negative regulation of extracellular signal-regulated

TABLE 4 Genes in the present results already reported to be
characteristically expressed in the Me.

Group Gene FC Adjp
With differential Oxt 1.75 3.6 %107
expression between Nix2. 1 1.61 3.6% 10
groups Isl] 157 741x 107
Itih3 1.40 3.89 x 107
Without differential DIkl 1.26 451x 107"
expression between Avp 1.25 5.16 x 10!
groups Noval 122 7.13x 107
Gdpd2 1.21 8.30 x 107!
Adcyapl 0.84 9.05 x 107!
Nrnl 0.82 6.51 x 107!
Ptgs2 0.79 3.73 x 107!
Cypl9al  0.78 9.17 x 107

Note: Genes are ordered in each group according to their fold change (FC). Raw
P values (Supporting Information IV) were transformed to adjusted P values
(adjp).

Abbreviations: Adcyapl, adenylate cyclase activating polypeptide 1; Avp,
arginine vasopressin; Cypl9al, cytochrome P450, family 19, subfamily

a, polypeptide 1; DIkI, delta-like non-canonical Notch ligand 1; Gdpd2,
glycerophosphodiester phosphodiesterase domain containing 2; Is/1, ISL1
transcription factor, LIM/homeodomain; Nkx2.1, inter-alpha trypsin inhibitor,
heavy chain 3 NKX2-1 antisense RNA 1; Noval, NOVA alternative splicing
regulator 1; Nrnl, neuritin 1; Oxt, oxytocin; Ptgs2, prostaglandin-endoperoxide
synthase 2.

kinases 1 and 2 cascade, because of the relation with the
study (P < .01).

3.9 | Validation of the differential
expression of Prl and Gh by means of qPCR

To validate and extend the results of the RNA-Seq study
on the expression levels of Prl and Gh, we performed a
qPCR experiment of the Me in dams, pup-sensitized vir-
gins, and also pup-naive virgin females. The housekeep-
ing genes Actb and Gapdh showed stable expression levels
among the three studied groups (One-way ANOVA of the
geometric mean values, F,,; = 3.04; P > .05). Since RQ
values of Prl and Gh did not follow a normal distribution,
we used the nonparametric Kruskal-Wallis test to analyze
these data. The results showed significant differences in
Prl and Gh expression levels between the studied groups
(Gh *(2) = 8.065, P < .05; Prl y*(2) = 9.08, P < .05).
Post hoc pairwise comparisons with Bonferroni's correc-
tion revealed significant differences between gene expres-
sion levels in the group of lactating females and pup-naive
virgins in both studied genes (Prl P < .01; Gh P < .05)
(Figure 3A,B). There was no significant difference in
gene expression levels between pup-sensitized and pup-
naive virgin females (Prl P > .2; Gh P > .15) and between
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FIGURE 3 The analysis of Prl and Gh expression levels (RQ) using qPCR showed significant differences among dams, pup-sensitized virgin

females, and pup-naive virgin females. Prl (A) and Gh (B) expression was significantly higher in dams than in pup-naive virgin females, with the

levels of expression of both genes being intermediate in pup-sensitized virgin females. Data are represented as box and whiskers plot (box: median

and 25th to 75th percentiles; whiskers: maximum and minimum values) and analyzed by Kruskal-Willis tests and post hoc pairwise comparisons

with Bonferroni corrections; **P < .01, *P < .05. C, Positive correlation between the Prl and Gh expression levels obtained by qPCR in the same

animals (Spearman test, r = .925,n =22, P < .01)

lactating females and pup-sensitized virgin females (Pr/
P> .6; Gh P = 1) (Figure 3A,B).

As performed above for the RNA-Seq data, a
Spearman correlation test was run with the data of the gPCR
of Prl and Gh of the same animals. This analysis showed
a strong, positive, and significant correlation (r = .925,
n = 22, P < .01), between the expression levels of both
genes (Figure 3C). The correlation was also significant if
dams and pup-sensitized virgin females were analyzed sep-
arately (dams: r = .929, P < .01; pup-sensitized females,
r=1, P < .001). However, no correlation was observed in
the pup-naive virgin females when this group was analyzed
separately (r = .476, P > .2).

4 | DISCUSSION

The goal of this study was to determine the changes in gene
expression in the medial amygdaloid region of the female
mouse brain that result from pregnancy, parturition, and

lactation, specifically in dams displaying maternal aggres-
sion. The use of pup-sensitized virgin females as controls
allows highlighting those differences between dams and
virgin females not due to exposure to pup-derived stimuli,
but due to the effects of motherhood-associated hormones.
The results show 197 genes upregulated in dams respect
of pup-sensitized virgin females in Me and other 99 genes
with higher expression in the group of pup-sensitized virgin
females compared with lactating females (summarized in
Tables 2 and 3). Thus, there are important changes in gene
expression in Me during the lactation period. The differen-
tially expressed genes in Me may have an important func-
tional role in hormonally induced maternal behavior, and
probably include those relevant for maternal aggression,
since pup-sensitized virgin females express maternal care
but not maternal aggression.2 Of note, an important varia-
tion is present in the RNA-Seq results, especially in dams,
and therefore the present findings should be confirmed by
future investigations on the role that the different genes
may play in maternal behavior.



ABELLAN-ALVARO ET AL.

%I_?ASE‘BJOURNAL

>

*@
&

&

FIGURE 4 Overview of PoulfI, Prl, and Gh signaling interactions with other genes in M musculus, according to GeneMANIA database.

The grapho shows in black circles the genes obtained in our RNA-seq study, and in gray those not present in the RNAseq results. The significantly

upregulated genes obtained in mothers with respect to pup-sensitized virgin females are indicated with an asterisk (*) and the non-significant

expressed genes appearing in the RNA-seq list (see non-significant genes in Supporting Information II, section C) are depicted with a hash

symbol (#). For GeneMANIA network color categories, see http://pages.genemania.org/help/. AcoxI, Acyl-Coenzyme A oxidase 1, palmitoyl;

Amhr2, anti-Mullerian hormone type 2 receptor; Cga, glycoprotein hormones, alpha subunit; Fshb, follicle-stimulating hormone beta; Gh, growth

hormone; Ghr, growth hormone receptor; Ghrhr, growth hormone-releasing hormone receptor; Kdmla, lysine (K)-specific demethylase 1A;

Lgr4, leucine-rich repeat-containing G protein-coupled receptor 4; Msmb, beta-microseminoprotein; Nr/i3, nuclear receptor subfamily 1, group I,

member 3; Pcytlb, phosphate cytidylyltransferase 1, choline, beta isoform; Pitx/, paired-like homeodomain transcription factor 1; Poulf1, POU

domain, class 1, transcription factor 1; Prl, prolactin; Pri2¢c2, prolactin family 2, subfamily ¢, member 2; Prir, prolactin receptor; Propl, paired-

like homeodomain factor 1; Socs2, suppressor of cytokine signaling 2; Stat5a, signal transducer and activator of transcription 5A; Stat5b, signal

transducer and activator of transcription 5B; Tbx19, T-box 19; Tpgs1, tubulin polyglutamylase complex subunit 1

The females in the group of dams also differed from
the pup-sensitized virgin females in the mating experience.
Mating took place about 25 days before the sacrifice of the an-
imals, and thus long-lasting changes in gene expression would
also be observed in the present experimental design. This type
of long-lasting changes has been described (mainly in the hy-
pothalamus) in the female brain 4 weeks after Weaning.45 No
changes were found in the amygdala in that case. Mating is
known to induce long-lasting plastic changes in the activity

of the Me neurons,* but the genetic changes underlying this
plasticity have not been described. Certainly, these changes
are probably also included in our results.

4.1 | Overexpressed genes

Several of the most upregulated genes in the Me of dams
are related with maternal behaviors. In this group, we find
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Summary of Fos and Fosb signaling interactions with other genes in M musculus, according to GeneMANIA database. Black

@

@*
D-

circles depict the genes obtained in our RNA-seq study. The asterisk (*) shows the significant upregulated genes in pup-sensitized virgin females

(section B of Supporting Information II) and the hash symbol (#) remark the genes with no significant differential expression obtained in our

study but adjp <1 (Supporting Information IIC). For GeneMANIA network color categories and genes abbreviations see http://pages.genem

ania.org/help/. Atf3, Activating transcription factor 3; Atf4, activating transcription factor 4; Atf7, activating transcription factor 7; Crem, cAMP
g/help g p g p g p

responsive element modulator; Cyr61, cysteine-rich protein 61; Ddit3, DNA damage-inducible transcript 3; Dusp, dual specificity phosphatase

1; Eefld, eukaryotic translation elongation factor 1 delta (guanine nucleotide exchange protein); Egrl, early growth response 1; Esr2, estrogen

receptor 2 (beta); Fos, FBJ osteosarcoma oncogene; Fosb, FBJ osteosarcoma oncogene B; Fosli, fos-like antigen 1; Fosi2, fos-like antigen 2; ler2,

immediate early response 2; Jun, jun proto-oncogene; Junb, jun B proto-oncogene; Jund, jun D proto-oncogene; Mafb, v-maf musculoaponeurotic

fibrosarcoma oncogene family, protein B (avian); Nr4al, nuclear receptor subfamily 4, group A, member 1; Tdg, thymine DNA glycosylase; Xbp1,

X-box binding protein 1

the maternal hormone Prl. In addition to its well-known ex-
pression as a hypophyseal hormone, Prl/ expression was ob-
served previously in the hypothalamus of male and female
rodents,‘w'51 as well as in other brain structures as the cer-
ebellum, caudate, brain stem, amygdala, thalamus, cortex,
and hippocampus.48 Notably, the sequence of the Prl mRNA
expressed in the brain seems to be the same as the one ex-
pressed in the anterior pituitary gland, according to a study
carried out in male rats.’? In a different group of females,
the expression of Prl/ in the Me of dams was compared, by

means of qPCR, with that present in pup-sensitized and pup-
naive virgin females. The results showed that dams expressed
higher levels of Prl in the Me than pup-naive females, with
pup-sensitized virgin females displaying intermediate levels
between dams and naive virgins. Thus, the results suggest
that Prl expression in the Me may be involved not only on
maternal behavior in dams but also in the sensitization pro-
cess that induced pup care in virgin females.

Previous studies have observed an increase in Pr/ mRNA
expression in the hypothalamus of pregnant and lactating rats
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in comparison to virgin females,”** consistent with our ob-

servation of a significant increase in Pr/ mRNA in the Me.
Howeyver, the existence of neural Pr/ has been a controversial
issue for more than 30 years55 since the presence of Prl mRNA
may also be due to circulating immune cells®® or contamina-
tion from the pituitary stalk.”> Concerning Prl expression in
immune cells, its regulation seems to be different from that
of hypophyseal Prl, and in particular seems to be independent
of estrogens (at least in humans, see Reference 57), thus sug-
gesting that the upregulation observed in lactating females is
not due to Prl of immune origin. Regarding the possibility of
contamination from the pituitary stalk, although we cannot
discard it with absolute certainty, observation of histological
sections of our dissections of the Me show that the tuberal
hypothalamus was not affected (Figure 1).

In vitro studies suggest that the estrogen response of the
Prl gene requires a functional “unit” involving several factor-
binding sites, the estrogen receptor, and the tissue-specific
transcription factor, Pir-1.°® Expression of Pir-1 mRNA was
detected previously by qPCR in the Pa of estrous rats, but not
of other cycling females or male rats.> Detection of Pit-1
mRNA in the Pa during estrus coincides with previous sug-
gestion that both Piz-1 and the estrogen receptor are required
for the effect of estrogens on Prl gene expression.s&59 Our
study is the first one describing the expression of Pit-/ in Me
(Table 2), which is upregulated in dams.

In addition, the transcription of the pituitary Gh gene
is also dependent upon Pit-1, since GH synthesis fails to
occur in its absence.®*' The presence of GH in the brain
was previously studied by radioimmunoassay in male and
female rats and macaques,62 observing the presence of
this protein in the amygdala. The expression of G in the
Me was confirmed using qPCR. As in the case of Prl, the
qPCR results showed a higher level of Gh expression in
dams compared to pup-naive virgins, with pup-sensitized
females showing intermediate levels. This suggests that the
sensitization process may induce Gh expression in Me, in a
coordinated way with that of Prl. Further studies are needed
to explore this possibility and also to clarify whether the
expression of these two genes is increased in dams relative
to pup-sensitized females.

Importantly, the expression of GH and PRL in the adult
brain has been shown to be coordinated at mRNA and protein
levels.”’ However, a wide interindividual variation was su-
perimposed on coordinated PRL/GH expression.37 These re-
sults are consistent with our findings of a positive correlation
of the expression of Gh and Prl in the Me, observed both in
the results of the RNA-Seq and in the qPCR experiments. As
Daudé et al,’” we also observed a large interindividual varia-
tion in the Prl and Gh expression levels, found mainly in the
groups of dams and pup-sensitized virgin females. This vari-
ation suggests that additional factors may be involved in the
regulation of PRL/GH expression (eg, the circadian rhythm,

the estrous cycle®' or the different level of pup stimulation),
possibilities that require further research.

The Gh, Prl, and Pit-1 genes are related with others that
are also upregulated in dams as PitxI, Thx19, Ghrhr, Fhsb,
and Cga (Figure 2C; Supporting Information ITA). Pitx] and
Thx19 cooperate in order to transcribe Pomc, the two factors
binding to contiguous sites within the same regulatory ele-
ment in the corticotrope/melanotrope lineages in the rostral
ventral hypothalamus and in the pituitary gland.63’64 In addi-
tion, Pitx] with other transcriptional regulators are required
for terminal differentiation of lactotroph cells and direct reg-
ulation of the Prigene in the pituitary gland.65 96 All these
genes were not described previously in the Me of female
mice. Ghrhr, Fhsb, and Cga are discussed below.

Binding of PRL to its receptor activates the STATS by
phosphorylation (pSTATS), which regulates transcription.67
Me levels of pSTATS indicate an increase to PRL and GH
responsef’g’69 and this PRL response was higher in pregnant
and lactating females compared to virgin females.®” This can
be related to the increase of Prl and Gh mRNA observed
in our study and its posterior translation to PRL and GH in
Me.0270-74 Although the expression of the prolactin receptor
and STATS does not increase, the gene set analysis, taking
as a group those genes implicated in the JAK/STAT cascade,
shows that this functional group is upregulated. However, it
should be noted that blocking peripheral prolactin produc-
tion using bromocriptine results in the absence of all pSTATS
immunoreactivity in the Me.”” This suggests that the action
of brain prolactin/growth hormone might be independent of
the pSTATS signaling cascade, a possibility that requires
further investigation. In the case of PRL, it would be possi-
ble if it binds preferentially to the short isoform of the PRL
receptor, which lacks the intracellular domain activating the
STATS cascade.*® The lack of correlation observed in our re-
sults between the expression levels of Prl/Gh with those of
Stat5alStat5b in the Me suggests that, at least at the level of
gene expression, they are independently regulated.

Other important physiological regulation that takes place
during lactation is the loss of sensitivity to PRL negative
feedback in the tuberoinfundibular dopaminergic (TIDA)
neurons, which is necessary to maintain hyperprolactinemia
in the mother.*® This inhibition occurs because suckling stim-
ulus increases hypothalamic mRNA expression of CIS (also
known as CISH), a member of the suppressor of cytokine sig-
naling family of proteins, known to negatively regulate PRL
signaling through JAK/STAT.”®”7 Indeed, previous studies
have demonstrated that all TIDA neurons in the dorsome-
dial arcuate nucleus (Arc) express CIS protein, and that CIS
levels in TIDA neurons are increased in lactating rats in the
presence of suckling.78 In our results we observed an overex-
pression in dams of Prl and Cis, probably suggesting that the
PRL negative feedback can be inhibited in the Me with the
same molecular mechanism of TIDA neurons.
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Another adaptation in dams CNS are changes related
with the neuroendocrine and behavioral stress responses.
These adaptations include activation of brain OXT and PRL
systems, which act to attenuate the hypothalamic-pituitary-
adrenal (HPA) axis activity and emotional responsiveness in
the peripartum period, coupled with a dampening of opioid
and noradrenergic systems, which are the main excitatory in-
puts of the HPA axis.’®”” Related with this, our result also
show that Oxt expression is upregulated in dams respect to
pup-sensitized virgin females (Table 2).

Furthermore, previous studies have suggested that OXT
neurons express Prlr mRNA and are prolactin-sensitive as
well, because almost all oxytocin neurons express pSTATS
during lactation.® Indeed, phosphorylated STATS is ex-
pressed by almost all oxytocin neurons of late pregnant and
lactating rats but is almost absent from OXT neurons in virgin
rats.®! PRL can also regulate the expression level and release
of OXT in lactating females®™®? and it is hypothesized that
OXT stimulates PRL secretion by the pituitary gland trig-
gering a positive feedback loop.83 Although the regulatory
mechanisms probably differ between systemic and central
PRL-OXT systems, our results suggest that central PRL and
OXT are also related.

Regarding other genes related with PRL signaling, it has
been reported that PRL sensitizes TRPV1 channels in sen-
sory neurons in female rats,84 and these channels are related
with glutamatergic neurotransmission. So neurons express
TRPV1 channels and TrpvI mRNA is upregulated in this
nucleus during lactation.®’ This is consistent with the result
that we obtain in the RNA-seq study, where we observe an
increase in Trpvl mRNA in dams respect to pup-sensitized
virgin females (Table 2).

Previous GAL®
and Gal mRNA*®¢ are present in the Me of male rats.
Immunohistochemical detection of GAL has also been de-
scribed in the Me of female (and male) mice.” In addition,
it has been demonstrated that Gal labeling is increased in the
BST and Me of adult compared with prepubertal male rats.
Galanin neurons seem to be a central regulatory node of so-
cial interactions with pups in parental behavior, specifically
Gal-expressing neurons of medial preoptic region (MPO/A)
are critical for the control of mouse parental behavior and the
suppression of pup-directed :alggression88 and also in pup care
behaviors.*” Our results suggest that GAL in the Me may also
be involved in the regulation of maternal behavior, as it has
been shown in the MPO/A.%

A few genes related with reproductive hormones were
found to be overexpressed in dams, such as Fshb, Cga, which
encodes the FSH alpha subunit, Gnrhr and Gnrhl (Table 2).
The expression of Ghrhr, Fhsb, and Cga showed a close re-
lation with Prl, Gh, and Poulfl (Figure 4). Fshb expression
has been described in the brain of teleost fishes, where the
FSH subunits seem to be modulated by 11-ketosterone and

studies have demonstrated that
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testosterone in male pejerrey (Odontesthes bonariensis),”
however, we did not find any previous report of the expres-
sion of Fshb in the mammalian CNS.* Regarding Cga, its
mRNA and protein have been described in the anterior lobe
of the pituitary gland in sheep, mice, rat, and guinea piggl'93
but not in the Me of female mice. In the case of Gnrhr, previ-
ous studies described the presence of mRNA in several brain
nuclei®*® and in particular in the Me,” in agreement with
our results. Nevertheless, our results also suggested that the
expression of these receptors is upregulated in lactating fe-
male mice and could be involved in the neural changes asso-
ciated with motherhood. Regarding Gnrhl, previous studies
showed that injections of retrograde tracers in the amygdala
labeled gonadotropin-releasing hormone (GnRH) neurons
in the rostral medial septum, the caudal roots of the nervous
terminalis, diagonal band, nucleus triangularis septi, nucleus
interstitialis striae terminalis, and in the ventrolateral hypo-
thalamus.”” GnRH-1 neurons are found in the forebrain in the
olfactory bulb, along the terminal nerve, in the medial sep-
tum, the amygdala, the hypothalamus, and the median emi-
nence.”®* These cells positive for GnRH-I project directly to
the amygdala and can have an effect on the GnRH receptors
present in this region. 100 1t should be noted, however, that the
expression of these genes related with reproductive hormones
shows also the same large intragroup variation reported for
Prl and Gh, and thus this results should be interpreted with
caution and confirmed in future investigations.

With regard to genes related to neurotransmission, the
present results show that dams overexpressed genes impli-
cated in cholinergic, catecholaminergic and, to a lesser extent,
glutamatergic synapses. Moreover, a number of genes related
to peptidergic transmission (in addition to those directly re-
lated to maternal behavior discussed above) also showed a
significant higher expression. Of note, the genes related to
neurotransmission (including the neuropeptides Oxt and Gal)
did not show the high variability in their expression observed
for Prl and Gh.

Concerning the catecholaminergic neurotransmission, our
RNA-seq results revealed an upregulation of Th, the rate-
limiting enzyme in dopamine synthesis, and Adra2b in dams
respect to pup-sensitized virgin females. Adra2b codes for the
presynaptic noradrenergic a2B receptor, and has been found
to play a role in arousal-enhanced consolidation processes,
influencing amygdala and hippocampus activation immedi-
ately following an emotional event.'""1% In particular, the
noradrenergic Me innervation in rats, probably originated by
the locus coeruleus, has been shown to be involved in the
stress response after immobilization.'® Thus, the Th and
Adra2b overexpression might take place in the noradrenergic
axon terminals of dams to facilitate the aggressive responses
toward male intruders.

An alternative explanation would be the presence in
the Me of TH-expressing cells, as it has been reported in
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Syrian hamsters (Mesocricetus auratus) and prairie voles
(Microtus ochrogaster), but not in rats, mice, or Siberian
hamsters.'%>1% Northcutt et al'® observed that posterodor-
sal subnucleus of the medial amygdala (MePD) contains a
few TH-immunoreactive cells in male and female hamsters
and male meadow voles, but not rats (they did not study their
presence in mice). They observed that virgin female prairie
voles had far fewer TH-immunoreactive cells in posterior
BST and MePD than in males. In addition, they observed
that treating ovariectomized females with testosterone sub-
stantially increased TH-immunoreactive cells in posterior
BST and MePD. Consequently, they suggested that the in-
fluence of circulating gonadal hormones in TH expression
in these structures may be related to changes in social behav-
iors across the reproductive cycle.106 As they did not check
the variations of TH cells populations in posterior BST and
MePD in mice, maybe the presence of these neurons in-
creases during lactation.

Another possibility, which may be related to the hypothet-
ical presence of TH-expressing cells just discussed, is that
PRL stimulates expression of TH in the Me, as it happens
in neuroendocrine dopamine neurons,'”” where it also modu-
lates the phosphorylation of TH, resulting in increased dopa-
mine synthesis.'®®

Regarding cholinergic neurotransmission, the superficial
layer of the Me is positive for acetyl cholinesterase.’ Our
RNA-Seq studies have shown an increase of expression of
several genes related with cholinergic neurotransmission:
Chat, Ngfr, Chrna2, Chrna6, Chrnb3, and Chrm2 (Table 2).
This kind of neurotransmission seems to be involved in the
maternal-offspring bonding in sheep, mediated in part by
reorganization of the olfactory bulb.'*!"% Previous studies
in ewes showed that the number of mitral cells in the olfac-
tory bulb responding to lamb odors increases after parturi-
tion, together with increased cholinergic and noradrenergic
neurotransmitter release.'” An increase in cholinergic and
noradrenergic neurotransmission during lactation might also
modulate the hormonal and chemosensory information pro-
cessing in the Me, in relation to pup and/or to male odors.
Further research is needed to address the role of cholinergic
neurotransmission in maternal behaviors.

Finally, among the overexpressed genes related with pep-
tidergic neurotransmission, Pomc encodes a complex pre-
cursor that comprises several peptide hormones, including
MSH, ACTH, and [3—end0rphin.111 Neurons expressing Pomc
were described in several nuclei including Me and BMA''?
in the amygdala, as well as the hypothalamic Arc and the
nucleus tractus solitarius in the brainstem. To the best of our
knowledge, no previous reports have related the expression
of POMC in the Me to maternal behavior. In situ hybridiza-
tion in sheep demonstrated that Pomc mRNA expression in
the Arc decreased at parturition and increased during lacta-
tion compared to late pregnant and ovariectomized animals,

and estradiol and progesterone treatments increased Pomc
mRNA expression compared to ovariectomized controls.'?
Although it is possible that a similar regulation of Pomc ex-
pression exists in Me, it is worth noting that the results in
the hypothalamus reported in sheep were not replicated in
rodents.'™

4.2 | Genes downregulated in dams

The genes that were most downregulated in dams with re-
spect to pup-sensitized virgin females were the Inhbc and
Inhbe, encoding the beta-inhibins C and E (Supporting
Information IIB). Some proteins in the inhibin family (A
and B) are known to participate in the control of the estrous
cycle,'>'"® but the function of these specific genes in the
brain is unknown, so further research is needed about the role
that they could play in maternal behavior.

Other genes downregulated in dams are those character-
ized by their early expression, such as Fos, Fosb, Egrl, Egr2,
Egr3, Egr4, and jun B proto-oncogene (Junb) (Figure 5).
Previous studies in rats have reported an increase of Fos
mRNA neurons in Me in response to stress''” and conspecif-
ics.!"® In addition, Egr-1 it is expressed in many brain sites
after the display of sexual or maternal behaviors, including in
cells that do not express Fos."1%1%0 Thus, the higher expres-
sion of these early expressed genes in pup-sensitized virgin
females suggests that the expression of the genes encoding
these transcription factors is inhibited by pregnancy and/or
lactation.

43 | Genes of olfactory and
vomeronasal receptors

A novel finding of this study is that the Me expresses several
olfactory and vomeronasal receptors. Although the mRNA of
the olfactory receptors is known to be transported to the axon
terminal of the sensory neurons, and thus it can be detected in
the glomeruli of the main olfactory bulbs, !
knowledge their expression in the amygdala has never been
reported. However, a recent work has reported the expres-
sion of several olfactory and one vomeronasal receptor genes
in the medial prefrontal cortex of male mice,122 all of them
different from those we found in the Me. In the case of ol-
factory receptors, a number of previous studies have also re-
ported the expression of some of them in the cerebral cortex,
123 suggesting a more
general function, maybe related to chemoreception of inner
metabolites. It is tempting to suggest that the expression of
vomeronasal receptors in Me may have a specific, unknown
role in the processing of chemosensory information, but this
possibility requires further investigation.

to the best of our

and even in several non-neural tissues,
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In conclusion, the results of the present RNA-Seq study
are initial findings about gene expression changes in the
Me of lactating female mice, which warrant further inves-
tigation to confirm whether they are induced by pregnancy
and lactation. As discussed above, long-lasting gene ex-
pression changes induced by the mating experience may
also play a role in inducing the reported changes. Among
the differentially expressed genes, there are several cases of
genes whose expression in the amygdala had not been pre-
viously reported, such as the Fshb and Cga (overexpressed
in dams) or the inhibins Inhbc and Inhbe (downregulated
in dams), as well as some other genes whose expression in
Me had not been related to maternal behavior (such as Prl
or Gh). For Prl and Gh, the qPCR results show that dams
expressed higher levels than pup-naive virgins, with pup-
sensitized virgins showing intermediate levels. In summary,
these results open many questions and indicate new avenues
of research on the molecular changes underlying maternal
behavior.
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