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Abstract

Tac2is expressed in a number of areas throughout the brain, including the hippocampus. However,
knowledge about its function has been only well explored in the hypothalamus in the context of
reproductive health. In this study, we identified and validated increased hippocampal 7ac2 mRNA
expression in response to chronic mild stress in mice. Expression quantitative trait locus (eQTL)
analysis showed 7acZ2is cis-regulated in the hippocampus. Using a systems genetics approach, we
constructed a 7ac2 co-expression network to better understand the relationship between 7ac2and
the hippocampal stress response. Our network identified 69 total genes associated with 7ac2,
several of which encode major neuropeptides involved in hippocampal stress signaling as well as
critical genes for producing neural plasticity, indicating that 7ac2is involved in these processes.
Pathway analysis for the member of 7ac2 gene network revealed a strong connection between
7ac2 and neuroactive ligand-receptor interaction, calcium signaling pathway, as well as cardiac
muscle contraction. In addition, we also identified 46 stress-related phenotypes, specifically fear
conditioning response, that were significantly correlated with 7ac2expression. Our results provide
evidence for 7ac2as a strong candidate gene who likely plays a role in hippocampal stress
processing and neural plasticity.
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Introduction

The stress response is the culmination of complex coordination by the brain to deal with
stress through body-wide effectors such as adrenal corticosteroids (McEwen et al., 2002). In
turn, corticosteroids can feed back to the brain and influence long-term effects through gene
transcription by binding intracellular glucocorticoid receptors (GR) and mineralocorticoid
receptors (MR) (de Kloet et al., 2005; Heegde et al., 2015). The hippocampus has been of
special focus in this model because of its key role in central stress processing (McEwen,
2007; Groeneweg et al., 2011), abundant co-localized expression of both GRs and MRs
(Ruel et al., 1985; Ahima et al., 1991; Ahima and Harlan, 1990; Van Steesel et al., 1997;
Han et al., 2004), and demonstrated plasticity in response to stress (McEwen et al., 1999;
McEwen and Gianaros, 2011; McEwen et al., 2016). While corticosteroids are key
components, there are many other mediators involved in fine-tuning of the stress response
(Joels and Baram 2009). In addition, many stress-related peptides and hormones are known
to influence hippocampal gene expression (Kurumaji, 2011; Maras and Baram, 2012; Gray
et al., 2014) and structural remodeling (McEwen et al., 2016)

The duration and context of a stressor also plays a role in shaping stress’s effect on the
hippocampus (Joels and Baram, 2009; Radly et al., 2011; Karatsoreos and McEwen, 2013,
Hunter et al., 2014). While acute stress brings physiologic adaptation, chronic exposure can
cause allosteric overload triggering pathologic maladaptation (McEwen et al., 2002;
McEwen and Gianaros, 2011). For example, mice exposed to acute restraint stress show
induction of genes related to neurogenesis and neuroprotection in the hippocampus (Sannino
et al., 2016). In contrast, rat and mouse models have shown that chronic stress induces genes
linked with fear learning (Carhuatana et al., 2014), depression (Liu et al., 2010; Andrus et
al., 2012), Alzheimer’s Disease (Santha et al., 2012), and worsened recovery from novel
stressors with increased anxiety behaviors (Gray et al., 2014). This divergent gene
expression can be as specific as neuronal sub-populations in the hippocampus, as
demonstrated recently by Gray and colleagues (2016) in mouse CA3 pyramidal neurons.

It is well accepted that genes do not act in isolation, but work through influential networks.
Previous work has identified a number of hippocampal stress-reactive genes, but interactions
between them are less well characterized. Building genetic networks can model these
interactions (van der Sijde et al., 2014; Feltus et al., 2014; Schugart and Williams, 2017, Ch.
10), giving deeper insights into mechanisms of stress-induced hippocampal plasticity and
how it contributes to stress adaptation and psychiatric disease. In the current study, we
explored the stress related gene network in the hippocampus through systems genetics
analysis. Recombinant inbred (RI) mice are a powerful tool for systems genetics analysis.
The largest panel of these strains—the BXD family—consists of more than 100 strains
derived from a cross of the C57BL/6J (B6) and DBA/2J (D2) inbred strains with variable
expression of fear and anxiety-like traits (Brigman et al., 2009) stemming from differences
in the parent strains’ response to stress (Giardino et al., 1997; Gioia et al., 2016). BXD mice
have identified a number quantitative trait loci (QTLS) related to fear, anxiety and the stress
response (Radcliffe et al., 2000; Sokoloff et al., 2011; Carhuatana et al., 2014; Baker et al.,
2017) making them strong models for this study.
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Tac2 encodes Neurokinin B (NkB), a member of the tachykinin family of neuropeptides
(Beaujouan et al., 2004). NkB has primarily been investigated for its role in central control
of puberty onset, menstrual cycling, and reproductive health and pathology (Glidewell-
Kenny et al., 2013; Steinhoff et al., 2014; Angell and Steiner, 2015; Navarro et al., 2015;
Fergani and Navarro 2017). NKB signaling has also previously been shown to be stress-
sensitive, being key player in reproductive suppression during acute systemic stress in
female rats (Grachev et al., 2014). Interestingly, NkB has been shown to be expressed in a
wide range of brain regions, including the olfactory bulb, cerebral cortex, amygdala,
hippocampus, habenula, hypothalamus, and cerebellum, but largely uninvestigated in these
regions (Bonner et al., 1987; Mar et al., 2013) Recently, NkB was implicated in amygdala-
based fear-learning and post-traumatic stress disorder in chronically stressed mice (Andero
et al., 2014; Andero et al., 2016). In this study we examine the genetic underpinnings of
Tac2 expression in hippocampus, and analyze gene pathways and network through in which
7ac2 plays potential roles in hippocampal stress responses.

Materials and methods

2.1 Animals

Eighteen female mice from BXD parental stains, C57BL/6J (B6) and DBA/2J (D2), were
assigned to two groups with normal housing (NH) (8 mice total and 4 mice per strain) and
chronic mild stress (CMS) (10 mice total and 5 mice per strain). All mice were housed as
one mouse/cage, and maintained on a 12 h reversed Light:Dark schedule (lights on at 23.00
and out at 11.00) and allowed ad /ibitum access to water and normal laboratory chow diet
until sacrificed for tissue harvest, except for the stress treatment experiments described
below. All procedures were approved by the University of Tennessee Health Science Center
Institutional Animal Care and Use Committee (protocol 14-131).

2.2 Chronic mild stress protocol

For our CMS protocol, we applied a weekly schedule of stressors (see Table 1), with one
light phase stressor at 9:00AM CST and one dark phase stressor 1:00PM CST. This schedule
was repeated for 7 weeks. Stressors consisted of four broad categories: light cycle changes,
physical stressors, social stressors, and predatory stressors. Mice were returned to normal
housing conditions for few days directly following the CMS protocol, and then were
sacrificed to harvest hippocampi for RNA extraction.

2.3 RNA extraction and microarray data sets

Total RNA was extracted from the B6 and D2 hippocampi obtained through the CMS
protocol experiment described above using the AllPrep DNA/RNA Mini Kit (Qiagen).
Extracted RNA was reverse transcribed into cDNA, then was subsequently hybridized using
the Affymetrix GeneChip Mouse Transcriptome Array 1.0 (Thermo Fisher Scientific)
according to the manufacturers protocol. The resulting CEL files had outliers identified and
removed, and were normalized using the robust multi-array average (RMA) method through
Affymetrix Expression Console Software. Finally, the modified Z-scores method (Chesler et
al 2005) was used to generate gene level log2 transformed expression profiles. This data set
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was used to identify differentially expressed genes in the hippocampus between the NH and
CMS treatment groups.

The second hippocampal expression data set that was used for systems genetics analysis in
this study was previously generated from B6, D2, B6D2F1, D2B6F1, and 67 BXD mouse
strains by our lab. This expression data set was obtained using the Affymetrix Mouse
Genome M430 2.0 array, and can be publicly accessed in our GeneNetwork website
(www.genenetwork.org) through the following identifier: GN110 (Hippocampus Consortium
M430v2 (Jun06) RMA; Overall et al., 2009). Detailed information for this data set,
including strain, age, sex, experimental protocol, data quality control, etc. can be found in
the “info” pages on the GeneNetwork website.

2.4 eQTL mapping and variant identification of Tac2

We performed simple interval and composite interval eQTL mapping of 7ac2 using the
WebQTL module on GeneNetwork. Both analyses yielded a likelihood ratio statistic (LRS)
score, indicating linkage strength between 7ac2 gene expression levels and genetic markers.
Significance levels were estimated with 2000 permutations tests and loci were considered
statistically significant if their genome-wide p-value was < 0.05.

Genetic variation within the 7ac2 gene body and its surrounding 2 kb up-stream or down-
stream region was independently assessed using three databases: Mouse Genome
Informatics (http://www.informatics.jax.org), the Mouse Genome Project (http://
www.sanger.ac.uk/science/data/mouse-genomes-project), and the SNP Variant Browser link
on GeneNetwork.

2.5 Gene list filtering and co-expression network construction

To construct the 7ac2 gene co-expression network, the list of genes from the M430 2.0 array
data set was sequentially filtered in the following five steps:

1. Unbiased co-expression. Genes potentially correlated with 7ac2were identified
in an unbiased fashion through calculating their Pearson correlation coefficient
using GeneNetwork. Any genes with p-value < 0.05 and mean expression level >
7.0 were selected for the further analysis.

2. Literature correlation. We used the literature correlation tool on GeneNetwork to
identify published biological connections between 7ac2and rest of the genes.
This tool searches previously published literature for the queried genes,
assigning r values to genes that are mentioned together in the literature. While
this filter cannot discover new associations, it does result in very robust
associations being highlighted. Genes with and r-value > 0.2 were selected for
further analysis.

3. ldentification of protein coding genes. We uploaded the gene list to the MGl
Batch query analysis tool (http://www.informatics.jax.org/batch). Any genes
defined as protein coding genes were selected for further analysis.

4, Weighted gene co-expression network analysis (WGCNA) analysis. The gene list
was then uploaded to R statistical software’s WGCNA R package (version 1.61)
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for unbiased co-expression clustering. Soft thresholding power = 6 was chosen
based on a scale-free topology, then used to calculate co-expression similarity
and adjacency. The adjacency was further transformed into Topological Overlap
Matrix (TOM) and corresponding dissimilarity was calculated. Genes were
aggregated into modules by hierarchical clustering based on TOM and further
refined using the dynamic tree cut algorithm. The gene module that contained
TacZwas identified (black module, BM), and genes contained within this module
were selected for further analysis.

5. GeneMANIA analysis. The BM gene list was uploaded to GeneMANIA (http://
genemania.org/, an online database that contains co-expression, co-localization,
and physical interaction data. The GeneMANIA gene list (GM) resulting from
this analysis was used to construct the gene network displayed in Fig. 5.

2.6 Phenotype correlation Analysis

To identify phenotypes that highly correlated with the variation of Tac2 gene expression, we
queried the BXD published phenotypes database in GeneNetwork for all behavioral traits,
and focused our analysis on stress related traits that were significantly correlated with Tac2
expression in the hippocampus (p< 0.05) calculated by Pearson correlation coefficient.

2.7 Gene pathway enrichment analysis

The gene lists of the 7ac2gene module (black) identified with WGCNA and the 7ac2 co-
expression network obtained from GeneMANIA (https://genemania.org/) were annotated
using the hypergeometric test tool on WebGestalt (http://www.webgestalt.org/) utilizing the
KEGG pathway database and mouse genome reference gene set as a background. Raw p-
values were adjusted through the Benjamini-Hochberg procedure (BH). Pathways reaching
an adjusted p-value < 0.05 and shared gene numbers > 2 were deemed significant.

2.8 Quantitative RT-PCR

Fourteen female B6 and D2 mice are used for quantitative RT-PCR experiment. Three B6
and four D2 mice from NH and CMS group respectively. Total RNA from hippocampi was
extracted using Direct-zol™ RNA Miniprep Plus (Zymo Research, Irvine, CA). RNA was
treated with DNase and purified according to the kit instruction. Purification, concentration
and integrity of the RNA were examined with a NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE), and Agilent Bioanalyzer (Agilent Technologies, Foster City,
CA), respectively. cDNA was prepared from total RNA using a Superscript™ IV VILO™
Master Mix (Invitrogen, Carlsbad, CA). The gene-specific probe and primer sets for 7ac2
(upstream 5’-agggagggaggctcagtaag-3’, downstream 5’-ggcggctgtcgtagagte-3’) were
deduced using Universal Probe Library Assay Design software (https://www.roche-applied-
science.com). 7ac2 mRNA levels were detected and analyzed on a LightCycler 480 System
(Roche, Indianapolis, IN) under the following cycling conditions: 1 cycle at 95°C for 5 min
and then 40 cycles at 95°C for 10 sec, 60°C for 30 sec, and 72°C for 10 sec. The PCR mix
contained 0.2 pl of 10 uM primers, 0.1 pl of 10 uM Universal library probe, 5 pl of LC 480
master mix (2X), 2 pl of template cDNA, and RNase-free water to 10 pl. TATA box-binding
protein (TBP) was selected as the endogenous quantity control. The relative gene expression
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of 7ac2was analyzed with the AACT method with 7BP used as the reference gene for
normalization. Briefly, the threshold cycle (CT) values for 7ac2was determined by
automated threshold analysis using the LightCycler 480 System and normalized to the CT
value of the reference gene 7BPto obtain ACT (7ac2) = CT(7ac2) — CT(TBP). Then Tac2
expression (fold change) in each CMS treated B6 mouse relative to average of the
corresponding NH B6 mice was calculated as: Fold Change = 2"-[ACT( 7ric2in each B6
CMS treated mouse) — (Mean of ACT of NH B6 mice)]. The fold change for D2 CMS
treated mice was calculated accordingly. Expression differences between CMS and normal
control were evaluated using a two-variable (strain, treatment) Analysis of Variance
(ANOVA).

3. Results

3.1 Expression differences of Tac2 between NH and CMS groups

We used the MTA 1.0 array data set to analyze the effect of stress on the 7ac2expression in
the hippocampus. Results showed significant increases (F(1, 17) = 8.6434, p = 0.01) in 7ac2
expression in the CMS group according to linear regression analysis (Fig. 1). There is also a
significant effect of strain on the 7acZexpression under stress treatment (F(q, 17) = 8.574, p =
0.01). Average 7acZexpression for B6 and D2 combined was 7.13 and 7.52, for B6 mice
only was 7.19 and 7.82, and for D2 mice only was 7.08 and 7.22 for the NH group and CMS
group, respectively.

3.2 Tac2 expression levels in hippocampus of BXD mice

Hippocampal gene expression levels of 67 BXD mouse strains and their corresponding
parental and F1 strains were examined using Affymetrix Mouse Genome 430 2.0 Array. The
probe set 1419411 at in this array is the only probe set that represents 7ac2 gene and targets
last 5 exons and 3' UTR of 7ac2gene. Its expression shows broad variability across BXD
strains with a fold change of 2.25 (Fig. 2). The average expression of 7ac2is 7.74+0.03
(log2 scale, mean = SEM). BXD75 shows the lowest expression level of 7ac2 (7.23 +£0.20),
while BXD87 the highest level (8.44+0.98).

3.3 eQTL mapping and sequence variants of Tac2

To identify regulatory loci and variants, we treated 7ac2expression level as a quantitative
trait and performed the interval quantitative trait locus (QTL) mapping using 7586 effective
SNPs across the mouse genome. With 2000 permutations, one significant expression QTL
(eQTL) was identified on chromosome 10 with a likelihood ratio statistics (LRS) of 38.5,
directly corresponding with the location of 7ac2 (Fig. 3). Further composite interval
mapping controlling for peak SNPs demonstrated that no other significant loci were present,
meaning 7ac2is likely cis-regulated. We then used three databases (MGI, MGP,
GeneNetwork) to identify any candidate sequence variants affecting the 7ac2expression
finding 14 SNPs and one 1 basepair deletion (Table 2). Among those, rs29322066 located in
exon 3 is a synonymous mutation, rs36312330 is a 3’ UTR variant, and rs229201473 is
defined as upstream gene variant. The rest are located in introns. At least one of these SNPs
is responsible for Tac2 expression differences in BXD mice.
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3.4 Gene co-expression network construction

Expression levels of 5335 probe sets correlate significantly with 7ac2 (p < 0.05). After
filtering for mean expression level, literature correlation, and protein coding genes from
MGI (See Materials and Methods), 2555 probe sets containing 2125 protein coding genes
were uploaded into WGCNA for analysis. By performing sample cluster using hclust, two
samples (BXD45 and BXD55) were detected as outliers were removed (Fig. 4A). Soft
thresholding power (B= 6) was chosen in this analysis, the lowest power that can
approximate a scale-free network topology (Fig. 4B). The initial dynamic tree constructed
with WGCNA may have some very similar co-expressed modules. We used module
eigengenes and clustered them with their correlation to quantify the co-expression similarity
among these modules using a height cut of 0.25 to merge (correlation of 0.75) (Fig. 4C). A
total of 10 modules were identified. 7ac2was present in the black model (BM), which
contained 569 transcripts (537 genes) (Fig. 4D). The BM gene list was uploaded to
GeneMANIA (http://genemania.org/) to generate the list of 69 genes that are highly co-
expressed in the network, noting 48 genes are directly connected with 7ac2 (Fig. 5).

3.5 Phenotype correlation

We correlated 7ac2expression profiles with all behavioral phenotypes recorded in
GeneNetwork, resulting in 104 significant associations (p < 0.05), 46 of which are stress
related phenotypes, including fear conditioning response, anxiety assay, acoustic startle
response, pain response, and locomotor activity. All of 46 stress-related phenotypes are
listed in Supplement Table 1.

3.6 KEGG pathway enrichment

The entire BM gene list was submitted into WebGestalt to identify significant involvement
in defined metabolic and signaling pathways. KEGG enrichment analysis resulted in 71
significant pathways (adjp< 0.05), the top 20 of which are displayed in Table 3. We then
submitted only the GM gene list for KEGG analysis revealing ‘neuroactive ligand-receptor
interaction’ (9 genes, adjP=4.69e-10), ‘calcium signaling pathway’ (6 genes,
adjP=4.42e-07), and ‘cardiac muscle contraction’ (4 genes, adjp = 9.96e-06) as the top three
enriched pathways.

3.7 qRT-PCR validation

The RT-PCR results showed significantly increased expression of 7ac2 (F =9.4284, P =
0.0134), with an approximate 50% increase after CMS treatment compared with the control
group (Fig. 6). This was consistent with the results from microarray analysis. In addition, we
also found significant strain differences between B6 and D2 (F = 18.804, P = 0.0019).
Intrastrain comparisons of 7acZexpression level showed it to be more inducible in B6 (t-test
p = 0.0091) than in D2 (t-test p = 0.0702).

4. Discussion

In this study, we aimed to elucidate the relationship between stress treatment and the
expression of 7ac2in the hippocampus as well as to identify interacting genes and pathways
through which 7ac2regulates stress responses. We have found 7ac2 expression significantly
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increased in the hippocampus after exposure to chronic mild stress. Genetic mapping
indicated that 7ac2is a cis-regulated gene, making it an excellent candidate for study as a
modifier of gene expression (Ciaobanu et al., 2010, van Dam et al., 2017) and co-expression
network construction showed which genes may be closely interlinked to 7ac2 expression.

Phenotype correlation showed that hippocampal 7ac2expression and stress response
behaviors are strongly linked, specifically in fear conditioning and related activity. While
this study is the first to our knowledge to cast 7acZfor this role in the hippocampus,
compelling evidence already exists for 7ac2in the amygdala working in the same capacity.
Andero and colleagues recently concluded that signaling in the central amygdala (CeM) by
Tac2 and its receptor, the Nk3 receptor (Nk3R), were necessary and sufficient for
modulating fear memories (Andero et al., 2014; Andero et al., 2016). They demonstrated
increased CeM 7ac2 mRNA expression in wild-type B6 male mice following fear
conditioning, which utilizes various stressors (methods described in Andero et al., 2011;
Andero et al., 2013), mirroring our results in the hippocampus (see Fig. 1). These changes in
the CeM were accompanied by enhanced emotional-learning and fear memory
consolidation, which were conversely impaired when this pathway was pharmacologically
interrupted. Notably, the studies by Andero and colleagues were in male mice only. Given
the prominent role of 7ac2Z/INkB in central control of the HPA-axis, it is reasonable to
investigate potential sexual dimorphism of this system. Our lab has previously documented a
modest expression difference in hypothalamic 7ac2expression, with increased expression
under some measures in female mice (Mozhui et al., 2012). This difference is why we chose
gender-restrict our subjects. While this makes physiologic sense for the hypothalamus, given
its key role in the HPA-axis, this sexual dimorphic effect may be less prominent in other
areas of the brain, notably in the hippocampus (Reinius et al., 2010). Additionally,
expression of sexually dimorphic transcripts varies less than 10% between the sexes on
average (Yang et al., 2006; van Nas et al., 2009; Reinius et al., 2010). This suggests to us
that there are still significant effects of stress on 7ac2expression, even in males (in-which
Tac2 expression may be lower overall). Likewise, pharmacologic activation of the Nk3R in
the hippocampus of Wistar rats has shown to enhance learning and facilitate episodic-like
memory (de Souza Silva et al., 2013; Chao et al., 2014). Taken together, this suggests that
Tac2 may function similarly to its emerging role in the CeM.

It has been suggested that the 7ac2-Nk3R pathway does not cause changes directly, but
exerts its effects through modifying the signaling of other neuropeptides in an autocrine or
paracrine fashion (Navarro 2013; Andero et al., 2016). Because of this, there has been
interest in identifying neuropeptides co-localized with 7ac2to better understand the
mechanisms underlying its effects. Indeed, the central amygdala is ripe with an abundance of
various co-localized neuropeptides with 7ac2, as seen through immunohistochemical
mapping (Kim et al., 2017; McCullough et al., 2018). However, this sort of mapping has not
been done in the hippocampus. In reviewing our network, we identified four genes encoding
neuropeptides co-expressed with 7ac2. Npy (neuropeptide Y), Sst (somatostatin), Avp
(arginine vasopressin), and Hcrt (hypocretin/orexin). These neuroactive ligands are either
expressed in or projected to neurons of the rodent hippocampus (Allen et al., 1983; Gray and
Morley, 1986; Wahlestedt et al., 1989; Finley et al., 1981; Johansson et al., 1984; Viollet et
al., 2008; Hawthorn et al., 1980; Tiberiis et al., 1983; Peyron et al., 1998), with each of their
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corresponding GPCRs expressed as well (Martel et al., 1986; Dumont et al., 1998; Kask et
al., 2002; Bruno et al., 1993; Alesco-Lautier & Soumireu-Mourat, 1998; Marcus et al.,
2001) indicating both presence and ability to signal. They have also been shown to be stress
reactive (Reichmann et al., 2015; Sweerts et al., 2001; Hassan et al., 2014; Conrad and
McEwen, 2000; Arancibia et al., 2001; Czeh et al. 2015;Lin and Sibille, 2015; Ma et al.,
1997a; Ma et al., 1997b; Ma et al., 1997c; Aubry et al., 1999; Stricker-Krongrad and Beck,
2002; Espafia et al., 2003) and play prominent roles in hippocampal stress processing and
stress-related phenotypes (Reichmann & Holzer, 2016; Tasan & Sperk, 2016; Schmeltzer et
al., 2016; Stengel & Tache, 2017; Prevot et al., 2017; Beurel and Nemeroff, 2014; Herman
& Tasker 2016; Caldwell et al., 2017; Berridge et al., 2010; Johnson et al., 2012; James,
Campbell, and Dayas, 2017). While this does not replace traditional methods of expression
mapping, co-localized expression of 7ac2and other neuropeptides suggests roles in related
processes.

To broadly identify potential biological processes of our network, we underwent KEGG
pathway enrichment which revealed that a number of our genes were involved in pathways
related to neuroactive ligand-receptor interactions and the underlying processes of neural
plasticity, namely long-term potentiation (LTP), long-term depression (LTD), axon guidance,
and regulation of the actin cytoskeleton. In line with these findings, the four co-expressed
neuropeptides we identified play major roles in shaping hippocampal neural networks
(Decressac and Barker, 2012; Li et al., 2017; Stefanelli et al., 2016; Leguz-Leczenar et al.,
2016; Alesco-Lautier et al., 2000; Pagnani et al., 2015; Yang et al., 2013) allowing for
adaptation, and sometimes maladaptation, to stressful conditions (McEwen et al., 2012;
Leuner and Shors, 2013). Signals resulting from ligand-receptor interactions, like those
described above, can trigger intracellular signaling that ultimately modulates gene
expression, so called “activity dependent plasticity”, thought to be the underlying basis of
memory and learning (Carulli et al., 2011). This and other effects that plastically alter neural
networks cause reassignment of existing neural connections, new axonal growth, and alter
dynamics of synapse efficacy in response to sensory input and experience, processes
reflected in our network’s identified phenotypes (Table 3). One of the families of genes
critical in achieving activity dependent plasticity is the neural cell adhesion immunoglobulin
superfamily (Fields and Kouichi, 1998; Dityatev et al., 2008). We identified four members of
this superfamily in our network: Ncam/ (Neural Cell Adhesion Molecule 1), LZcam (L1 Cell
Adhesion Molecule), Cadm1 (Cell Adhesion Molecule 1) and Cadm3 (Cell Adhesion
Molecule 3).

Ncam1and LIcam are intimately involved in regulating synapse formation as scaffolding to
stabilize neuron-neuron connections and as anchors to intracellular machinery for proper
synapse maturation and function (Sytnyk et al., 2002; Sytnyk et al., 2006). Both help
stabilize of changes results from LTP and NCAM has specifically been shown to accumulate
in new neurons and those undergoing LTP to serve this purpose (Luthl et al., 1994; Fux et
al., 2003). In the hippocampus, both have been shown to regulate synaptic plasticity,
learning, memory, and stress responses during learning (recently reviewed by Sytnyk,
Leshchyns’ka, and Schachner, 2017). A post-translationally modified version of NCAM,
polysialylated NCAM (PSA-NCAM), has proven just as pivotal in LTP, LTD, spatial
learning, and contextual fear learning in the hippocampus (recently reviewed by Varbanov
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and Dityatev, 2017). We also identified Gap-43 (Growth Associated Protein 43), which
produces a critical protein that complexes with NCAM to induce neurite outgrowth for
synaptogenesis through actin polymerization, altering the neuron cytoskeleton so it can grow
toward a new connection (Korshunova et al., 2007; Korshunova et al., 2009). Similar to
Ncam1and LIcam, the CADM family (also known as the SynCAM or Nectin-like family)
plays a prominent role in axon guidance, synapse formation, and plasticity (Frei and
Stoeckli, 2017). CADML1 (also known as SyNcam1 or Necl2) hippocampal overexpression
transgenic mice promotes formation of excitatory synapses, restricts long-term depression
(Robbins et al., 2010). CADM3 (also known as SynCAM3 or Necl1) has been less well
characterized, but is thought promote myelination through associations between axons and
glial cells (Maurel et al., 2007; Spiegel et al., 2007; Park et al., 2008).

Ultimately, our goal is to better understand 7ac2, its related genes, and their role in
producing effects of the stress response to gain insight into stress related disorders. To this
end, non-synonymous SNPs are an important source of genetic variation that can underlie
phenotypic variation likely contributing to an individual’s risk for developing stress-related
disease. We identified seven genes (Arrb1, Ndn, Dom3z, Rangapl1, Spockl, MagelZ, Mylk2)
with non-synonymous SNPs in our network. One gene of interest is ArrbI (Arrestin Beta 1),
whose protein product has been previously identified as a mediator of DNA damage various
brain structures in response to acute stress (Sood et al., 2014), chronic stress (Hara et al.,
2011; Hara et al., 2012) and stress-related catecholamines (Jia et al., 2014). Theoretical
effects of Arrb1 expression have been proposed to play a role in both general development
of neuropsychiatric conditions and plastic changes in the hippocampal ventral CA1 region
relating to its connectivity to the amygdala and hypothalamus (so called ‘emotion-related’
connections) (Hara et al., 2011; Hara et al., 2012; Sood et al., 2014). However, concrete
evidence of these effects has yet to be directly uncovered.

Overall, the current study provides many new avenues of inquiry into hippocampal stress
processing and highlights 7ac2as an influential gene beyond the amygdala and
hypothalamus. It is likely reasonable to conclude that 7ac2is involved in stress processing
and neuroplasticity based on our current analysis. But, further work must be done to affirm
this conclusion and better outline the roles of 7ac2and its co-expressed genes. An
overarching, and lofty, goal of pursuing the avenues outlined in this study is to translate
findings into useful interventions for humans. 7acZs human homologue (7AC3) and its
corresponding receptor ( 7TACR3) are well characterized (Fergani and Navarro, 2017 see
Table 1) and have been long seen as potential sites for understanding and treating human
psychiatric disease (Spooren, Riemer, and Meltzer, 2005). However, clinical trails of Nk3R-
antagonist efficacy (e.g. Osanetant, Talnetant) have been equivocal at best, despite being
well tolerated (Griebel and Holsboer, 2012). Interestingly, a recent study in C57BL/6N and
BALB/c showed upregulation of 7ac2in response to social isolation stress (SIS), locally
orchestrating the behavioral effects of multiple brain regions — an effect that was attenuated
by Osanetant (Zelikowski et al., 2018). Zelikowski and colleagues noted that the effect of
SIS is well-established in both mice and humans, calling for reexamination of Nk3R
antagonists as treatment for mood disorders resulting from social isolation and other
stressors. We contend that continued use of bioinformatics techniques combined with well
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established protocols will lead to better understanding of the complexities of stress’s effect
on the hippocampus and neuropsychiatric disease, opening up new avenues of intervention.

Acknowledgments

The authors thank Dr. Robert Williams for his financial support, bioinformatics support, and experiment design.

Funding

This study was supported by National Institutes of Health grants [RO1AA021951] (LL, BJ) and [U01AA014425]
(LL), and Internal New Grant Support Funding [E073239005] from the University of Tennessee Health Science

Center (LL).

Abbreviations:
ANOVA

Avp
BH
BM
B6
CeM
CMS
D2
eQTL
GM
GR
Hert
LRS
LTD
LTP
MR
NkB
Nk3R
NH
Npy
QTL

Gene. Author manuscript; available in PMC 2020 May 15.

Analysis of Variance

arginine vasopressin

Benjamini-Hochberg procedure

black module
C57BL/6J

central amygdala
chronic mild stress
DBA/2)

expression QTL
GeneMANIA gene list
glucocorticoid receptors
hypocretin/orexin
likelihood ratio statistic
long-term depression
long-term potentiation
mineralocorticoid receptors
Neurokinin B

NKk3 receptor

normal housing
neuropeptide Y

guantitative trait loci



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hook et al. Page 12
RI Recombinant inbred
RMA robust multi-array average
Sst somatostatin
TBP TATA box-binding protein
CT threshold cycle
TOM Topological Overlap Matrix
WGCNA Weighted gene co-expression network analysis
SIS Social Isolation Stress

References

Ahima R, Harlan R (1990) Charting of type Il glucocorticoid receptor-like immunoreactivity in the rat
central nervous system. Neuroscience 39:579-604 [PubMed: 1711170]

Ahima R, Krozowski Z, Harlan RE (1991) Type | corticosteroid receptor-like immunoreactivity in the
rat CNS: distribution and regulation by corticosteroids. Journal of Comparative Neurology 313:522—
538 [PubMed: 1770174]

Alescio-Lautier B, Paban V, Soumireu-Mourat B (2000) Neuromodulation of memory in the
hippocampus by vasopressin. European journal of pharmacology 405:63-72 [PubMed: 11033315]

Alescio-Lautier B, & Soumireu-Mourat B (1999). Role of vasopressin in learning and memory in the
hippocampus Progress in brain research (Vol. 119, pp. 501-521): Elsevier.

Allen Y, Adrian T, Allen J, Tatemoto K, Crow T, Bloom S, Polak J (1983) Neuropeptide Y distribution
in the rat brain. Science 221:877-879 [PubMed: 6136091]

Andero R, Brothers SP, Jovanovic T, Chen YT, Salah-Uddin H, Cameron M, Bannister TD, Almli L,
Stevens JS, Bradley B (2013) Amygdala-dependent fear is regulated by Oprl1 in mice and humans
with PTSD. Science translational medicine 5:188ral173-188ral73

Andero R, Daniel S, Guo J-D, Bruner RC, Seth S, Marvar PJ, Rainnie D, Ressler KJ (2016)
Amygdala-dependent molecular mechanisms of the Tac2 pathway in fear learning.
Neuropsychopharmacology 41:2714 [PubMed: 27238620]

Andero R, Dias BG, Ressler KJ (2014) A role for Tac2, NkB, and Nk3 receptor in normal and
dysregulated fear memory consolidation. Neuron 83:444-454 [PubMed: 24976214]

Andero R, Heldt SA, Ye K, Liu X, Armario A, Ressler KJ (2011) Effect of 7, 8-dihydroxyflavone, a
small-molecule TrkB agonist, on emotional learning. American Journal of Psychiatry 168:163-172
[PubMed: 21123312]

Andrus B, Blizinsky K, Vedell P, Dennis K, Shukla P, Schaffer D, Radulovic J, Churchill GA, Redei E
(2012) Gene expression patterns in the hippocampus and amygdala of endogenous depression and
chronic stress models. Molecular psychiatry 17:49 [PubMed: 21079605]

Angell AE, Steiner RA (2015) TACkling NKB’s role in puberty. In. Endocrine Society

Arancibia S, Payet O, Givalois L, Tapia-Arancibia L (2001) Acute stress and dexamethasone rapidly
increase hippocampal somatostatin synthesis and release from the dentate gyrus hilus.
Hippocampus 11:469-477 [PubMed: 11530851]

Aubry J-M, Bartanusz V, Jezova D, Belin D, Kiss JZ (1999) Single stress induces long-lasting
elevations in vasopressin mRNA levels in CRF hypophysiotrophic neurones, but repeated stress is
required to modify AVP immunoreactivity. Journal of neuroendocrinology 11:377-384 [PubMed:
10320565]

Baker JA, Li J, Zhou D, Yang M, Cook MN, Jones BC, Mulligan MK, Hamre KM, Lu L (2017)
Analyses of differentially expressed genes after exposure to acute stress, acute ethanol, or a
combination of both in mice. Alcohol 58:139-151 [PubMed: 28027852]

Gene. Author manuscript; available in PMC 2020 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hook et al.

Page 13

Beaujouan J-C, Torrens Y, Saffroy M, Kernel M-L, Glowinski J (2004) A 25 year adventure in the field
of tachykinins. Peptides 25:339-357 [PubMed: 15134859]

Berridge CW, Espafia RA, Vittoz NM (2010) Hypocretin/orexin in arousal and stress. Brain research
1314:91-102 [PubMed: 19748490]

Beurel E, Nemeroff CB (2014) Interaction of stress, corticotropin-releasing factor, arginine vasopressin
and behaviour In: Behavioral Neurobiology of Stress-related Disorders. Springer, pp 67-80

Bonner TI, Affolter H-U, Young AC, Young WS 111 (1987) A cDNA encoding the precursor of the rat
neuropeptide, neurokinin B. Molecular Brain Research 2:243-249

Brigman JL, Mathur P, Lu L, Williams RW, Holmes A (2009) Genetic relationship between anxiety-
and fear-related behaviors in BXD recombinant inbred mice. Behavioural pharmacology 20:204
[PubMed: 18830130]

Bruno JF, Xu Y, Song J, Berelowitz M (1993) Tissue distribution of somatostatin receptor subtype
messenger ribonucleic acid in the rat. Endocrinology 133:2561-2567 [PubMed: 8243278]

Caldwell HK, Aulino EA, Rodriguez KM, Witchey SK, Yaw AM (2017) Social context, stress,
neuropsychiatric disorders, and the vasopressin 1b receptor. Frontiers in neuroscience 11:567
[PubMed: 29085277]

Carhuatanta KA, Shea CJ, Herman JP, Jankord R (2014) Unique genetic loci identified for emotional
behavior in control and chronic stress conditions. Frontiers in behavioral neuroscience 8:341
[PubMed: 25374516]

Carulli D, Foscarin S, Rossi F (2011) Activity-dependent plasticity and gene expression modifications
in the adult CNS. Frontiers in molecular neuroscience 4:50 [PubMed: 22144945]

Chao QY, Nikolaus S, Huston JP, de Souza Silva MA (2014) The neurokinin-3 receptor agonist
senktide facilitates the integration of memories for object, place and temporal order into episodic
memory. Neurobiology of learning and memory 114:178-185 [PubMed: 24972016]

Chesler EJ, Lu L, Shou S, Qu Y, Gu J, Wang J, Hsu HC, Mountz JD, Baldwin NE, Langston MA
(2005) Complex trait analysis of gene expression uncovers polygenic and pleiotropic networks that
modulate nervous system function. Nature genetics 37:233 [PubMed: 15711545]

Ciobanu DC, Lu L, Mozhui K, Wang X, Jagalur M, Morris JA, Taylor WL, Dietz K, Simon P,
Williams RW (2009) Detection, validation, and downstream analysis of allelic variation in gene
expression. Genetics

Czéh B, Varga ZKK, Henningsen K, Kovacs GL, Miseta A, Wiborg O (2015) Chronic stress reduces
the number of GABAergic interneurons in the adult rat hippocampus, dorsal-ventral and region-
specific differences. Hippocampus 25:393-405 [PubMed: 25331166]

De Kloet ER, Joéls M, Holsboer F (2005) Stress and the brain: from adaptation to disease. Nature
reviews neuroscience 6:463 [PubMed: 15891777]

de Souza Silva MA, Lenz B, Rotter A, Biermann T, Peters O, Ramirez A, Jessen F, Maier W, Hiill M,
Schrdder J (2013) Neurokinin3 receptor as a target to predict and improve learning and memory in
the aged organism. Proceedings of the National Academy of Sciences 110:15097-15102

Decressac M, Barker R (2012) Neuropeptide Y and its role in CNS disease and repair. Experimental
neurology 238:265-272 [PubMed: 23022456]

Dityatev A, Bukalo O, Schachner M (2008) Modulation of synaptic transmission and plasticity by cell
adhesion and repulsion molecules. Neuron glia biology 4:197-209 [PubMed: 19674506]

Dumont Y, Jacques D, Bouchard P, Quirion R (1998) Species differences in the expression and
distribution of the neuropeptide Y Y1, Y2, Y4, and Y5 receptors in rodents, guinea pig, and
primates brains. Journal of Comparative Neurology 402:372-384 [PubMed: 9853905]

Espana R, Valentino R, Berridge C (2003) Fos immunoreactivity in hypocretin-synthesizing and
hypocretin-1 receptor-expressing neurons: effects of diurnal and nocturnal spontaneous waking,
stress and hypocretin-1 administration. Neuroscience 121:201-217 [PubMed: 12946712]

Feltus FA (2014) Systems genetics: a paradigm to improve discovery of candidate genes and
mechanisms underlying complex traits. Plant Science 223:45-48 [PubMed: 24767114]

Fergani C, Navarro V (2016) Expanding the Role of Tachykinins in the Neuroendocrine Control of
Reproduction. ReproductionREP-16-0378

Fields RD, Itoh K (1996) Neural cell adhesion molecules in activity-dependent development and
synaptic plasticity. Trends in neurosciences 19:473-480 [PubMed: 8931273]

Gene. Author manuscript; available in PMC 2020 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hook et al.

Page 14

Finley J, Maderdrut J, Roger L, Petrusz P (1981) The immunocytochemical localization of
somatostatin-containing neurons in the rat central nervous system. Neuroscience 6:2173-2192
[PubMed: 6120483]

Frei JA, Stoeckli ET (2017) SynCAMs—From axon guidance to neurodevelopmental disorders.
Molecular and Cellular Neuroscience 81:41-48 [PubMed: 27594578]

Fux C, Krug M, Dityatev A, Schuster T, Schachner M (2003) NCAM180 and glutamate receptor
subtypes in potentiated spine synapses: an immunogold electron microscopic study. Molecular and
Cellular Neuroscience 24:939-950 [PubMed: 14697660]

Giardino L, Puglisi-Allegra S, Ceccatelli S (1996) CRH-R1 mRNA expression in two strains of inbred
mice and its regulation after repeated restraint stress. Molecular brain research 40:310-314
[PubMed: 8872315]

Gioia DA, Alexander NJ, McCool BA (2016) Differential expression of Munc13-2 produces unique
synaptic phenotypes in the basolateral amygdala of C57BL/6J and DBA/2J mice. Journal of
Neuroscience 36:10964-10977 [PubMed: 27798178]

Glidewell-Kenney CA, Shao PP, lyer AK, Grove AM, Meadows JD, Mellon PL (2013) Neurokinin B
causes acute GnRH secretion and repression of GnRH transcription in GT1-7 GnRH neurons.
Molecular Endocrinology 27:437-454 [PubMed: 23393128]

Grachev P, Li X, Hu M, Li S, Millar RP, Lightman SL, O’Byrne KT (2014) Neurokinin B signaling in
the female rat: a novel link between stress and reproduction. Endocrinology 155:2589-2601
[PubMed: 24708241]

Gray JD, Rubin TG, Hunter RG, McEwen BS (2014) Hippocampal gene expression changes
underlying stress sensitization and recovery. Molecular psychiatry 19:1171 [PubMed: 24342991]

Gray JD, Rubin TG, Kogan JF, Marrocco J, Weidmann J, Lindkvist S, Lee FS, Schmidt EF, McEwen
BS (2016) Translational profiling of stress-induced neuroplasticity in the CA3 pyramidal neurons
of BDNF Val66Met mice. Molecular psychiatry

Gray TS, Morley JE (1986) Neuropeptide Y: anatomical distribution and possible function in
mammalian nervous system. Life sciences 38:389-401 [PubMed: 3003479]

Griebel G, Holshoer F (2012) Neuropeptide receptor ligands as drugs for psychiatric diseases: the end
of the beginning?. Nature reviews Drug discovery 11(6):462 [PubMed: 22596253]

Groeneweg FL, Karst H, de Kloet ER, Joéls M (2011) Rapid non-genomic effects of corticosteroids
and their role in the central stress response. Journal of endocrinology JOE-10-0472

Han F, Ozawa H, Matsuda K-i, Nishi M, Kawata M (2005) Colocalization of mineralocorticoid
receptor and glucocorticoid receptor in the hippocampus and hypothalamus. Neuroscience
research 51:371-381 [PubMed: 15740800]

Hara MR, Kovacs JJ, Whalen EJ, Rajagopal S, Strachan RT, Grant W, Towers AJ, Williams B, Lam
CM, Xiao K (2011) A stress response pathway regulates DNA damage through p 2-
adrenoreceptors and p-arrestin-1. Nature 477:349 [PubMed: 21857681]

Hara MR, Sachs BD, Caron MG, Lefkowitz RJ (2013) Pharmacological blockade of a B2AR-p-
arrestin-1 signaling cascade prevents the accumulation of DNA damage in a behavioral stress
model. Cell cycle 12:219-224 [PubMed: 23287463]

Hassan AM, Jain P, Reichmann F, Mayerhofer R, Farzi A, Schuligoi R, Holzer P (2014) Repeated
predictable stress causes resilience against colitis-induced behavioral changes in mice. Frontiers in
behavioral neuroscience 8:386 [PubMed: 25414650]

Hawthorn J, Ang VT, Jenkins JS (1980) Localization of vasopressin in the rat brain. Brain research
197:75-81 [PubMed: 7397564]

Herman JP, Tasker JG (2016) Paraventricular hypothalamic mechanisms of chronic stress adaptation.
Frontiers in endocrinology 7:137 [PubMed: 27843437]

Hunter RG, Gagnidze K, McEwen BS, Pfaff DW (2015) Stress and the dynamic genome: Steroids,
epigenetics, and the transposome. Proceedings of the National Academy of Sciences 112:6828-
6833

James MH, Campbell EJ, Dayas CV (2017) Role of the orexin/hypocretin system in stress-related
psychiatric disorders In: Behavioral Neuroscience of Orexin/Hypocretin. Springer, pp 197-219

Jia J-J, Zeng X-S, Zhou X-S, Li Y, Bai J (2014) The induction of thioredoxin-1 by epinephrine
withdraws stress via interaction with B-arrestin-1. Cell Cycle 13:3121-3131 [PubMed: 25486571]

Gene. Author manuscript; available in PMC 2020 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hook et al.

Page 15

Joéls M, Baram TZ (2009) The neuro-symphony of stress. Nature reviews neuroscience 10:459
[PubMed: 19339973]

Johansson O, Hokfelt T, Elde R (1984) Immunohistochemical distribution of somatostatin-like
immunoreactivity in the central nervous system of the adult rat. Neuroscience 13:265-IN262
[PubMed: 6514182]

Johnson PL, Molosh A, Fitz SD, Truitt WA, Shekhar A (2012) Orexin, stress, and anxiety/panic states
In: Progress in brain research. Elsevier, pp 133-161

Karatsoreos IN, McEwen BS (2013) Annual research review: The neurobiology and physiology of
resilience and adaptation across the life course. Journal of Child Psychology and Psychiatry
54:337-347 [PubMed: 23517425]

Kask A, Harro J, von Horsten S, Redrobe JP, Dumont Y, Quirion R (2002) The neurocircuitry and
receptor subtypes mediating anxiolytic-like effects of neuropeptide Y. Neuroscience &
Biobehavioral Reviews 26:259-283 [PubMed: 12034130]

Kim J, Zhang X, Muralidhar S, LeBlanc SA, Tonegawa S (2017) Basolateral to central amygdala
neural circuits for appetitive behaviors. Neuron 93:1464-1479. e1465 [PubMed: 28334609]

Korshunova I, Mosevitsky M (2010) Role of the growth-associated protein GAP-43 in NCAM-
mediated neurite outgrowth In: Structure and Function of the Neural Cell Adhesion Molecule
NCAM. Springer, pp 169-182

Korshunova I, Novitskaya V, Kiryushko D, Pedersen N, Kolkova K, Kropotova E, Mosevitsky M,
Rayko M, Morrow JS, Ginzburg | (2007) GAP-43 regulates NCAM-180-mediated neurite
outgrowth. Journal of neurochemistry 100:1599-1612 [PubMed: 17212696]

Kurumaji A, Umino M, Nishikawa T (2011) Effects of novelty stress on hippocampal gene expression,
corticosterone and motor activity in mice. Neuroscience research 71:161-167 [PubMed:
21704088]

Leuner B, Shors T (2013) Stress, anxiety, and dendritic spines: what are the connections?
Neuroscience 251:108-119 [PubMed: 22522470]

Li Q, Bartley AF, Dobrunz LE (2016) Endogenously released neuropeptide Y suppresses hippocampal
short-term facilitation and is impaired by stress-induced anxiety. Journal of Neuroscience:2599—
2516

Liguz-Lecznar M, Urban-Ciecko J, Kossut M (2016) Somatostatin and somatostatin-containing
neurons in shaping neuronal activity and plasticity. Frontiers in neural circuits 10:48 [PubMed:
27445703]

Lin L, Sibille E (2015) Somatostatin, neuronal vulnerability and behavioral emotionality. Molecular
psychiatry 20:377 [PubMed: 25600109]

Liu'Y, Yang N, Zuo P (2010) cDNA microarray analysis of gene expression in the cerebral cortex and
hippocampus of BALB/c mice subjected to chronic mild stress. Cellular and molecular
neurobiology 30:1035-1047 [PubMed: 20532976]

Lathi A, Laurent J-P, Figurovt A, Mullert D, Schachnert M (1994) Hippocampal long-term
potentiation and neural cell adhesion molecules L1 and NCAM. Nature 372:777 [PubMed:
7997264]

Ma X, Levy A, Lightman S (1997a) Rapid changes in heteronuclear RNA for corticotrophin-releasing
hormone and arginine vasopressin in response to acute stress. Journal of Endocrinology 152:81-89
[PubMed: 9014842]

Ma X-M, Levy A, Lightman SL (1997b) Emergence of an isolated arginine vasopressin (AVP)
response to stress after repeated restraint: a study of both AVP and corticotropin-releasing
hormone messenger ribonucleic acid (RNA) and heteronuclear RNA. Endocrinology 138:4351—
4357 [PubMed: 9322950]

Ma XM, Levy A, Lightman SL (1997c) Rapid changes of heteronuclear RNA for arginine vasopressin
but not for corticotropin releasing hormone in response to acute corticosterone administration.
Journal of neuroendocrinology 9:723-728 [PubMed: 9355040]

Mar L, Yang F-C, Ma Q (2012) Genetic marking and characterization of Tac2-expressing neurons in
the central and peripheral nervous system. Molecular brain 5:3 [PubMed: 22272772]

Maras PM, Baram TZ (2012) Sculpting the hippocampus from within: stress, spines, and CRH. Trends
in neurosciences 35:315-324 [PubMed: 22386641]

Gene. Author manuscript; available in PMC 2020 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hook et al.

Page 16

Marcus JN, Aschkenasi CJ, Lee CE, Chemelli RM, Saper CB, Yanagisawa M, EImquist JK (2001)
Differential expression of orexin receptors 1 and 2 in the rat brain. Journal of Comparative
Neurology 435:6-25 [PubMed: 11370008]

Martel J-C, St-Pierre S, Quirion R (1986) Neuropeptide Y receptors in rat brain: autoradiographic
localization. Peptides 7:55-60 [PubMed: 3012490]

Maurel P, Einheber S, Galinska J, Thaker P, Lam |, Rubin MB, Scherer SS, Murakami Y, Gutmann
DH, Salzer JL (2007) Nectin-like proteins mediate axon-Schwann cell interactions along the
internode and are essential for myelination. J Cell Biol 178:861-874 [PubMed: 17724124]

McCullough KM, Morrison FG, Hartmann J, Carlezon WA, Ressler KJ (2018) Quantified Co-
Expression Analysis of Central Amygdala Sub-Populations. eNeuro:ENEURO. 0010-0018.2018

McEwen BS (1999) Stress and hippocampal plasticity. Annual review of neuroscience 22:105-122

McEwen BS (2002) Sex, stress and the hippocampus: allostasis, allostatic load and the aging process.
Neurobiology of aging 23:921-939 [PubMed: 12392796]

McEwen BS (2007) Physiology and neurobiology of stress and adaptation: central role of the brain.
Physiological reviews 87:873-904 [PubMed: 17615391]

McEwen BS, Eiland L, Hunter RG, Miller MM (2012) Stress and anxiety: structural plasticity and
epigenetic regulation as a consequence of stress. Neuropharmacology 62:3-12 [PubMed:
21807003]

McEwen BS, Gianaros PJ (2011) Stress-and allostasis-induced brain plasticity. Annual review of
medicine 62:431-445

McEwen BS, Nasca C, Gray JD (2016) Stress effects on neuronal structure: hippocampus, amygdala,
and prefrontal cortex. Neuropsychopharmacology 41:3 [PubMed: 26076834]

Mozhui K, Lu L, Armstrong WE, Williams RW (2012) Sex-specific modulation of gene expression
networks in murine hypothalamus. Frontiers in neuroscience 6:63 [PubMed: 22593731]

Navarro VM (2013) Interactions between kisspeptins and neurokinin B In: Kisspeptin Signaling in
Reproductive Biology. Springer, pp 325-347

Navarro VM, Bosch MA, Leén S, Simavli S, True C, Pinilla L, Carroll RS, Seminara SB, Tena-
Sempere M, Rgnnekleiv OK (2014) The integrated hypothalamic tachykinin-kisspeptin system as
a central coordinator for reproduction. Endocrinology 156:627—-637 [PubMed: 25422875]

Navarro VM, Gottsch M, Wu M, Garcia-Galiano D, Hobbs S, Bosch M, Pinilla L, Clifton D, Dearth A,
Ronnekleiv O (2011) Regulation of NKB pathways and their roles in the control of Kiss1 neurons
in the arcuate nucleus of the male mouse. Endocrinology 152:4265-4275 [PubMed: 21914775]

Overall RW, Kempermann G, Peirce J, Lu L, Goldowitz D, Gage FH, Goodwin S, Smit AB, Airey DC,
Rosen GD (2009) Genetics of the hippocampal transcriptome in mouse: a systematic survey and
online neurogenomics resource. Frontiers in neuroscience 3:3 [PubMed: 19753089]

Pagani JH, Zhao M, Cui Z, Avram SW, Caruana DA, Dudek SM, Young W (2015) Role of the
vasopressin 1b receptor in rodent aggressive behavior and synaptic plasticity in hippocampal area
CA2. Molecular psychiatry 20:490 [PubMed: 24863146]

Park J, Liu B, Chen T, Li H, Hu X, Gao J, Zhu Y, Zhu Q, Qiang B, Yuan J (2008) Disruption of
Nectin-like 1 cell adhesion molecule leads to delayed axonal myelination in the CNS. Journal of
Neuroscience 28:12815-12819 [PubMed: 19036974]

Peyron C, Tighe DK, Van Den Pol AN, De Lecea L, Heller HC, Sutcliffe JG, Kilduff TS (1998)
Neurons containing hypocretin (orexin) project to multiple neuronal systems. Journal of
Neuroscience 18:9996-10015 [PubMed: 9822755]

Philip VM, Duvvuru S, Gomero B, Ansah T, Blaha C, Cook M, Hamre K, Lariviere W, Matthews D,
Mittleman G (2010) High-throughput behavioral phenotyping in the expanded panel of BXD
recombinant inbred strains. Genes, Brain and Behavior 9:129-159

Prévét TD, Gastambide F, Viollet C, Henkous N, Martel G, Epelbaum J, Béracochéa D, Guillou J-L
(2017) Roles of hippocampal somatostatin receptor subtypes in stress response and emotionality.
Neuropsychopharmacology 42:1647 [PubMed: 27986975]

Radcliffe RA, Lowe MV, Wehner JM (2000) Confirmation of contextual fear conditioning QTLs by
short-term selection. Behavior genetics 30:183-191 [PubMed: 11105392]

Gene. Author manuscript; available in PMC 2020 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hook et al.

Page 17

Radley JJ, Kabbaj M, Jacobson L, Heydendael W, Yehuda R, Herman JP (2011) Stress risk factors and
stress-related pathology: neuroplasticity, epigenetics and endophenotypes. Stress 14:481-497
[PubMed: 21848436]

Reichmann F, Hassan AM, Farzi A, Jain P, Schuligoi R, Holzer P (2015) Dextran sulfate sodium-
induced colitis alters stress-associated behaviour and neuropeptide gene expression in the
amygdala-hippocampus network of mice. Scientific reports 5:9970 [PubMed: 26066467]

Reichmann F, Holzer P (2016) Neuropeptide Y: a stressful review. Neuropeptides 55:99-109 [PubMed:
26441327]

Reinius B, Shi C, Hengshuo L, Sandhu KS, Radomska KJ, Rosen GD, Lu L, Kullander K, Williams
RW, Jazin E (2010) Female-biased expression of long non-coding RNAs in domains that escape
X-inactivation in mouse. BMC Genomics 11, 614 [PubMed: 21047393]

Reul J, Kloet Ed (1985) Two receptor systems for corticosterone in rat brain: microdistribution and
differential occupation. Endocrinology 117:2505-2511 [PubMed: 2998738]

Robbins EM, Krupp AJ, de Arce KP, Ghosh AK, Fogel Al, Boucard A, Stidhof TC, Stein V, Biederer
T (2010) SynCAM 1 adhesion dynamically regulates synapse number and impacts plasticity and
learning. Neuron 68:894-906 [PubMed: 21145003]

Sannino G, Pasqualini L, Ricciardelli E, Montilla P, Soverchia L, Ruggeri B, Falcinelli S, Renzi A,
Ludka C, Kirchner T (2016) Acute stress enhances the expression of neuroprotection- and
neurogenesis-associated genes in the hippocampus of a mouse restraint model. Oncotarget
7:8455 [PubMed: 26863456]

Santha P, Pakaski M, Fazekas OC, Fodor EK, Kalman S, Kalman J, Janka Z, Szab6 G (2012) Restraint
stress in rats alters gene transcription and protein translation in the hippocampus. Neurochemical
research 37:958-964 [PubMed: 22219132]

Schmeltzer SN, Herman JP, Sah R (2016) Neuropeptide Y (NPY) and posttraumatic stress disorder
(PTSD): a translational update. Experimental neurology 284:196-210 [PubMed: 27377319]

Schughart K, & Williams RW (2017). Systems Genetics: Methods and Protocols. Springer.

Sokoloff G, Parker CC, Lim JE, Palmer AA (2011) Anxiety and fear in a cross of C57BL/6J and
DBA/2J mice: mapping overlapping and independent QTL for related traits. Genes, Brain and
Behavior 10:604-614

Sood R, Ritov G, Richter-Levin G, Barki-Harrington L (2013) Selective increase in the association of
the B2 adrenergic receptor, p Arrestin-1 and p53 with Mdm2 in the ventral hippocampus one
month after underwater trauma. Behavioural brain research 240:26-28 [PubMed: 23174211]

Spiegel I, Adamsky K, Eshed Y, Milo R, Sabanay H, Sarig-Nadir O, Horresh I, Scherer SS, Rashand
MN, Peles E (2007) A central role for Necl4 (SynCAM4) in Schwann cell-axon interaction and
myelination. Nature neuroscience 10:861 [PubMed: 17558405]

Spooren W, Riemer C, Meltzer H (2005) NK 3 receptor antagonists: the next generation of
antipsychotics?. Nature Reviews Drug Discovery 4(12):967 [PubMed: 16341062]

Stefanelli T, Bertollini C, Lischer C, Muller D, Mendez P (2016) Hippocampal somatostatin
interneurons control the size of neuronal memory ensembles. Neuron 89:1074-1085 [PubMed:
26875623]

Steinhoff MS, von Mentzer B, Geppetti P, Pothoulakis C, Bunnett NW (2014) Tachykinins and their
receptors: contributions to physiological control and the mechanisms of disease. Physiological
reviews 94:265-301 [PubMed: 24382888]

Stengel A, Taché YF (2017) Activation of brain somatostatin signaling suppresses CRF receptor-
mediated stress response. Frontiers in neuroscience 11:231 [PubMed: 28487631]

Stricker-Krongrad A, Beck B (2002) Modulation of hypothalamic hypocretin/orexin mMRNA expression
by glucocorticoids. Biochemical and biophysical research communications 296:129-133
[PubMed: 12147238]

Sweerts B, Jarrott B, Lawrence A (2001) The effect of acute and chronic restraint on the central
expression of prepro-neuropeptide Y mRNA in normotensive and hypertensive rats. Journal of
neuroendocrinology 13:608-617 [PubMed: 11442775]

Sytnyk V, Leshchyns' ka I, Delling M, Dityateva G, Dityatev A, Schachner M (2002) Neural cell
adhesion molecule promotes accumulation of TGN organelles at sites of neuron-to-neuron
contacts. J Cell Biol 159:649-661 [PubMed: 12438412]

Gene. Author manuscript; available in PMC 2020 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hook et al.

Page 18

Sytnyk V, Leshchyns' ka I, Nikonenko AG, Schachner M (2006) NCAM promotes assembly and
activity-dependent remodeling of the postsynaptic signaling complex. The Journal of cell biology
174:1071-1085 [PubMed: 17000882]

Sytnyk V, Leshchyns’ka I, Schachner M (2017) Neural cell adhesion molecules of the immunoglobulin
superfamily regulate synapse formation, maintenance, and function. Trends in neurosciences
40:295-308 [PubMed: 28359630]

Tasan R, Verma D, Wood J, Lach G, Hormer B, de Lima T, Herzog H, Sperk G (2016) The role of
Neuropeptide Y in fear conditioning and extinction. Neuropeptides 55:111-126 [PubMed:
26444585]

ter Heegde F, De Rijk RH, Vinkers CH (2015) The brain mineralocorticoid receptor and stress
resilience. Psychoneuroendocrinology 52:92-110 [PubMed: 25459896]

Tiberiis B, Wilson N, McLennan H (1983) Neurohypophysial peptides and the hippocampus. I.
Vasopressin immunoreactivity in the rat hippocampus. Neuropeptides 4:65-72 [PubMed:
6669224]

van Dam S, V@sa U, van der Graaf A, Franke L, de Magalhdes JP (2017) Gene co-expression analysis
for functional classification and gene—disease predictions. Briefings in bioinformatics

van der Sijde MR, Ng A, Fu J (2014) Systems genetics: From GWAS to disease pathways. Biochimica
et Biophysica Acta (BBA)-Molecular Basis of Disease 1842:1903-1909 [PubMed: 24798234]

van Nas A, Guhathakurta D, Wang SS, Yehya N, Horvath S, Zhang B, Ingram-Drake L, Chaudhuri G,
Schadt EE, Drake TA, Arnold AP, Lusis AJ (2009) Elucidating the role of gonadal hormones in
sexually dimorphic gene coexpression networks. Endocrinology 150, 1235-1249 [PubMed:
18974276]

van Steensel B, van Binnendijk EP, Hornsby CD, Van der Voort H, Krozowski ZS, de Kloet ER, van
Driel R (1996) Partial colocalization of glucocorticoid and mineralocorticoid receptors in discrete
compartments in nuclei of rat hippocampus neurons. Journal of cell science 109:787-792
[PubMed: 8718670]

Varbanov H, Dityatev A (2017) Regulation of extrasynaptic signaling by polysialylated NCAM:
impact for synaptic plasticity and cognitive functions. Molecular and Cellular Neuroscience
81:12-21 [PubMed: 27865768]

Viollet C, Lepousez G, Loudes C, Videau C, Simon A, Epelbaum J (2008) Somatostatinergic systems
in brain: networks and functions. Molecular and cellular endocrinology 286:75-87 [PubMed:
17997029]

Wahlestedt C, Ekman R, Widerlév E (1989) Neuropeptide Y (NPY) and the central nervous system:
distribution effects and possible relationship to neurological and psychiatric disorders. Progress
in Neuro-Psychopharmacology and Biological Psychiatry 13:31-54 [PubMed: 2664885]

Yang L, Zou B, Xiong X, Pascual C, Xie J, Malik A, Xie J, Sakurai T, Xie XS (2013) Hypocretin/
orexin neurons contribute to hippocampus-dependent social memory and synaptic plasticity in
mice. Journal of Neuroscience 33:5275-5284 [PubMed: 23516292]

Yang RJ, Mozhui K, Karlsson R-M, Cameron HA, Williams RW, Holmes A (2008) Variation in mouse
basolateral amygdala volume is associated with differences in stress reactivity and fear learning.
Neuropsychopharmacology 33:2595 [PubMed: 18185497]

Yang X, Schadt EE, Wang S, Wang H, Arnold AP, Ingram-Drake L, Drake TA, Lusis AJ (2006)
Tissue-specific expression and regulation of sexually dimorphic genes in mice. Genome Res 16,
995-1004 [PubMed: 16825664]

Zelikowsky M, Hui M, Karigo T, Choe A, Yang B, Blanco MR, Beadle K, Gradinaru V, Deverman BE,
Anderson DJ (2018) The Neuropeptide Tac2 Controls a Distributed Brain State Induced by
Chronic Social Isolation Stress. Cell 173(5):1265-79. €19 [PubMed: 29775595]

Gene. Author manuscript; available in PMC 2020 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hook et al.

Page 19

Research Highlights

Hippocampal 7ac2 mRNA expression increases in response to chronic mild
stress in mice

Tac2is a cis-regulated gene in the hippocampus

69 genes associate with 7ac2, several of which encode major neuropeptides
involved in hippocampal stress signaling and neural plasticity

46 stress-related phenotypes, specifically fear conditioning response, are
significantly correlated with 7ac2
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Fig. 1. Gene expressions in a log2 transform for Tac2 in the NH and CMS treated hippocampus
in BXD mouse parental stains (meansem). There are 4~5 mice in each group/strain.

* indicates p<0.01 for individual strain; ** indicates p<0.01 for combined.
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(LRS). Red line represents genome-wide suggestive (LRS = 10.69) and green represent
significant (LRS = 17.73) thresholds. Red triangle represents the physical location of 7acZ.
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Fig. 4. Gene co-expression analysis with WGCNA.
A. Clustering dendrogram of samples based on hclust function. B. Analysis of network

topology for various soft-thresholding powers. B4 displays the scale-free fit index (y -axis)
as a function of the soft-thresholding power (x -axis). B, displays the mean connectivity
(degree, y -axis) as a function of the soft-thresholding power (x -axis). C. Clustering
dendrogram of module eigengenes. D. Cluster dendrogram and module assignment for
Dynamic tree and merge dynamic modules.
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Rangap1

Fig. 5. Gene co-expression network of Tac2 (green circle).
69 genes are involved in total, displayed as solid grey circles (not directly expressed with

Tac2) or striped grey circles (directly expressed with 7ac2). 48 genes are directly expressed
with 7ac2. Lines represent co-expression relationship between connected gene pairs.
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Fig. 6. RT-PCR expression of Tac2 in the NH and CMS treated mouse hippocampus in combined
B6 and D2 strains (mean+sem). (7 mice in each group).

* indicates p<0.01.
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Table 1

Weekly CMS Protocol

Day Light Phase Stressor, 9:00 AM Dark Phase Stressor, 1:00 PM

Monday Isolation, 15 minutes Fox odor, 1 hour

Tuesday Wet bedding, 15 minutes Tilted cage 45°, 1 hour

Wednesday  Foreign mice odors, 1 hour New Cage + No Bedding, 1 hour

Thursday New cage + Wet Bedding, 1 hour Isolation, 15 minutes

Friday Fox odor, 1 hour Tilted cage, 1 hour

Saturday Light phase, no additional stressor, 12 hours  Light phase instead of dark phase, 12 hours
Sunday No Stressors, 24 hours No Stressors, 24 hours
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Table 2
Genetic variants of the 7ac2gene

SNP ID Chr Mb Alleles  Gene Function B6 D2
1s229201473 10 127.725179 G/- 7ac2  upstream_gene_variant G -
1s29368338 10 127.725767 AIG TacZ2  Intron A G
rs37784442 10 127.726174 AIG Tac2  Intron A G
rs29337469 10 127.726294 AIC Tac2  Intron A Cc
s36898445 10 127.726769 GI/IA Tac2  Intron G A
rs29368760 10 127.727488 GI/IA Tac2  Intron G A
1s29322066 10 127.728196 GI/A Tac2  Exon 3, Synonymous G A
rs38414531 10 127.728678 GIA Tac2  Intron G A
rs37636262 10 127.729019 CI/G Tac2  Intron C G
rs37159093 10 127.729241 AIG Tac2  Intron A G
rs29353763 10 127.729459 AIG Tac2  Intron A G
rs36312330 10 127.729539 T/G Tac2  Exon, 3'UTR T G
rs29317988 10 127.729603 GIT Tac2  Intron G T
r1s29375578 10 127.729848 TIC Tac2  Intron T Cc
rs29337515 10 127.730103 CIT Tac2  Intron C T

Note: ‘-” indicates deletion

Gene. Author manuscript; available in PMC 2020 May 15.

Page 27



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hook et al.

Table 3

Top 20 Black Module enriched pathways

Pathway Name Number of Genes P value Adjusted P value
Metabolic pathways 47 5.61E-19 6.23E-17
Protein processing in endoplasmic reticulum 12 1.69E-08 0.000000938
Vascular smooth muscle contraction 9 8.14E-07 2.26E-05
Gap junction 8 0.00000064 0.0000226
MAPK signaling pathway 12 2.41E-06 5.35E-05
Glycerolipid metabolism 6 0.00000363 0.0000672
Regulation of actin cytoskeleton 10 1.24E-05 0.0002
Long-term depression 6 0.0000273 0.0003
Long-term potentiation 6 2.14E-05 0.0003
Sphingolipid metabolism 5 0.0000202 0.0003
Amino sugar and nucleotide sugar metabolism 5 4.40E-05 0.0004
Leukocyte transendothelial migration 7 0.0000595 0.0005
Glycerophospholipid metabolism 6 4.97E-05 0.0005
Amyotrophic lateral sclerosis (ALS) 5 0.0000931 0.0006
Neurotrophin signaling pathway 7 0.0001 0.0006
Neuroactive ligand-receptor interaction 10 0.0001 0.0006
Axon guidance 7 0.0001 0.0006
Dilated cardiomyopathy 6 0.0000904 0.0006
Lysosome 7 6.96E-05 0.0006
Pyrimidine metabolism 6 0.0002 0.0011
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