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ABSTRACT

Chronic stress increases the incidence of psychiatric disorders including anxiety, depression, and posttraumatic
stress disorder. Repeated Social Defeat (RSD) in mice recapitulates several key physiological, immune, and
behavioral changes evident after chronic stress in humans. For instance, neurons in the prefrontal cortex,
amygdala, and hippocampus are involved in the interpretation of and response to fear and threatful stimuli after
RSD. Therefore, the purpose of this study was to determine how stress influenced the RNA profile of hippocampal
neurons and neurons that project into the hippocampus from threat appraisal centers. Here, RSD increased
anxiety-like behavior in the elevated plus maze and reduced hippocampal-dependent novel object location
memory in male mice. Next, pan-neuronal (Baf53 b-Cre) RiboTag mice were generated to capture ribosomal
bound mRNA (i.e., active translation) activated by RSD in the hippocampus. RNAseq revealed that there were
1694 differentially expressed genes (DEGs) in hippocampal neurons after RSD. These DEGs were associated with
an increase in oxidative stress, synaptic long-term potentiation, and neuroinflammatory signaling. To further
examine region-specific neural circuitry associated with fear and anxiety, a retrograde-adeno-associated-virus
(AAV2rg) expressing Cre-recombinase was injected into the hippocampus of male RiboTag mice. This induced
expression of a hemagglutinin epitope in neurons that project into the hippocampus. These AAV2rg-RiboTag
mice were subjected to RSD and ribosomal-bound mRNA was collected from the amygdala for RNA-
sequencing. RSD induced 677 DEGs from amygdala projections. Amygdala neurons that project into the hip-
pocampus had RNA profiles associated with increased synaptogenesis, interleukin-1 signaling, nitric oxide, and
reactive oxygen species production. Using a similar approach, there were 1132 DEGs in neurons that project from
the prefrontal cortex. These prefrontal cortex neurons had RNA profiles associated with increased synapto-
genesis, integrin signaling, and dopamine feedback signaling after RSD. Collectively, there were unique RNA
profiles of stress-influenced projection neurons and these profiles were associated with hippocampal-dependent
behavioral and cognitive deficits.

1. Introduction

(Harkness et al., 2015; McEwen, 2013). These cognitive impairments are
associated with neuroanatomical changes and altered connectivity in

Chronic stress contributes to the development of psychiatric disor-
ders including generalized anxiety disorder, major depressive disorder,
and post-traumatic stress disorder (PTSD). Moreover, traumatic or
chronic stressors induce stress sensitization (Biltz et al., 2022). Stress
sensitization in individuals, increases their vulnerability to negative
health consequences, including cognitive dysfunction, after stress

brains regions involved in fear and memory responses (Mah et al., 2016;
Weger and Sandi, 2018). Specifically, there is evidence that the amyg-
dala, a region responsible for emotion and fear control, is hyperactive in
individuals with high anxiety. This contributes to increased anxiety and
an exaggerated perception of ordinary external stimuli as threats
(Stuijfzand et al., 2018). Additionally, hyperactivity in the amygdala
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affects the firing of neurons in other brain regions, including the
ventromedial prefrontal cortex (vmPFC) and the hippocampus
(Bijsterbosch et al., 2015). This is evident in individuals with PTSD who
have decreased volume, activation, and connectivity in the hippocam-
pus (Malivoire et al., 2018). These findings indicate that connectivity in
stress-responsive regions including the hippocampus, amygdala, and
prefrontal cortex contribute to emotional and cognitive impairments
that are associated with the development of anxiety, depression, and
PTSD.

Repeated social defeat (RSD), a preclinical model of chronic stress,
recapitulates physiological, inflammatory, and behavioral consequences
similar to individuals with anxiety or depression (Cole et al., 2010;
Kiecolt-Glaser and Glaser, 2002). Our previous work shows that RSD
activates neurons in stress responsive regions including the prefrontal
cortex, amygdala, hippocampus, and hypothalamus (McKim et al., 2018;
Wohleb et al., 2011). These regions are associated with fear, interpreting
threat stimuli, and memory formation (Martinez et al., 2002; Tovote
et al., 2015). Notably, when mice were exposed to acute defeat 24 days
after the initial RSD, hippocampal and prelimbic neurons had increased
phospho-CREB (p-CREB) expression (DiSabato et al., 2022; Weber et al.,
2019). Increased expression of pCREB is implicated in learning-induced
synaptic plasticity and may indicate increased neuronal reactivity to
threatening stimuli (Bilodeau and Schwendt, 2016; Kivinummi et al.,
2011; Tropea et al., 2008). Furthermore, RSD causes anxiety-like
behavior (e.g., open field, light/dark preference), social withdrawal,
social avoidance, increased fear expression, and cognitive deficits (e.g.,
Morris water maze and Barnes maze) (DiSabato et al., 2021; McKim
et al., 2016, 2018; Wohleb et al., 2011, 2013). Social avoidance and
prolonged fear expression persisted following the cessation of RSD
(Goodman et al., 2024; Lisboa et al., 2018; Wohleb et al., 2014a).
Similarly, individuals with PTSD showed impaired recall following fear
extinction with increased activation in the amygdala and decreased
activation in the hippocampus and prefrontal cortex during recall (Milad
et al., 2009). Therefore, the connections between the amygdala, pre-
frontal cortex, and hippocampus are important for behavioral and
cognitive deficits induced by stress.

The hippocampus is critical for memory and the interpretation of
fear and threat after RSD (DiSabato et al., 2021; McKim et al., 2016).
Previous studies of RSD in mice show that the hippocampus had a robust
immune profile associated with interleukin (IL)-1p signaling, microglia
reactivity, and a reactive endothelium (DiSabato et al., 2021; McKim
et al., 2018; Sawicki et al., 2015; Wohleb et al., 2013; Yin et al., 2022).
As mentioned, chronic stressors like RSD result in neuronal sensitization
within the prefrontal cortex, amygdala, and hippocampus (Weber et al.,
2019). The regions interact in a complex and highly interconnected
manner to impact learning and memory consolidation after a fearful
stimuli or stressful event (Lesting et al., 2011; Sierra-Mercado et al.,
2011; Zelikowsky et al., 2014). Evidence indicates that chronic stress
shifts the excitatory-inhibitory (E-I) balance within the prefrontal cortex
and amygdala to the hippocampus and results in a shift in communi-
cation (Zelikowsky et al., 2013). Furthermore, the hippocampus is in-
tegral in synaptic plasticity and memory formation (Martinez et al.,
2002; Shin and Liberzon, 2010; Tovote et al., 2015). The hippocampus
receives direct inputs from various regions including the amygdala,
which provides critical input and regulates fear responses to aggressive
stimuli (Shin and Liberzon, 2010). There is preclinical evidence that the
fear and memory circuit influence behavioral responses. For instance,
the basolateral amygdala (BLA) and the hippocampus become activated
in anxious mice experiencing morphine withdrawal (Deji et al., 2022).
Inhibiting projections from BLA to the hippocampus prevented the
development of anxiety-like behavior in those same mice (Deji et al.,
2022). Additionally, the hippocampus projects monosynaptically to the
prefrontal cortex, while the prefrontal cortex indirectly projects to the
hippocampus through the thalamic reuniens (RE) (Goswamee et al.,
2021; Vertes et al., 2007). There is evidence that these circuits play a
critical role in fear recall and learning (Ortiz et al., 2019; Ramanathan
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et al., 2018; Xu and Sudhof, 2013). For example, silencing the pro-
jections from the medial prefrontal cortex to the RE impaired the
expression of fear extinction (Ramanathan et al., 2018). Moreover, le-
sions or silencing in the RE impaired spatial working memory (Hallock
et al., 2016; Ito et al., 2015). These findings provide support for the
notion that projections from the prefrontal cortex to hippocampus play a
pivotal role in memory formation and recall. Therefore, the intricate
neuronal circuitry between stress-responsive brain regions may influ-
ence chronic anxiety and memory deficits.

The purpose of this study was to determine the transcriptional
signature of neurons within the hippocampus and prefrontal cortex and
neurons that project into to the hippocampus from the amygdala. We
aimed to increase our understanding of pathways activated in neurons
after social defeat that may underlie stress sensitization. Here, we
identified that RSD-induced a unique pattern of gene expression within
cortical projection neurons and neurons that project to the hippocampus
from the amygdala using the RiboTag approach (Sanz et al., 2009) and
retrograde viral tracing.

2. Methods

Mice: Male wild type C57BL/6 mice (6-8 wks) were purchased from
Charles River Laboratories (Wilmington, MA). Pan-neuronal RiboTag
mice were bred in-house by crossing male Baf53 b-Cre (B6.Cg-Tg
(Actl6b-Cre)4092Jiwu; Jax strain #027826) with female RiboTag mice
(B6N.129-Rpl22tm1.1Psam/J; Jax strain # 011029). Baf53 b-Cre®
RiboTag males were used as experimental mice. Neuronal-specific
RiboTag mice were generated by crossing Rpl22-StoploxP/loxP-
Hemagglutinin (HA) mice with a pan-neuronal-specific Baf53 b-Cre™
mice. For the retrograde AAV experiments, male RiboTag (B6N.129-
Rpl22tm1.1Psam/J; Jax strain # 011029) mice were injected (0.5 pul)
bilaterally into the CA1 region of the hippocampus with pENN.AAV2rg.
hSyn.HI.eGFP-Cre. WPRE.SV40 (AAV2rg). Experimental wild-type and
transgenic mice were housed 3 per cage. CD-1 retired breeders (12
months) were purchased from Charles River Laboratories (Wilmington,
MA) and housed individually. All mice were housed in 11.5"x 7.5"x 6"
polypropylene cages and provided with food and water ad libitum.
Rooms were maintained at 21 °C under a 12 h light/dark cycle with the
light cycle beginning at 06:00. Experimental mice were randomly
selected for RSD or Control and were evenly distributed. All procedures
were in accordance with the NIH Guidelines and were approved by the
Ohio State University Institutional Laboratory Animal Care and Use
Committee.

Repeated Social Defeat (RSD): Mice were subjected to Repeated
Social Defeat (RSD) as previously described (Wohleb et al., 2013). In
brief, a CD-1 aggressor mouse was placed into each of the home cages of
experimental mice for 2 h (between 16:00 to 18:00) each day for six
consecutive days. During the 2 h, submissive behaviors (e.g., upright
posture, crouching) were observed to ensure experimental mice showed
signs of defeat. A new CD-1 aggressor was introduced to the cage if no
attack occurred within 3-5 min or if an experimental mouse defeated the
CD-1 aggressor. At the end of the 2 h period, aggressor mice were
removed, and experimental mice were left undisturbed in their home
cages until the following day when the protocol was repeated. To avoid
habituation, different aggressors were used on consecutive days. The
health of the experimental mice was monitored carefully throughout the
experiments. Experimental mice that were significantly wounded,
injured, or moribund were removed from the study. Similar to previous
studies, less than 5% of mice met the early removal criteria (Wohleb
et al., 2011). Control mice were left undisturbed in a separate room and
in their home cages.

Elevated Plus Maze: Fourteen hours after RSD, wild-type mice were
subjected to elevated plus maze. Mice were habituated to the behavior
room for 30 min prior to testing. At the start, mice were placed in the
center of the elevated plus maze facing the open arm. Mice were tested
one at a time and activity was recorded for 5 min. Automated tracking
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software (Ethovision (v13)) was used to determine several parameters
including total distance travelled, the number of visits into the arms
(open and closed), and the time spent in each arm (open or closed). All
trials were recorded and analyzed by an investigator who was blind to
the treatment groups (Control and Stress).

Novel Object Recognition and Location Memory: Novel object
recognition (NOR) and novel object location (NOL) memory tasks were
performed with wild-type mice as previously described (Bray et al.,
2022; Wangler et al., 2022; Witcher et al., 2021). In brief, experimental
mice underwent four 10 min trials with 24-h intertrial intervals over
four days: habituation (no objects), acquisition (two different objects),
recognition testing (two different objects, with one novel object), and
location testing (two objects that were used from previous day, with one
object in new location) beginning 14 h after repeated social defeat.
NOR/NOL were performed under ambient lighting with corn cob
bedding. Total time of exploration [(TTE) = timenovel + timefamiliar]
and percentage of time spent with novel (timenovel/TTE x 100) were
calculated for both NOR and NOL memory trials (Denninger et al.,
2018). All trials were recorded and analyzed by an investigator who was
blind to the treatment groups (Control and Stress).

Retrograde AAV2-Cre injection: Male RiboTag mice (4-week-old)
underwent stereotaxic surgery for bilateral injection (0.5 pl) of pENN.
AAV2rg.hSyn.HI.eGFP-Cre. WPRE.SV40 (Addgene, #105540-AAV2rg)
into the CA1 of the hippocampus bilaterally (—1.82 AP, + 1.57 ML, 1.85
DV). Mice were left undisturbed for four weeks prior to starting RSD. All
injections were performed by the same investigator using the same virus
vial, amount, and location. Immunohistochemistry was used to confirm
inject site and transfection.

RiboTag HA-immunoprecipitation: For all bulk-RNA sequencing
experiments, immunoprecipitation of polysome-bound mRNA from
hippocampal neurons were performed in Baf53 b-Cre Rpl22-HA mice
(hippocampal microdissections) and from the prefrontal cortical and
amygdala neurons in AAVrg-RiboTag mice as previously described (Yin
et al., 2022). In brief, brain regions were dissected 14 h after RSD and
snap frozen in liquid nitrogen until immunoprecipitation. Microdissec-
tions were homogenized (Dounce homogenizer) using ice-cold buffer
containing 1% Nonidet-P40, 100 mM KCl, 50 mM Tris pH 7.4, 12 mM
MgCl,, 0.1 mg/ml cycloheximide, 1:100 protease inhibitor, 200 U/ml
RNasin, and 1 mM DTT. Homogenates were clarified by centrifugation
(10,000%g for 10 min). The resulting supernatant from each sample was
incubated with Protein A/G magnetic beads (Thermo Fisher, cat #8803)
for 30 min on a rotator. Next, the precleared lysate (i.e., purified sam-
ples) was incubated with anti-HA (Biolegend cat#901515) for 4 h at
4 °C. Next, the purified samples with anti-HA were added to prewashed
Protein A/G magnetic beads and incubated at 4 °C for 8 h. Finally, the
beads were washed 3x with a high salt elution buffer (1% Nonidet-P40,
300 mM KCl, 50 mM Tris, 12 mM MgCl2, 1 mM DTT, 0.1 mg/ml
cycloheximide, 100 U/ml RNasin, 1:200 protease inhibitor) and RNA
was collected using Buffer RLT with beta-mercaptoethanol (RNeasy
Micro Kit, Qiagen, cat# 74004). RNA was isolated using the RNeasy
Micro Kit according to manufacturer’s instructions.

Immunofluorescence: HA was labeled as previously described (Yin
et al., 2022). Fourteen hours after RSD, mice were transcardially
perfused with ice-cold PBS (pH 7.4) followed by 4% formaldehyde.
Brain samples were post-fixed for 24 h, cryoprotected in 30% sucrose for
24 h, frozen at —80 °C, sectioned (30 pm), and stored in cryoprotectant
at —20 °C until use. Brain regions were identified using the Allen Mouse
Brain Atlas (Allen Institute). Sections were washed in PBS, blocked (with
solution containing 10% normal donkey serum, 1% bovine serum al-
bumin, and 0.1% TritonX in PBS) for 2 h, and incubated with primary
antibodies: guinea pig anti-mouse PV antibody (1:500; Synaptic Sys-
tems, #195004, Synaptic Systems) and rabbit anti-mouse HA (1:500;
Cell Signaling, cat# 3725 S). Sections were incubated overnight at 4 °C.
Next, sections were washed in PBS and incubated with an appropriate
fluorochrome-conjugated secondary antibody for 1 h (1:500; Donkey
anti-rabbit, AlexaFluor 647; Donkey anti-chicken, AlexaFluor 594;
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Thermo Fisher Scientific). Sections were mounted on charged slides,
cover-slipped and counterstained with DAPI and stored at —20 °C. Slides
were visualized and imaged using an EVOS M7000 imaging system
(Thermo Fisher Scientific) at 4X and 10x magnification. For AFosB, cells
with positive labeling were counted in each section using ImageJ. Values
from 2 to 3 images per mouse were averaged, and these values were used
to calculate group averages and variance for each experimental group
for HA and PV (DiSabato et al., 2022; Yin et al., 2022). Investigators
were blind to experimental groups prior to all microscopy and image
analysis.

RNAseq: Quality control for RiboTag samples was performed using
the PicoAssay by Chip (Agilent) and samples with RIN >8.0 were pro-
cessed for sequencing. Each mouse represents one biological sample and
was not combined. Amygdala cDNA libraries were generated with the
Ovation SoLo RNA-Seq System (NuGEN) and sequenced at a depth of 40
M single-end bpl00 reads per sample. Hippocampi and prefrontal
cortices cDNA libraries were generated with the NovaSeq 6000 (Illu-
mina) and sequenced at a depth of 40 M paired end bp150 reads per
sample. Amygdala library preparation and sequencing were conducted
at the University of Miami (Center for Genome Technology (CGT), John
P. Hussman Institute for Human Genomics, University of Miami Miller
School of Medicine, Miami, FL. Hippocampi and prefrontal cortex li-
brary preparation and sequencing were conducted at Novogene (Sac-
ramento, CA). For all regions, data were aligned to the mouse mm10
reference genome using STAR aligner as previously described (Yin et al.,
2022). Differential expression of genes was analyzed using the DESeq2
package in R. Differentially expressed genes were those with a p-value
below 0.05. Stratified Rank-Rank hypergeometric plots were made with
RRHO2 package in R. To generate the same gene list, DEGs from all three
data sets were combined the plots. The respective p-values and fold
changes were used for each gene. DDE was calculated as -log10(pvlaue)
* sign(effect size). Pathway analysis was performed using Ingenuity
Pathway Analysis (Qiagen). Results of IPA, including DEGs listed for
each pathway, were considered significant with p < 0.05 and z score >2.
Relationships between gene changes were visualized using Cytoscape
EnrichmentMap app of Gene Ontology (GO) cellular compartments and
biological processes with Q-value cutoff of 0.1.

Statistical Analysis: Behavioral testing was analyzed with an un-
paired parametric t-test on GraphPad Prism 9. Data are expressed as
mean + standard error of the mean (SEM). Threshold for statistical
significance (*) was set at p < 0.05. Tendency for significance was
considered when the p value was in the range of p = 0.06-0.10. Indi-
vidual data points that fell more than two standard deviations above and
below the mean were considered outliers and were excluded in the
subsequent analyses.

3. Results

3.1. Repeated social defeat increased anxiety-like behavior and memory
deficits

Repeated social defeat in mice causes anxiety-like behavior (e.g.,
open field, light/dark preference), social withdrawal, and cognitive
deficits (e.g., Morris water maze and Barnes maze) (McKim et al., 2016;
Wohleb et al., 2013). The connections between the amygdala and hip-
pocampus and the prefrontal cortex to hippocampus are important for
the anxiety-like and cognitive deficits induced by stress. For instance,
the elevated plus maze (EPM) is an amygdala-hippocampal relevant task
and NOR/NOL are cortical-hippocampal and amygdala-hippocampal
relevant memory assessments (Barsegyan et al., 2014; Denninger
et al., 2018; Silveira et al., 1993; Walf and Frye, 2007). Thus, the two
initial experiments assessed anxiety-like behavior during the EPM and
memory deficits on NOR/NOL testing after RSD.

In two independent experiments, EPM and NOR/NOL were assessed
14 h after RSD (Fig. 1A). In the EPM experiment (Fig. 1B), the total
distance travelled during testing was unaffected by RSD (Fig. 1C). In
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Fig. 1. Repeated Social Defeat increased anxiety-like behavior and memory deficits. A) Male wild type C57BL/6 mice were subjected to repeated social defeat
(Stress) or left undisturbed (Con). Anxiety-like behavior or cognition was assessed 14 h later in two independent experiments. B) For the elevated plus maze (EPM),
mice were placed in the EPM for 5 min to determine anxiety-like behavior (n = 11-13). C) Total distance travelled in the EPM. D) The number of entries into the open
arm during EPM. E) The number of entries into the closed arm during EPM. F) Duration in the open arm during EPM. G) Duration in the closed arm during EPM. H)
Percent time spent in the three areas of the EPM: center, open arms, and closed arms. In a separate experiment, novel object recognition (NOR) and novel object
location (NOL) were used to assess hippocampal dependent memory after RSD (n = 10-11). I) Schematic of NOR and total time exploring during testing. J) Per-
centage of time spent investigating the novel object during NOR. K) Schematic of NOL and total time exploring during testing. L) Percentage of time spent inves-
tigating the novel location during NOL. Bars represent the mean + SEM, and individual data points are provided. Means with asterisk (*) are significantly different

from Controls (p < 0.05).

addition, RSD decreased the number of entries in the open arm (p =
0.0165, Fig. 1D). The number of entries into the closed arm of the EPM
was not different between control and RSD (Fig. 1E). RSD decreased the
duration of time spent in the open arm of the EPM (p = 0.0159, Fig. 1F).
RSD increased the time spent in the closed arm (p = 0.015, Fig. 1G).
Total percentage of time in the open (p = 0.0154), closed (p = 0.0196),
and center of the EPM are shown (Fig. 1H). These data indicate that RSD
increased anxiety-like behavior in the EPM.

In the second experiment, novel object recognition (NOR) and novel
object location (NOL) memory testing began 14 h after RSD (Fig. 1A). In
the NOR test (3 days after RSD concluded), there were no differences
between control and RSD mice in total time exploring the objects
(Fig. 1I). In addition, RSD decreased the amount of time investigating
the novel object compared to controls (p = 0.0387, Fig. 1J). NOL testing
was assessed 24 h after NOR (4 days after RSD concluded, Fig. 1K). In the
NOL, the total time exploring the objects between control and RSD mice
was not different (Fig. 1K). The percent time investigating the object in
the novel location, however, was reduced by RSD compared to controls
(p = 0.045, Fig. 1L). Taken together, RSD increased learning and
memory deficits associated with the cortex and hippocampus.

3.2. Repeated social defeat increased expression of genes associated with
neuroinflammation, synaptic long-term potentiation, oxidative
phosphorylation, and Gas signaling in hippocampal neurons

The hippocampus is critical for memory and the interpretation of
fear and threat after RSD (Biltz et al., 2024; DiSabato et al., 2021;
Goodman et al., 2024; McKim et al., 2016). Previous studies of RSD in
mice show that the hippocampus had an increased immune profile
associated with interleukin (IL)-1p signaling, microglia reactivity, and a
reactive endothelium (DiSabato et al., 2021; McKim et al., 2018; Sawicki
etal., 2015; Wohleb et al., 2013; Yin et al., 2022). In this experiment, we
aimed to determine the RNA profile of activated neurons in the hippo-
campus after RSD. Here, neuron specific Cre + -RiboTag mice were
generated by crossing Rpl22-Stop'®"/1°*.Hemagglutinin (HA) mice
with a pan-neuronal-specific Baf53 b-Cret mice (Fig. 2A). HA expression
was confirmed in neurons (NeuN", Fig. 2B). Next, Baf53b/Rpl22-HA
mice were subjected to RSD and neuron-specific mRNA was collected
from the hippocampus. The isolated RNA was sequenced and DEGs were
determined (Fig. 2C). There were 1632 DEGs after RSD (884 increased,
748 decreased) in hippocampal neurons (Fig. 2D-E, p < 0.05).

Next, Ingenuity Pathway Analysis (IPA) was used to determine ca-
nonical pathways influenced by RSD in the “Ribotagged” neurons within
the hippocampus (Fig. 2F). RSD increased several canonical signaling
pathways (number of related DEG’s listed for each pathway) including
Oxidative phosphorylation, Ceramide signaling, Synaptic Long-term
Potentiation, Reelin signaling, c-AMP signaling, and NfkB/neuro-
inflammatory signaling (>2 Z-score, p < 0.05, Fig. 2F). Canonical
pathways that were decreased in hippocampal “Ribotagged” neurons
after RSD included Sirtuin Signaling, Calcium Signaling, and Mito-
chondrial dysfunction (>2 Z-score, p < 0.05, Fig. 2F). The DEGs asso-
ciated with these pathways are highlighted in the heat maps (p < 0.05,
Fig. 2G and H). For instance, RSD increased 9 DEGs (e.g., Mras, Crhrl,
Grm2) and decreased 6 DEGs (e.g., Prkcd, Cacmg6) associated with
synaptic long-term potentiation. Additionally, RSD increased 9 DEGs (e.
8., Adra2c, Grm2, Chrm5) and decreased 5 DEGs (e.g., Rgs14, Camk4)

involved in cAMP signaling. Similarly, RSD increased 6 DEGs (e.g.,
Adcy6, Crhrl, Chrm5) and decreased 4 DEGs (e.g., Gnb4) that are asso-
ciated with Gas Signaling. There were 18 DEGs (5 increased, 13
decreased) that were associated with reduced calcium signaling after
RSD (e.g., Mef2a, Camk4). Taken together, RSD increased DEGs in hip-
pocampal “Ribotagged” neurons that are associated with increased
synaptic LTP, neuroinflammation, cAMP signaling, and Gas signaling.

Next, DEGs that were affected by stress, both increased and
decreased, were input into Cytoscape EnrichmentMap to visualize Gene
Ontology (GO) Cellular Compartment and Biological Processes. Stress
increased the number of DEGs associated with synapses, glutamatergic
synapses, cell junction, neuronal projection, and postsynaptic density
(Fig. 3A) in hippocampal neurons. Stress increased the number of DEGs
associated with neurogenesis, neuron development, cell projection or-
ganization, and neuron projection development (Fig. 3B) in hippocam-
pal neurons.

3.3. Viral tracing of neurons in the amygdala that project into the
hippocampus

The hippocampus receives inputs (indirectly and directly) from re-
gions associated with fear and threat appraisal (Dolleman-van der Weel
et al., 2019; Felix-Ortiz et al., 2013; Goswamee et al., 2021; Lesting
et al., 2011; Vertes et al., 2007). Thus, the purpose of this experiment
was to trace neurons that project from the basolateral amygdala
(directly) to the hippocampus. Here, RiboTag mice (Rpl22-Stop'®/1ox
Py.Hemagglutinin (HA) were injected bilaterally into the CA1 of the
hippocampus with a retrograde-adeno-associated virus (AAV2rg--
Cre-GFP, Fig. 4A) to induce recombination and subsequent expression of
HA in neurons that project into the hippocampus (Fig. 4B). AAV2rg
(GFP™). Notably, this AAV2rg-Cre virus is monosynaptic. HA™ expres-
sion was confirmed in regions of the hippocampus (e.g., dentate gyrus)
that project to the CA1 four weeks after AAV2rg injection (Fig. 4C).
Next, HA™ neurons were visualized in the amygdala (Fig. 4D). Thus,
neurons in the basolateral amygdala project directly to the
hippocampus.

Next, labeling for HA and parvalbumin (PV) expression was deter-
mined in neurons within the amygdala (Fig. 4E). These images illustrate
that HA labeling within the amygdala that was independent of PV la-
beling. Therefore, the interpretation is that these connections are likely
excitatory and not GABAergic (inhibitory).

3.4. Repeated social defeat increased expression of genes associated with
synaptogenesis and neuroinflammation in neurons that project from the
amygdala to the hippocampus

Similar to the above approach, we aimed to capture neurons that
project directly from the amygdala to the hippocampus. Again, RiboTag
mice were injected with AAV2rg-Cre into the CA1 of the hippocampus.
Four weeks later, mice were subjected to RSD, RNA from HA-tagged
activated neurons in the amygdala was immunoprecipitated (Fig. 5A)
and neuronal RNA was isolated and sequenced. There were 627 DEGs
(416 increased, 211 decreased) in neurons that project from the amyg-
dala into the hippocampus (Fig. 5B-C, p < 0.05). IPA determined ca-
nonical pathways that were increased in neurons included Integrin
Signaling, Cytokine Storm Signaling, IL-4 signaling, Synaptic LTP,
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Fig. 2. Repeated Social Defeat influenced the RNA profile of hippocampal neurons with DEGs associated with neuroinflammation, synaptic long-term
potentiation, oxidative phosphorylation, and Gas signaling. A) Schematic of the generation of Baf53b/Rpl22-HA (Pan-neuronal RiboTag) mice. B) Represen-

tative images of NeuN (green) and HA (red) labeling in the hippocampus of Cre *

RiboTag mice. C) Experimental design with male Cre" Baf53b/Rpl22-HA (Pan-

neuronal RiboTag) mice subjected to repeated social defeat (Stress) or left undisturbed (Con). Fourteen hours after RSD, the brain was collected, hippocampi (HPC)
were dissected, polysome-bound neuronal mRNA was immunoprecipitated, and RNA was sequenced (n = 6). D) MA plot of differentially expressed genes (DEGs) in
the hippocampus. The black dots represent significant genes (p < 0.05). E) Volcano plot of DEGs in the hippocampus of Stress and Control. The blue triangles

represent genes that were significantly decreased with Stress |log2FoldChange| >0.

The pink triangles represent genes that were significantly increased with Stress |

log2FoldChange| > 0. F) Ingenuity Pathway Analysis of canonical pathways inhibited or activated by stress compared to control in the hippocampus (|z-score| >
1.5). Number of DEGs associated with each pathway are represented in the bar corresponding to that pathway. G-H) Heat map of DEGs (p < 0.05) in the hippo-
campus associated with calcium signaling, sirtuin signaling, oxidative phosphorylation, Gas signaling, synaptic long-term potentiation, and neuroinflammation, and
cAMP signaling determined by Ingenuity Pathway Analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Synaptogenesis, and Dopamine Signaling (>2 z-score, p < 0.05, Fig. 5D).
Canonical pathways decreased after RSD included RHOGDI Signaling,
PTEN Signaling, CREB Signaling, and PPAR Signaling (>2 z-score, p <
0.05, Fig. 5E). RSD increased 13 DEGs (e.g., Arpclb, Adcy4) and
decreased 11 DEGs (e.g., Gnal2, Ryrl) associated with synaptogenesis
(p < 0.05, Fig. 4E). Additionally, RSD decreased genes associated CREB
signaling (e.g., Adra2b, Gnal2, Gprl39) and increased neuro-
inflammation (e.g., Il-1r1, I118rap, Tnfrsf1a), oxidative phosphorylation,
nitric oxide, and reactive oxygen species production (e.g., Vegfa,
S$110a8) in the amygdala (p < 0.05, Fig. 5F). RSD increased 4 DEGs (e.g.,
Acta2, Xbp1) and decreased 7 DEGs (e.g., Gsk3b, Aldhlal) involved with
mitochondria dysfunction (p < 0.05, Fig. 5F). Collectively, RSD induced
a unique gene expression profile in neurons that project from the
basolateral amygdala to the hippocampus that was associated with
synaptogenesis, actin cytoskeleton signaling, neuroinflammation, nitric
oxide, and oxidative phosphorylation.

Next, DEGs increased by stress were input into Cytoscape Enrich-
mentMap to visualize Gene Ontology (GO) Cellular Compartment and
Biological Processes. Stress increased the number of DEGs associated
with intracellular structure and neuronal projection, synapses, and cell
junction (Fig. 6A) in amygdala projection neurons. For GO Biological
processes (Fig. 6B), stress increased the number of DEGs associated with
cell projection organization, cell development, receptor signaling, and
response to cytokine stimulus in amygdala projection neurons.

3.5. Repeated social defeat increased expression of genes associated with
synaptogenesis, integrin signaling, and dopaminergic signaling in prefrontal
cortex projection neurons

Here, we aimed to capture and sequence neurons that project from
the prefrontal cortex to the hippocampus. Using the same approach as
above, RiboTag mice were injected with AAV2rg-Cre into the CA1 of the
hippocampus. Four weeks later, mice were subjected to RSD and RNA
from HA-tagged neurons in the prefrontal cortex were immunoprecipi-
tated (Fig. 7A). There were distinct neurons in the prefrontal cortex that

were HA positive 4 weeks after AAV2rg injection into the hippocampus
(Fig. 7A). Again, this AAV2rg-Cre virus is monosynaptic, so these HA-
tagged cortical neurons are likely direct projections to the hippocam-
pus. Nonetheless, it is possible that they are prefrontal cortical pro-
jections that were labeled by AAV2rg that leaked in the cortex during
injection. Either way, all of these neurons are prefrontal cortical pro-
jection neurons that were influenced by stress. Ribosomal-bound RNA
from these cortical neurons were captured and sequenced. Thus, this
AAV2rg-Cre tracing and capture method in Ribotag mice includes pre-
frontal cortex neurons that were affected by RSD (Fig. 7C).

There were 1111 differentially expressed genes (DEG, 657 decreased
& 454 increased) in prefrontal cortex neurons (Fig. 7D-E, p < 0.05)
Next, IPA was used to determine canonical pathways activated by stress
in these prefrontal cortical projection neurons (Fig. 7F and G). RSD
increased canonical signaling pathways (the number of related DEG’s
listed for each pathway) including VEGF signaling, RAC signaling,
Reelin signaling, Synaptogenesis and Dopamine feedback in cAMP
signaling (Fig. 7F). Fig. 7G shows canonical pathways inhibited by stress
in the prefrontal cortex. RSD decreased canonical signaling pathways
including Oxidative Phosphorylation, PTEN Signaling, and p53
Signaling (>2 Z-score, p < 0.05, Fig. 7G). The DEGs associated with
these pathways are highlighted in the heat maps. For instance, RSD
increased 21 genes (e.g., Pik3r4, Synl, Syngap1) and decreased 6 genes
(e.g., Cdhl, Atf4) associated with synaptogenesis signaling (Fig. 8C).
Additionally, there were 20 DEGs (14 increased, 6 decreased) associated
with increased integrin signaling (e.g, Actn2, Pik3r4) in the prefrontal
cortex after RSD. RSD increased 12 DEGs (e.g, Nosl, Grin2b) and
decreased 7 DEGs (e.g., Atf4) involved in dopamine signaling in the
prefrontal cortex. Furthermore, there were 27 DEGs (e.g., Cacnale,
Adcy3) increased and 10 DEGs (e.g., Atf4, Yes1) decreased involved in
serotonergic signaling in neurons that project from the prefrontal cortex
into the hippocampus. Collectively, gene expression in projection neu-
rons from the prefrontal cortex was associated with increased synapto-
genesis, dopaminergic feedback in cAMP signaling, integrin signaling,
serotonergic signaling, and oxytocin signaling after RSD.
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Fig. 4. Tracing of neurons in the amygdala that project to the hippocampus. A) Diagram shows male RiboTag (Rpl22-HA) mice injected bilaterally into the CA1
region of the hippocampus (HPC) with a retrograde (rg) AAV2-Cre (pENN.AAV2rg.hSyn.HI.eGFP-Cre. WPRE.SV40). Brain sections were collected 4 weeks later and
expression of AAV2rg and HA were determined (n = 5). B) Schematic of rgAAV2-Cre labeling in the hippocampus of RiboTag mice. C) Representative images of
AAV2rg (green), HA (red), and co-localization (yellow) labeling in a cortex-hippocampal (tile scan, 4x) of AAV2rg-RiboTag mice. Insets are representative images
(10x) of AAV2rg (green), HA (red), and co-localization (yellow) labeling in the hippocampus of AAV2rg-RiboTag mice. D) Representative images of AAV2rg (green),
HA (red), and co-localization (yellow) labeling in the basolateral amygdala (BLA, 10x) of AAV2rg-RiboTag mice. E) Representative images of parvalbumin (PV, blue)
and HA (red) labeling in the BLA (10x) of AAV2rg-RiboTag mice. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Next, DEGs increased by stress were input into Cytoscape Enrich-
mentMap to visualize Gene Ontology (GO) Cellular Compartment and
Biological Processes. Stress increased the number of DEGs associated
with post synapses, postsynaptic density, neuron projection, axon, and
glutamatergic synapses (Fig. 8A) in prefrontal cortex projection neu-
rons. Stress increased the number of DEGs associated with learning,
memory, long-term potentiation, post synapse organization and density
(Fig. 8B) in prefrontal projection neurons.

Comparison of cortical and amygdala projection neurons after
Repeated Social Defeat. To further understand regional differences in

the brain after RSD, the RNA sequencing datasets for the neurons that
project into the hippocampus from the amygdala (Figs. 5 and 6) and
neurons that projection from the prefrontal cortex (Figs. 7 and 8) were
compared. The stratified Rank-Rank Plot shows overlap in the concor-
dant quadrants (i.e. genes upregulated and downregulated in both re-
gions) in the prefrontal cortex and amygdala after Stress (Fig. 9A). The
Venn diagram in Fig. 9B shows unique and shared DEGs in projection
neurons from amygdala to the hippocampus and neurons in the pre-
frontal cortex. For instance, neurons from the prefrontal cortex had 1077
unique DEGs after RSD compared to the 593 unique DEGs in neurons
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Fig. 5. Repeated Social Defeat increased expression of genes associated with synaptogenesis and neuroinflammation in neurons that project from the
amygdala to the hippocampus. A) Diagram shows male RiboTag (Rpl22-HA) mice injected bilaterally into the CA1 region of the hippocampus (HPC) with a
retrograde AAV2- Cre (pENN.AAV2rg.hSyn.HI.eGFP-Cre. WPRE.SV40). Four weeks after AAV2rg injection, male Rpl22-HA/AAV2rg-Cre+ were subjected to repeated
social defeat (Stress) or left undisturbed (Con). Fourteen hours after repeated social defeat, the brain was collected, amygdala (AMYG) was dissected, polysome-
bound neuronal mRNA was immunoprecipitated, and RNA was sequenced (n = 4). B) MA plot of differentially expressed genes (DEGs) in the amygdala projec-
tion neurons. The black dots represent significant genes (p < 0.05). C) Volcano plot of differentially expressed genes in stress influenced neurons that project into the
hippocampus from the amygdala. The blue triangles represent genes that were significantly decreased with |log2FoldChange| >0. The red triangles represent genes
that were significantly increased with |log2FoldChange| > 0. D) Ingenuity pathway analysis of canonical pathways of neurons that project into the hippocampus
from the amygdala (|z-score| > 1.5). E) Ingenuity pathway analysis of canonical pathways inhibited by stress compared to control (|z-score| > 1.5). Number of DEGs
associated with each pathway are represented in the bar corresponding to that pathway. F) Heat map of DEGs (p < 0.05) of neurons that project to the hippocampus
from the amygdala associated synaptogenesis, CREB signaling, neuroinflammation, oxidative phosphorylation, nitric oxide (NO), reactive oxygen species (ROS)
production, integrin signaling, and Rho GTPases signaling determined by Ingenuity Pathway Analysis. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 6. Enrichment maps of cellular compartments and biological processes in amygdala projection neurons after Repeated Social Defeat. A) Gene
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Fig. 7. Stress increased expression of genes associated with synaptogenesis, integrin signaling, and dopaminergic signaling in prefrontal cortical pro-
jection neurons. A) Diagram shows male RiboTag (Rpl22-HA) mice injected bilaterally into the CA1 region of the hippocampus (HPC) with a retrograde (rg)
AAV2-Cre (pENN.AAV2rg.hSyn.HI.eGFP-Cre. WPRE.SV40). Brain sections were collected 4 weeks later and expression of AAV2rg and HA were determined (n = 5).
B) Representative images of AAV2rg (green), HA (red), and co-localization (yellow) labeling in a prefrontal cortex (tile scan, 4x) of AAV2rg-RiboTag mice. C)
Diagram shows male RiboTag (Rpl22-HA) mice injected bilaterally into the CA1 region of the hippocampus (HPC) with a retrograde AAV2-Cre (pENN.AAV2rg.hSyn.
HI.eGFP-Cre. WPRE.SV40). Four weeks after AAV2rg injection, male Rpl22-HA/AAV2rg-Cre + mice were subjected to repeated social defeat (Stress) or left undis-
turbed (Con). Fourteen hours after repeated social defeat, the brain was collected, prefrontal cortex (PFC) was dissected, polysome-bound neuronal mRNA was
immunoprecipitated, and RNA was sequenced (n = 3-6). D) MA plot of differentially expressed genes (DEGs) in the prefrontal cortex projection neurons. The black
dots represent significant genes (p < 0.05). E) Volcano plot of differentially expressed genes of neurons that project into the hippocampus from the prefrontal cortex
(indirect). The blue triangles represent genes that were significantly decreased with [log2FoldChange| >0. The maroon triangles represent genes that were signif-
icantly increased with |log2FoldChange| > 0. F) Ingenuity pathway analysis of canonical pathways activated by stress compared to control (|z-score| > 1.5). Number
of DEGs associated with each pathway are represented in the bar corresponding to that pathway. G) Ingenuity pathway analysis of canonical pathways inhibited by
stress compared to control in the PFC (|z-score| > 1.5). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

that project into the hippocampus from the amygdala (p < 0.05, were 6 unique canonical pathways in the prefrontal cortex (Fig. 10C and
Fig. 9B). There were 34 shared DEGs between these distinct projection D) after RSD including Serotonin Receptor Signaling (Fig. 10C and D).
neurons, with 28 shared common directionalities following RSD (20 There were no unique canonical pathways in the amygdala following
increased, 8 decreased, Fig. 9B). Moreover, RSD had the opposite effect RSD. There were 55 shared canonical pathways between the hippo-
on 6 DEGs in these projection neurons (e.g., Itga9, Trpv4, Thal, p < 0.05, campus, prefrontal cortex, and the amygdala. For example, RSD acti-
Fig. 9C). Thus, there is a unique RNA profile in the projection neurons vated IL-6 Signaling, Integrin Signaling, Reelin Signaling, VEGF
amygdala to the hippocampus and neurons in the prefrontal cortex after Signaling, Neuroinflammation, and inhibited PTEN Signaling and
RSD. Endocannabinoid cancer inhibition pathway activation in both the
Next, unique or overlapping canonical pathways were determined prefrontal cortex and amygdala projection neurons (Fig. 10E). Addi-
using IPA. There were 11 unique canonical pathways in the prefrontal tionally, unique or overlapping master regulators were assessed. There
cortex (Fig. 9D) after RSD including P2Y Purinergic Receptor Signaling, were 5 master regulators unique to the hippocampus (e.g., PSEN1,
Serotonin Receptor Signaling, EGF Signaling, and JAK/STAT Signaling DRD2), 3 master regulators that were unique to prefrontal cortex (e.g.,
(Fig. 9F). There were no unique canonical pathways in the amygdala MTOR, IL4R), and 8 master regulators that were unique to amygdala (e.
following RSD. There were 41 shared canonical pathways between the g., II-1p, Slpr4, Irf8, Fig. 10F and G). There were no shared master
prefrontal cortex and the amygdala. For example, RSD activated IL-6 regulators between all three regions. Taken together, hippocampal
Signaling, Integrin Signaling, Neuroinflammation, Synaptogenesis neurons, projection neurons from the amygdala to the hippocampus,
Signaling and inhibited PTEN Signaling and LXR/RXR activation in both and prefrontal cortex projection neurons have both unique and shared
the prefrontal cortex and amygdala projection neurons (Fig. 9E). Addi- responses to RSD.
tionally, unique or overlapping master regulators were assessed. There
were 4 master regulators that were unique to prefrontal cortex (e.g., 4. Discussion
Psen2, Il-4r), 10 master regulators that were unique to amygdala (e.g.,
1I-1B, S1pr4, Irf8), and 1 shared (Ifng, Fig. 9G and H). Taken together, In the current study, we sought to determine the stress-induced
neurons projecting from the amygdala to the hippocampus and neurons transcriptional signature of neurons within the hippocampus, projec-
projecting from the prefrontal cortex have both unique and shared re- tion neurons in the prefrontal cortex, and neurons that project from the
sponses to RSD. amygdala. We aimed to increase our understanding of pathways and
Comparison of hippocampal neurons, cortical projection neu- gene expression that was enhanced in neurons after social defeat that
rons, amygdala projection neurons after Repeated Social Defeat. may underlie stress sensitization (Biltz et al., 2022). RiboTag mouse
Building on the previous approach, we aimed to further investigate lines and retrograde AAV2-Cre approaches were used in male mice to
regional differences in the brain after RSD. The RNA sequencing datasets tag, trace, and capture neurons influenced by stress in selected brain
for the hippocampal neurons, neurons that project into the hippocampus regions. In the hippocampus, there were 1632 DEGs after RSD associated
(Figss. 2-3) from the amygdala (Figss. 5-6) and projection neurons from with increase oxidative stress, synaptic long-term potentiation, and
the prefrontal cortex (Figss. 7-8) were compared. The first stratified neuroinflammatory signaling. Prefrontal cortical projection neurons had
Rank-Rank Plot shows overlap in the concordant quadrants (i.e. genes RNA profiles associated with increased synaptogenesis, integrin
upregulated and downregulated in both regions) in the amygdala and signaling, and dopamine feedback signaling after RSD. Amygdala neu-
hippocampus after Stress (Fig. 10A). The second stratified Rank-Rank rons that project into the hippocampus had RNA profiles associated with
Plot shows overlap in the discordant quadrants (e.g. genes upregu- increased synaptogenesis, neuroinflammation signaling (e.g., IL-1
lated in hippocampus and downregulated in prefrontal cortex) and signaling), and NO and ROS production. Aspects of the stress response
overlap in genes downregulated in the hippocampus and prefrontal were shared between the neurons that project into the hippocampus and
cortex after Stress (Fig. 10A). The Venn diagram in Fig. 10B shows other pathways were region dependent. These data show unique RNA
unique and shared DEGs in hippocampal neurons, projection neurons profiles of projection neurons and were associated with hippocampal
from amygdala to the hippocampus, and projection neurons from the dependent behavioral and cognitive deficits after RSD.
prefrontal cortex. For instance, hippocampal neurons had 1436 unique One relevant finding was that RSD-induced anxiety-like behavior in
DEGs compared to 952 unique DEGs in prefrontal cortex projection the EPM and increased spatial memory deficits in novel object location
neurons and 525 unique DEGs in amygdala projection neurons after RSD testing. The anxiety in the EPM data are consistent with previous studies
(p < 0.05, Fig. 10B). There were 3 shared DEGs (Anxa3, Ints8, Sgkl, showing that RSD caused anxiety-like behavior in the open field, light/
Fig. 10B). Thus, there is a unique RNA profile in hippocampal neurons, dark preference and social avoidance tests (McKim et al., 2018; Wohleb
amygdala projection neurons to the hippocampus, and projection neu- et al, 2011, 2013). The insight here is that the EPM is an
rons in the prefrontal cortex after RSD. amygdala-hippocampal related task (Walf and Frye, 2007). This study
Next, unique or overlapping canonical pathways were determined represents the first time that we evaluated EPM testing after RSD.
using IPA. NRF2-mediated Oxidative Stress Response was the only Moreover, another version of social defeat, 30 days of 5 min defeat
unique canonical pathway in the hippocampus (Fig. 10C and D). There stress, showed anxiety-like behavior in the EPM task (Jianhua et al.,
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Fig. 8. Enrichment maps of cellular compartments and biological processes in prefrontal cortex projection neurons after Repeated Social Defeat. A) Gene
Ontology Cellular Compartment determined by Cytoscape EnrichmentMap (CEM) that were affected in prefrontal cortex projection neurons after Stress. Circle size
represents the number of genes within the category and the color of the circle represents the relative strength of connections. B) Gene Ontology Biological Process
determined by Cytoscape EnrichmentMap (CEM) that affected in prefrontal cortex projection neurons after Stress. Circle size represents the number of genes within
the category and the color of the circle represents the relative strength of connections. C) Heat map of DEGs (p < 0.05) of prefrontal cortex projection neurons
associated with dopamine signaling, integrin signaling, oxytocin signaling, PTEN signaling, synaptogenesis signaling, and serotonin signaling determined by In-
genuity Pathway Analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2017). NOR/NOL testing assesses cortical-hippocampal and
amygdala-hippocampal memory (Barsegyan et al., 2014; Denninger
et al., 2018). Deficits in this task are linked to brain regions affected by
stress including the hippocampus (Barker and Warburton, 2011; de Lima
et al., 2006), prefrontal cortex (Barker and Warburton, 2011), and
amygdala (Zhao et al., 2021). Other stressors caused deficits in NOR/-
NOL. For instance, mice exposed to a similar paradigm of social defeat
stress (SDS) spent less time with the novel object compared to the

13

familiar object (Zhao et al., 2021). This decrease in object recognition
corresponded with a decrease in dopamine receptor-1 (D1) in the
amygdala. Moreover, rats did not recognize the novel location when
subjected to a bilateral dorsal hippocampus lesion (Barker and War-
burton, 2011). In another experiment, when the connection between the
medial prefrontal cortex and hippocampus was disrupted, rats had no
deficits in novel object recognition or location, but instead had deficits
in object-in-place recognition memory (Barker and Warburton, 2011).
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Fig. 9. Comparison of cortical and amygdala projection neurons after Repeated Social Defeat. The Rpl22-HA/AAV2rg-Cre bulk RNAseq data from amygdala
(Figss. 5-6) and prefrontal cortex (Figss. 7-8) projection neurons after Stress. A) Heatmap of a Rank-Rank Hypergeometric plot comparing differentially expressed
genes in the prefrontal cortex and amygdala. The bottom left quadrant represents genes upregulated in both regions, while the top right quadrant represents genes
downregulated in both regions. The top left and bottom right quadrants depict genes that exhibit opposite directions of regulation between the two regions. B) Venn
diagram depicts the number of differentially expressed genes of projection neurons from the prefrontal cortex (black) and amygdala (white), and differentially
expressed genes (DEGs) that were shared between regions (grey, p < 0.05). A list of shared DEGs that were either increased or decreased is provided. C) Heat map of
differentially expressed genes (p < 0.05) of projection neurons from the prefrontal cortex and amygdala. These are DEGs that are shared but moved in opposite
directions in terms of expression. D) Venn diagram depicts canonical pathways (IPA) of projection neurons in the prefrontal cortex (black) and amygdala (white), and
differentially expressed genes (DEGs) that were shared between regions (grey, p < 0.05). E) Heat map of canonical pathways that were shared between projection
neurons in the prefrontal cortex and amygdala. Shades of red are increased pathways and shades of blue are decreased pathways. F) Heat map of canonical pathways
that are uniquely increased in prefrontal cortex projection neurons compared to the amygdala. G) Venn diagram depicts upstream and master regulator (IPA) of
neurons that project from the prefrontal cortex (black) and amygdala (white), and differentially expressed genes that were shared between regions (grey, p < 0.05).
H) Heatmap of upstream and master regulators of projection neurons from the prefrontal cortex and amygdala. Shades of red are stress increased pathways and
shades of blue are stress decreased pathways between these regions. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 10. Comparison of hippocampal neurons, cortical projection neurons, and amygdala projection neurons after Repeated Social Defeat. The Baf53b/
Rpl22-HA bulk RNAseq data from the hippocampus (Figss. 2-3) and the Rpl22-HA/AAV2rg-Cre bulk RNAseq data from amygdala (Figss. 5-6) and prefrontal
cortex (Figss. 7-8) projection neurons after Stress. A) Heatmap of a Rank-Rank Hypergeometric plot comparing differentially expressed genes in the prefrontal cortex
and amygdala. The bottom left quadrant represents genes upregulated in both regions, while the top right quadrant represents genes downregulated in both regions.
The top left and bottom right quadrants depict genes that exhibit opposite directions of regulation between the two regions. B) Venn diagram depicts canonical
pathways (IPA) of hippocampal neurons (black), projection neurons in the prefrontal cortex (white) and amygdala (light grey), and differentially expressed genes
(DEGs) that were shared between regions (p < 0.05). C) Venn diagram depicts canonical pathways (IPA) of hippocampal neurons (black), projection neurons in the
prefrontal cortex (white) and amygdala (light grey), and differentially expressed genes (DEGs) that were shared between regions (p < 0.05). D) Heat map of ca-
nonical pathways that are uniquely influenced in one or two regions. E) Heat map of canonical pathways that were shared between hippocampal neurons and
projection neurons in the prefrontal cortex and amygdala. Shades of red are increased pathways and shades of blue are decreased pathways. F) Venn diagram depicts
upstream and master regulator (IPA) of hippocampal neurons (black), projection neurons in the prefrontal cortex (white) and amygdala (light grey), and differ-
entially expressed genes (DEGs) that were shared between regions (p < 0.05). G) Heatmap of upstream and master regulators of hippocampal neurons and projection
neurons from the prefrontal cortex and amygdala. Shades of red are stress increased pathways and shades of blue are stress decreased pathways between these
regions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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This is relevant because it highlights the connection between the pre-
frontal cortex and the hippocampus in the context of memory formation
and consolidation. Overall, repeated social defeat in male mice
increased hippocampal-associated behavioral and memory deficits.

In this study, RNA profiles of hippocampal neurons were determined
after RSD Activation of neurons in the hippocampus (cfos, FosB) was
evident after RSD and noradrenergic dependent (Ramirez et al., 2015;
Ramirez and Sheridan, 2016; Wohleb et al., 2011). Here, we captured
the active RNA in neurons of the hippocampus after RSD using
Pan-neuronal Ribotag mice (Baf53b/Rpl22-HA). In the hippocampus,
RSD increased canonical pathways in neurons consistent with neuronal
activation and reactivity including Gas Signaling, Reeling Signaling, and
cAMP Signaling. This was consistent with DEGs that are associated with
glutamatergic signaling, memory formation and consolidation, and
synaptic plasticity. For instance, RSD decreased
calcium/calmodulin-dependent protein kinase IV (Camk4) and Regu-
lator of G Protein Signaling 14 (Rgs14) and increased Cholinergic Re-
ceptor Muscarinic 5 (Chrm5), Glutamate Metabotropic Receptor 2
(Grm2), and Adrenoceptor Alpha 2C (Adra2c) in the hippocampus.
These data are relevant because dysregulated glutamatergic signaling
contributes to stress-related mood disorders like anxiety, depression,
and PTSD in humans (Nishi et al., 2015; Sanacora et al., 2012). For
example, glutamate levels in the serum were higher in individuals with
PTSD compared to controls (Nishi et al., 2015). Individuals with higher
glutamate levels in the serum had increased severity of PTSD. This idea
is supported in rodent modeling of chronic stress (Highland et al., 2019;
Schwendt and Jezova, 2000). For instance, Grm2 knock out in mice
prevented the increase in immobility time during forced swim test and
inescapable shock induced deficits after chronic social defeat stress
(Highland et al., 2019). Thus, Grm2 is involved in stress-induced
depressive-like behavior. It is possible that Grm2 is a key factor in
neuronal sensitization and increased susceptibility for anxiety. Alto-
gether, RSD increased genes associated with excitatory and gluta-
matergic signaling in the hippocampus.

A limitation of the pan-neuronal RiboTag (Baf53b/Rpl22-HA)
approach was that the neuronal profile was unspecific to a type of
neuron in the hippocampus. The hippocampus is enriched with neurons
that are primarily glutamatergic excitatory neurons (~90%), while a
small subset are inhibitory, GABAergic interneurons (Briend et al.,
2020). Additionally, pathway analyses reveal that the neuronal genes
changes were associated with increased glutamatergic and serotonin-
ergic signaling in the hippocampus. We interpret these data to indicate
that neuronal gene changes in the hippocampus were associated with
excitatory neuron signaling and were mediated through glutamatergic
or serotonergic neurons after RSD. As such, our recent single nuclei
RNAseq analysis showed that RSD increased glutamate and CREB
signaling, BDNF, synaptic organization and cell morphogenesis in
excitatory neurons of the dentate gyrus and CAl of the hippocampus
(Goodman et al., 2024). These data, especially evidence of enhanced
plasticity, are consistent with the data from the pan-neuronal RiboTag
approach. Overall, the general RNA profile of these RSD activated
neurons of the hippocampus were associated with increased oxidative
stress and metabolism, synaptic long-term potentiation, and neuro-
inflammatory signaling.

A novel approach of this study was using RiboTag mice and
retrograde-adeno-associated-virus-2 to trace and capture HA-tagged
neurons that project into the hippocampus. Here a retrograde-adeno-
associated-virus (AAV2rg) expressing Cre-recombinase was injected
into the dorsal hippocampus of RiboTag mice. This induced an expres-
sion of a hemagglutinin-epitope (HA) tag within neurons that projected
into the hippocampus. This is relevant because the dorsal hippocampus
is involved in the interpretation of stimuli related to fear and threat.
Ribosomal bound mRNA, which represents mRNA that is actively being
translated into protein, was collected after social defeat for RNA-
sequencing from the amygdala and prefrontal cortex. We show that
the AAV2rg injection into the CA1 spreads throughout the hippocampus
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(including the dentate gyrus) and out to other projection neurons from
amygdala, detected by labeling of both GFP and HA. The connections
from the prefrontal cortex to the hippocampus are reported to be indi-
rect and are relayed through other brain regions including the thalamic
reunions (Dolleman-van der Weel et al., 2019). The AAV2rg-Cre virus
used here, however, is monosynaptic. Thus, the HA-tagged neurons in
the prefrontal cortex after AAV2rg injection into the hippocampus likely
represents direct projections into the hippocampus. This circuit has not
been established previously in rodents and more work is needed to prove
this hypothesis. Another possibility is that some AAV2rg-Cre leaked in
the cortex during hippocampal injection. If so, this would capture pre-
frontal neurons that project within the cortex. Either way, these HA
tagged neurons represent project neurons from the prefrontal cortex.
Again, these HA-tagged neurons, co-expressing AAV2rg were evident in
the prefrontal cortex after AAV2rg-Cre injection into the CAl. In addi-
tion, the HA-tagged neurons in the basolateral amygdala that project to
the hippocampus did not co-express parvalbumin (PV). PV" neurons
comprise 50% of the inhibitory interneuron population in the BLA
(Babaev et al., 2018). The BLA is comprised mostly of excitatory neu-
rons. Thus, these connections are likely excitatory. This is consistent
with previous findings that the basolateral amygdala is highly enriched
with glutamatergic pyramidal neurons (Pape and Pare, 2010; Sah et al.,
2003). Therefore, we interpret these data to indicate that these projec-
tion neurons activated after RSD in the amygdala and project to the
hippocampus are excitatory.

Another relevant finding was that the prefrontal cortex projection
neurons that had RNA profiles associated with increased Synapto-
genesis, Integrin Signaling, Reelin Signaling, Serotonin Signaling and
Dopamine Feedback in cAMP Signaling after RSD. Of interest, syn-
aptogenesis and reelin signaling were increased after RSD in prefrontal
cortex projection neurons. The current study represents cortical RNA
changes after repeated social defeat. For instance, reelin signaling is
associated with synaptogenesis, dendritic spine formation, and plasticity
(Ishii et al., 2016; Wasser and Herz, 2017). Specifically, increased RNA
and protein levels of reelin in the medial prefrontal cortex correlated
with long-term potentiation inductions (Sui et al., 2012). Notably, other
rodent studies of chronic stress reported reduced expression of reelin,
which is consistent with the development of depressive-like behavior in
rats that received repeated injections of corticosterone (CORT)
(Lebedeva et al., 2020). In addition, reduced reelin is linked to other
neuropsychiatric diseases in humans including schizophrenia
(Impagnatiello et al., 1998). Indeed, over expression of reelin in the
brain reduced time spent floating in the forced swim test (depressive-like
behavioral task) and reduced pre-pulse inhibition (schizophrenia-like
behavioral task) (Teixeira et al., 2011). Nonetheless, reelin signaling and
synaptogenesis were enhanced in these cortical projection neurons after
RSD. We predict that these increases in reelin and synaptogenesis
enhance neuronal plasticity. Enhanced plasticity after RSD is consistent
with increased fear memory (Goodman et al., 2024; Lisboa et al., 2018)
and increased neuronal reactivity to subthreshold stressors after RSD
(Lisboa et al., 2018; Weber et al., 2019; Wohleb et al., 2014a). There-
fore, Reelin signaling is a relevant pathway in the stress sensitivity of
neurons and may contribute to increased plasticity after stress.

Similar to the RNA profiles of other fear and threat appraisal regions,
amygdala neurons that project into the hippocampus had RNA profiles
associated with increased synaptogenesis, neuroinflammatory signaling
(e.g., IL-1 signaling), and NO and ROS production. Notably, there were
12 DEG’s associated with glutamatergic and excitatory signaling in the
amygdala. For example, RSD increased metabotropic glutamate receptor
2 (Grm2) and Inositol 1,4,5-Trisphosphate Receptor-3 (Itpr3) and
decreased leucine rich repeat transmembrane neuronal 2 (Lrrtm2),
Cannabinoid Receptor 1 (Cnrl) and Glycogen Synthase Kinase 3 Beta
(Gsk3b). Again, these genes/pathways are relevant to neuronal ho-
meostasis and plasticity. For instance, Lrrtm2 knock out in mice caused
impaired neuronal function and LTP (Bhouri et al., 2018). Moreover,
when excitatory (glutamatergic) projection neurons from the amygdala
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(BLA) to the hippocampus were inhibited, there was a decrease in
anxiety-like behavior (Felix-Ortiz et al., 2013). These findings highlight
that the circuit from the amygdala to the hippocampus contributes to the
development of anxiety-like behavior. Furthermore, our previous work
shows that neuronal reactivity (pCREB™) is increased in stress respon-
sive regions (e.g., hippocampus, prefrontal cortex) after an acute stress
exposure 24 days after RSD (Weber et al., 2019). Here, we show that
Camk2d (Calcium/calmodulin-dependent protein kinase type II subunit
delta) and Vegfa (vascular endothelial growth factor A) are associated
with CREB signaling and were increased after RSD. Therefore, it is
possible that these two genes play a role in stress re-exposure or sensi-
tization. Another point of interest is the increase in neuroinflammation
signaling, specifically IL-1 signaling in the amygdala projection neurons
after RSD. IL-1R1 expression on glutamatergic neurons in the hippo-
campus was critical in the development of anxiety-like behavior and
cognitive deficits after RSD (DiSabato et al., 2021). IL-1R1 knockout on
glutamatergic neurons prevented social defeat-induced anxiety-like
behavior, impairments in social interaction, and working memory def-
icits (DiSabato et al., 2021). When IL-1R1 was restored on glutamatergic
neurons there was a re-establishment of anxiety and social interaction
deficits (DiSabato et al., 2021). Furthermore, RSD-mice re-exposed to an
acute stressor 24 days later had an increase in neuronal reactivity
(pCREB™) in the hippocampus, social withdrawal, and working memory
deficits and this was prevented with the IL-1R1 knockout on gluta-
matergic neurons (DiSabato et al., 2022). Parallel to this, IL-1R1 is
increased activated neurons that project from the amygdala to the hip-
pocampus after RSD. Altogether, glutamatergic signaling and IL-1
signaling from the amygdala to the hippocampus likely contributes to
both the development of anxiety-like behavior and neuronal sensitiza-
tion after RSD.

Another point of interest was the comparison of the two data RNAseq
data sets of stress influenced neurons that project into the hippocampus
from the amygdala and projection neurons from the prefrontal cortex.
Coinciding with the hippocampus, these regions are also critical to the
response to stress and contribute to fear memory and anxiety-like be-
haviors (Lisboa et al., 2018; McKim et al., 2018). In projection neurons
from the prefrontal cortex, there were 11 unique pathways including
IL-9 Signaling, Purinergic Signaling, and Serotonin Receptor. There
were 41 shared canonical pathways between the prefrontal cortex and
amygdala after RSD. This included an increase in integrin signaling,
synaptogenesis signaling, reelin signaling, dopamine feedback, actin
cytoskeleton signaling, IL -6, IL -15, and neuroinflammatory signaling.
There were decreases in RXR activation and PTEN signaling. Stress
increased calcium signaling and Gal2/13 signaling in the prefrontal
cortex while it was decreased in the amygdala neurons that project to
the hippocampus. In conclusion, the analysis of RNAseq data from
neurons projecting to the hippocampus from the amygdala and projec-
tion neurons from the prefrontal cortex revealed distinct and shared
pathways, shedding light on the response to stress and its role in regu-
lating fear memory and anxiety-like behavior in these critical brain
regions.

Although the amygdala did not have any unique canonical pathways
after stress, there were myriad DEGs and 10 upstream regulators that
were unique to the amygdala. For instance, increased upstream regu-
lators, IL-1p and Sphingosine 1-phosphate (S1PR1), were unique to the
neurons from the amygdala that project into the hippocampus. The pro-
inflammatory cytokine, IL-1p is of particular importance because the DG
of the hippocampus has robust expression of the IL-1 receptor-1 (IL-
1R1). Previous reports indicated that IL-1R1 on glutamatergic neurons is
involved with the sensitization of neurons (increased pCREB ™" reactivity)
after RSD (DiSabato et al., 2022). For example, mice that were exposed
to RSD then exposed to an acute defeat (1 cycle of RSD) at day30 had
increased neuronal reactivity (p)CREB) and neuronal activation (fosb) in
the hippocampus. This was prevented with the neuronal IL-1R1

17

Brain, Behavior, & Immunity - Health 43 (2025) 100908

knockout on glutamatergic neurons (DiSabato et al., 2022). Addition-
ally, the main sources of IL-1p production and release are predicted to be
from myeloid cells, microglia and monocyte (McKim et al., 2018), but an
interpretation of these data is that there is a neuronal source of IL-1p.
Moreover, this might be a neuronal signal that integrates in the DG of the
hippocampus from other brain regions including the amygdala to in-
fluence behavior. This idea is further supported by our recent study
showing that RSD increased contextual fear memory that was dependent
on IL-1 receptor-1 in excitatory neurons (Vglut2™ neurons in the DG) but
independent of microglia (Goodman et al., 2024). An additional in-
flammatory component is the upstream regulator S1IPR1. S1PR1 is
associated with the trafficking of leukocytes (Massberg et al., 2007),
vascular integrity (Akhter et al., 2021), and neuronal excitability (Mork
etal., 2022). Inflammatory monocytes are actively recruited to the brain
after RSD by microglia. These monocytes interact with endothelia and
cause prolonged anxiety-like behavior (McKim et al., 2018; Wohleb
et al., 2013, 2014b; Yin et al., 2022). Furthermore, S1PR1 can increase
the release of ATP which can bind onto purinergic receptors (e.g., P2X7).
This is relevant because purinergic receptor activation on microglia via
P2X7 leads to increased IL-1B. This pathway is implicated in
stress-related mood disorders in humans. In RSD, there is evidence that a
P2X7 antagonist prevented stress-induced microglia reactivity, IL-1p
RNA in microglia, and the development of anxiety-like behavior (Biltz
et al., 2024). Thus, S1PR1 in neurons in the amygdala may propagate
microglia activation and the active recruitment of monocytes after RSD
within this region. Therefore, these region selective responses in the
brain are important for understanding the differential signaling that
occurs with fear and threat appraisal.

A limitation of the current study is that only male mice were used.
Previous studies have established that social defeat in females is possible
but requires the use of a modified social defeat paradigm with male
DREADD aggressors (Dion-Albert et al., 2022; Takahashi et al., 2017).
Using this model, female mice have neuronal activation in stress
responsive regions and anxiety-like behavior after social defeat (Yin
et al., 2019). Thus, we predict that the neuronal profile in the hippo-
campus, prefrontal cortex, and amygdala would be similar in female
mice exposed to modified social defeat. Nonetheless, these experiments
need to be completed in females to confirm this hypothesis.

In conclusion, stress induced a unique pattern of gene expression
within activated neurons that project into the hippocampus from the
amygdala and projection neurons from the prefrontal cortex. These
findings provide new insights into how the hippocampus integrates
signaling from discrete brain areas after chronic stress. Moreover, we
have new insights on pathways activated in neurons that may underlie
stress sensitization after social defeat.
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