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Background and Purpose: Post-traumatic stress disorder (PTSD) is a heterogeneous
disorder induced by trauma, resulting in severe long-term impairments of an individ-
ual's mental health. PTSD does not develop in every individual and, thus, some indi-
viduals are more resilient. However, the underlying molecular mechanisms are poorly
understood. Here, we aimed to elucidate these processes.

Experimental Approach: We used a single-trauma PTSD model in mice to induce
long-term maladaptive behaviours and profiled the mice 4 weeks after trauma into
resilient or susceptible individuals. The classification of phenotype was based on indi-
vidual responses in different behavioural experiments. We analysed microbiome, cir-
culating endocannabinoids, and long-term changes in brain phospholipid and
transcript levels.

Key Results: We found many molecular differences between resilient and susceptible
individuals across multiple molecular domains, including lipidome, transcriptome and
gut microbiome. Some differences were stable even several weeks after the trauma,
indicating the long-term impact of traumatic stimuli on the organism's physiology.
Furthermore, the integration of these multilayered molecular data revealed that resil-
ient and susceptible individuals have very distinct molecular signatures across various
physiological systems.

Conclusion and Implications: Trauma induced individual-specific behavioural
responses that, in combination with a longitudinal characterisation of mice, could be
used to identify distinct sub-phenotypes within the trauma-exposed group. These
groups differed significantly not only in their behaviour but also in specific molecular
aspects across a variety of tissues and brain regions. This approach may reveal new
targets and predictive biomarkers for the pharmacological treatment and prognosis

of stress-related disorders.

Abbreviations: 2-AG, 2-arachidonoyl glycerol; ASR, acoustic startle response; CA, cornus ammonis; CAP, constrained analysis of principal coordinates; CF, contextual fear; DAGLq, diacylglycerol
lipase a; DG, dentate gyrus; ECS, endocannabinoid system; FAAH, fatty acid amide hydrolase; FS, foot-shock; GF, generalized fear; HbT, holeboard test; HPA, hypothalamic-pituitary-adrenal;
NAPE-PLD, N-acylphosphatidylethanolamine-phospholipase D; PFC, prefrontal cortex; PTSD, post-traumatic stress disorder; SIT, social interaction test; sPLS-DA, sparse partial least squares

discriminant analysis; SPT, sucrose preference test.
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1 | INTRODUCTION

Post-traumatic stress disorder (PTSD) is a mental disorder that
develops after an individual is exposed to a traumatic experience, such
as warfare, deadly accidents or sexual violence. The symptoms associ-
ated with the disorder cause a severe and chronic impairment of the
individual's daily life quality. They include, among others, intrusive
memories, hypervigilance and avoidance of trauma-related cues
(American Psychiatric Association, 2013). In contrast to other stress-
and trauma-induced disorders, the symptoms of PTSD usually appear
after an incubation period of approximately 1 month. They can last
for years but only affect a relatively small percentage of the individ-
uals exposed to trauma. Other mood disorders, such as anxiety or
depression, show high co-morbidity with PTSD (Walter et al., 2018).
Due to the heterogeneity of PTSD symptomatology, PTSD can be
considered as a spectrum disorder with different pathological pheno-
types (Guina et al., 2017).

Research on the molecular aspects underlying PTSD has uncov-
ered a plethora of dysregulated systems across the organism. For
instance, a hyperresponsive hypothalamic-pituitary-adrenal (HPA)
axis has been shown to be the cause of increased levels of
corticotrophin-releasing hormone (CRH), linked with hypervigilant
behaviour and reduced sensorimotor gating (Flandreau et al., 2015),
as well as overconsolidation of fear memories (Thoeringer
et al., 2012). PTSD also compromises the immune system, as shown
by increased pro-inflammatory interleukins in PTSD patients, such as
IL-6, IL-18 and TNF-«, and other markers of inflammation (Menard
et al, 2017). Following the suggestion of a link between microbial
communities in the gut and the HPA axis (Sudo et al., 2004), it was
shown that the gut microbiome influences brain processes such as
fear recall (Hoban et al, 2018) and extinction learning (Chu
et al., 2019), suggesting that the gut microbiome may modulate the
predisposition to and severity of PTSD. However, further research on
the gut microbiome is required to understand how changes in the gut
microbial community affect its host's behaviour and physiology (Kelly
et al., 2015). Another important structural element of brain function is
phospholipids. These lipids form the cell membrane, making them
abundant, easily accessible and involved in cellular signalling pro-
cesses. Phospholipids are, for example, also involved in the formation
of lipid rafts, the functionality of membrane receptors and neurotrans-
mission. Despite the known roles of phospholipids on brain homeo-
stasis and apoptosis, among others, they tend to be overlooked in
psychiatric research. Another system that uses lipids as signalling mol-

ecules, the endocannabinoid system (ECS), is also dysregulated in

LINKED ARTICLES: This article is part of a themed issue on New discoveries and per-
spectives in mental and pain disorders. To view the other articles in this section visit
http://onlinelibrary.wiley.com/doi/10.1111/bph.v179.17/issuetoc
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What is already known

e Trauma-induced disorders are very heterogeneous
pathologies that affect exposed individuals very
differently.

e There is a problem of translatability between animal

models of trauma and human pathologies.

What does this study add

e Our results suggest novel strategies to study trauma-
exposed individuals based on their individual behavioural
performance.

e They also provide molecular insights into the differences

underlying resilience to trauma and PTSD-like pathology.

What is the clinical significance

e Increased understanding of the molecular mechanisms
underlying resilience to trauma at different molecular
levels.

e Longitudinal classification based on individual perfor-

mance across different behavioural domains.

different brain regions of PTSD patients (Morena et al., 2018). The
ECS is especially relevant in the prefrontal cortex (PFC), as neuronal
activity in this region is negatively correlated with PTSD symptoms
(Williams et al., 2006), and is involved in the inhibition of CRH release
from the hypothalamic paraventricular nucleus in a cannabinoid CB4
receptor-dependent manner (Herman et al., 2016). Given the role of
the ECS in regulating homeostasis in various contexts, this modulatory
system has become a research focus for its potential in preventing or
treating stress-related disorders (Sbarski & Akirav, 2020).

As mentioned above, not all individuals that are exposed to
trauma develop maladaptive behaviour related to PTSD. This feature
is called resilience and is known as the dynamic ability of an individ-
ual to overcome adversity, trauma, or significant threat, in order to

return, successfully, to the mental state prior to the stress
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experience (Horn & Feder, 2018). Despite its relevance (Rakesh
et al, 2019), very little is known about the underlying mechanisms
of resilience (or susceptibility) to stressful experiences. The predispo-
sition to PTSD appears to be influenced by a wide range of factors,
including genetics (Nievergelt et al., 2019) and type of trauma
(Cowden Hindash et al., 2019),. Research on the neurobiology of
PTSD has been hindered due to the intrinsic heterogeneity of PTSD
symptoms, but also due to limiting factors of current PTSD models,
impeding their translatability. Some of these limitations, such as
studying only one gender, analysing the average group response or
classifying animals based on a single behavioural domain, can be
overcome but require particular consideration in the experimental
planning. However, other limitations, such as risk factors originating
from epigenetic alterations induced by past experiences, the gut
microbiome and the reactivity of the HPA axis, are poorly under-
stood (Richter-Levin et al, 2019). In our study, we aimed at
implementing a trauma model capable of inducing long-lasting mal-
adaptive behaviour across several behavioural domains. We have
combined this model with a longitudinal behavioural survey to profile
those mice that showed a consistent behavioural response similar to
(i.e., resilient phenotype) or different to (i.e., susceptible phenotype)
unexposed individuals. We show here that this approach can provide
new insights into the molecular differences and possible underlying
mechanisms between the trauma-exposed individuals that overcome
the trauma and those that fail.

2 | METHODS

21 | Mouseline

All animal care and experimental procedures were conducted in accor-
dance with the European Community's Council Directive of 22 Sep-
tember 2010 (2010/63EU) and approved by the respective agency of
Rhineland-Palatinate State, Germany (Landesuntersuchungsamt, Per-
mit Number G17-1-027). Animal studies are reported in compliance
with the ARRIVE guidelines (Percie du Sert et al., 2020) and with the
recommendations made by the British Journal of Pharmacology (Lilley
et al., 2020).

All experimental procedures were carried out with the heterozy-
gous double transgenic mouse line Arc-CreER™ x R26-CAG-LSL-
Sun1-sfGFP-myc, which has been described previously (Mo
et al., 2015). Male mice were 8 + 1 weeks old at the time of trauma.
Mice were singly housed 2 weeks before the start of the experiment
and for the entire duration of the study. Food and water were pro-
vided ad libitum, and mice were subjected to a 12-h light-dark cycle
(7:00 am to 7:00 pm). For sample collection, mice were decapitated
while under isoflurane anaesthesia. The number of animals in the con-
trol (—FS) and trauma-exposed (+FS) groups was balanced in a pro-
portion of 1:5 (—FS:+FS) in order to acquire a minimum number of
trauma-exposed animals with extreme behaviours (resilient and sus-
ceptible) for a meaningful molecular analysis. Mice were randomly

assigned to either the —FS or +FS groups.
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2.2 | Trauma model

To induce a strong and reliable PTSD-like phenotype, we used a modi-
fied version of the protocol developed by Siegmund and
Wotjak (2007). In summary, the mouse was placed in the shock cham-
ber of a fear conditioning set-up (Med Associates; square,
15 x 20 cm, grid floor) and left to habituate for 3 min with lights
on. Afterwards, two inescapable scrambled foot-shocks (FS, 1.5 mA;
2 s) were delivered to the paws through the bottom grid, with 1 min
of rest between each shock. After the second electric shock, the
mouse was left for one more minute in the chamber and then ret-
urned to its home cage. The behaviour during the FS protocol was
monitored using video cameras. The shock chamber was cleaned after
every recording using 1% acetic acid. Trauma-exposed mice were des-
ignated as +FS mice. Non-shocked mice (—FS mice) were exposed in
parallel to the same chamber and underwent the same protocol, but

without a foot-shock delivered to their paws.

2.3 | Behavioural longitudinal study

To assess the severity of the behavioural dysregulation caused by the
exposure to trauma, mice were subjected to a battery of behavioural
tests 4 weeks after trauma (in consideration of Criterion F; DSM-V;
American Psychiatric Association, 2013) (Figure 1a). The paradigms
were chosen according to the symptomatic panel of PTSD (American
Psychiatric Association, 2013). Increased startle response and hyper-
vigilant behaviour (Criterion E; DSM-V; American Psychiatric
Association, 2013), as well as marked physiological reactions to inter-
nal or external trauma-related stimuli (Criterion B; DSM-V; American
Psychiatric Association, 2013), represent core symptoms of PTSD that
were analysed by using the acoustic startle response (ASR) paradigm,
and the contextual fear (CF) and fear generalization paradigms,
respectively. Furthermore, we also explored mood disorders (Criterion
D; DSM-V; American Psychiatric Association, 2013) and social impair-
ments (Criterion G; DSM-V; American Psychiatric Association, 2013)
that usually appear co-morbidly with PTSD. In this regard, we
analysed anxiety behaviour with the holeboard test (HbT), anhedonia
with the sucrose preference test (SPT) and social behaviour with the
social interaction test (SIT). Paradigms were performed with at least
24 h in between each other. All behavioural tests were analysed with
EthoVision XT 8.5 (Noldus; RRID:SCR_000441) unless differently
stated.

e Acoustic startle response (ASR) (Sauerhofer et al, 2012): The
mouse was exposed to a set of 120 acoustic stimuli of four differ-
ent intensities (75, 90, 105 and 115 dB) separated by random
intervals (12-20 s) while inside a small cage within the startle sta-
tion (Med Associates, USA). The order of the stimuli and the time
between stimuli were randomised to avoid the habituation of the
subject. The startle response, a proxy for hypervigilant behaviour,
was measured using piezoelectric materials that registered the

intensity of the startle response.
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FIGURE 1 Experimental schedule, body weight and behaviour of core PTSD symptoms in control and trauma-exposed mice. (a) Experimental

schedule to study long-term post-traumatic stress disorder-like behaviours and resilience in control (—FS; n = 6) and trauma-exposed mice (+FS;
n = 33). ASR, acoustic startle response; CF, contextual fear; HbT, holeboard test; SIT, social interaction test; SPT, sucrose preference test. The red
dots indicate time points for sample collection (blood and faeces). The red cross after CF indicates the time point for brain collection. (b) Body
weight curve from experimental animals during the experiment. For both groups, body weight increased significantly with time. Data shown are
means + SEM. two-way ANOVA with repeated measures. (c) Scatter plot showing hypervigilant behaviour, as measured in the ASR, 1 week after
trauma exposure. (d) Results of the second exposure to ASR, 4 weeks after the trauma. Data shown are individual values with means + SEM.

'P < 0.05; two-way ANOVA with repeated measures. (e) The immobility of experimental subjects when exposed to new environments (in HbT
and SIT) was used as a measure of fear generalization. (f) Measurement of the fear response (freezing) when exposed to the trauma context. Data
shown are individual values with means = SEM. P < 0.05; significantly different as indicated; unpaired two-tailed Student's t test

e Holeboard test (HbT) (Rey et al., 2012): The anxiety-like behaviour

of the mouse was measured for 10 min in a squared arena
(40 x 40 x 30 cm) with four equidistant holes in the centre. We
measured the number of head dips (i.e., the mouse exploring the
holes by introducing its head) and the latency to the first head dip
as parameters of anxiety-like behaviour. The number of head dips
was counted manually.

(SIT)  (Muir 2018): The

sociability of the trauma-exposed mouse was analysed by

Social interaction text et al,

exposure to a squared arena (40 x 40 x 30 cm) for 5 min in two
consecutive phases. During habituation phase, the arena contained

an empty circular cage, whereas in the social phase, the same type

Sociability index =

of cage contained a mouse of the same sex and age. We measured
the time that the mouse spent in the interaction area (8-cm radius
around the cage), as well as the time the mouse interacted with the
circular cage by using its nose. The sociability index was calculated

as follows:

tin zone (social phase) * 100 0
tin zone (habituation) + tin zone (social phase)

e Generalized fear (GF) (Asok et al., 2018): During the performance

of the HbT and SIT, we observed that some mice showed behav-

iour consistent with the fear response in what should be neutral
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environments. Thus, we decided to analyse the immobility time in
these neutral environments to evaluate whether the subject dis-
played some form of fear generalization.

e Sucrose preference test (SPT) (Liu et al., 2018): Anhedonia was
analysed by measuring the amount of sucrose water (1% w/v) that
the mouse drank compared with normal tap water when presented
with both options. The mouse was habituated to the presence of
two different bottles in its cage for 2 days. Afterwards, one of the
bottles was filled with sucrose water, and the weight of both bot-
tles was measured for three consecutive days between 11:00 am
and 12:00 am. The placement of the bottles was switched after
every measurement to avoid habituation. We analysed the con-
sumption of sucrose water and the preference index as a proxy for
anhedonia. The preference index was calculated on the basis of

the liquid consumption of each mouse as follows:

volume sucrose

Preference index =
volume water + volume sucrose

/body weight.

e Contextual fear (CF) (Shoji et al., 2014): In order to measure the
strength of the memory to the trauma, the mouse was re-exposed
to the trauma context for 10 min. During this time, the freezing
behaviour of the mouse, that is, absence of movement except for
that of breathing, was recorded and measured using custom soft-
ware that analysed the amount of pixels that changed between
video frames.

2.4 | Behavioural profiling

A mouse was classified as having a resilient or susceptible end-
ophenotype depending on its individual behaviour in the different
behavioural paradigms. The aim of the applied criteria was to include
those trauma-exposed individuals with extreme responses across
most of behavioural paradigms (i.e., >50%, meaning at least four out
of seven behavioural domains). At the end, these extreme responders
would then be categorized as resilient (R+) or susceptible (R—) endo-

phenotypes. The following procedure was applied:

e Using the behaviour from the unexposed, non-stressed group
(—FS) as reference, ‘normal’ behaviour was defined for each para-
digm applied when falling within the 85% confidence interval (85%
Cl).

e Within the trauma-exposed group (+FS), each mouse was classi-
fied individually in each paradigm as a ‘resilient’ or ‘susceptible’
subphenotype depending on whether its behaviour fell within the
range of ‘normal’ behaviour (within 85% Cl) or outside of the 85%
Cl, respectively.

e The trauma-exposed mouse was finally categorized globally into
the resilient or susceptible endophenotype, when it showed a con-
sistent behaviour across the different behavioural paradigms of the

longitudinal study, with the following criteria: The mouse was
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classified regarding a ‘resilient’ or ‘susceptible’ subphenotype in at
least four out of the seven (i.e., >50%) of all behavioural domains.
Furthermore, it was allowed that one classified behavioural sub-
phenotype could belong to the opposite subphenotype in relation

to the global categorization.

When a mouse displayed traits of both resilient and susceptible
behaviour within the same paradigm, the mouse was then counted as
‘unclassified’ for that specific paradigm. We identified six R+ (18.8%)
and four R— (12.5%) individuals within our trauma-exposed cohort using
these criteria. We included two additional mice to the R— group (Mouse
S5 and Sé; see Table S1) in order to balance the number of replicates in
both groups for the molecular characterization, as the behaviour of these
mice also suggested strong R— features. A detailed list with the classifi-

cation of R+ and R— mice for each paradigm can be found in Table S1.

2.5 | Sample collection

Using a lancet, blood was drawn from the facial vein and collected
into 1-ml EDTA-coated tubes (KABE Labortechnik). Mice were
immobilized during this procedure by gripping the loose skin behind
the animal’s neck. No anesthesia was used during the procedure as
isoflurane, the drug of choice for sedation/anaesthesia, is known to
interfere with plasma levels of endocannabinoids (Jarzimski
et al., 2012; Schelling et al., 2006; WEeis et al., 2010), as well as induc-
ing amnesic effects (Dutton et al., 2002; Fidalgo et al., 2012) and cog-
nitive impairments (Lin & Zuo, 2011; Zhang et al, 2017). These
potential effects could have influenced the behavioural and molecular
data we acquired. For every time point, four to five drops of blood
were collected per mouse, and the animal was afterwards returned to
its home cage. The blood was centrifuged (~10,000 x g, 10 min), and
the plasma was collected and immediately frozen on dry ice.

Stool samples were collected on the same day as the blood was
collected. Before the blood collection, the mouse was placed in an
empty cage and left undisturbed. Then, the mouse was removed from
the cage and prepared for blood collection once it had defecated at
least two to three times, which usually took about 5-10 min. Faeces
were collected with sterile tweezers and immediately frozen in dry
ice. Both the tweezers and the empty box containing the mouse were

thoroughly cleaned with ethanol between animals.

2.6 | Dual extraction of RNA and lipids from brain

regions

The simultaneous extraction of RNA and lipids from the same sample
was performed as described by Lerner et al. (2018). In short, mice
were decapitated while under isoflurane anaesthesia. The brain was
placed in chilled PBS and dissected. Brain regions of interest were
visually identified and dissected with the help of a brain matrix (Ted
Pella Inc). The dissected brain tissues were weighed and inserted into

cold 2-ml Precellys tubes with RNase-free ceramic beads and a mix of

85U80]7 SUOWIWIOD 88,0 3|qeo(dde au Aq peusenob afe sejoie VO ‘8sn Jo sejn. Joj Areiq1TaulUO A3 UO (SUONIPUOD-PLe-5LLIBY/LID" A3 1M Aeiq 1 BulUO//:SdNY) SUONIpUOD pue swie 1 8y} 88s *[£202/20/92] Uo AriqiTauluo A8 |im ‘Auewes aueiyooD Aq 269ST ydd/TTTT 0T/I0pAw0 A8 |im Areiqpul|uo sqndsdy/:sdny wouy pepeojumod ‘2T ‘2202 ‘T8ESILYT



BRITISH
4166 PHARMACOLOGICAL
SOCIETY

PASCUAL CUADRADO ET AL.

600 pl of RLT buffer from the RNeasy® mini kit (Qiagen, Germany)
with 1% B-mercaptoethanol and 200 pl of chloroform. To this solution
was added a mixture (10-pl) of internal standards for different lipid
molecules (Avanti Polar Lipids, Inc.; Table S2). The samples were
homogenized using a Precellys tissue homogeniser (1 cycle, 20s,
6000 r.p.m.) (Bertin, France) and transferred to a new tube. After cen-
trifugation of samples (10,000 x g for 3 minutes at 4°C), two phases
were formed: an upper RNA-containing phase and a lower chloroform
phase with the lipids. Each phase was then transferred to new tubes
for further processing.

The upper phase was used for RNA extraction following the
instructions of the RNeasy mini kit (Qiagen, Germany), including
DNase | treatment for the removal of genomic DNA. Finally, total
RNA from the sample was eluted in 30 pl of RNase-free water. The
lower lipid-containing phase was mixed with 800 ul of methyl tert-
butyl ether /methanol, in a 10:3 v/v proportion, and 250 pl of ice-cold
0.1% formic acid. Samples were vortexed for 30 min at 4°C and cen-
trifuged afterwards for 15 min at 10,000 x g. The organic phase was
removed and evaporated using a gentle stream of nitrogen. Samples
were then reconstituted in 90-pl methanol, and 18 pl of this solution
was mixed with 2 pl of water. For the analysis of endocannabinoids
and polyunsaturated fatty acids, 27 pl of the final solution was evapo-
rated once more and dissolved in 30 pl of acetonitrile mixed with
water (1:1 v/v). A full list of the internal standards used for this experi-
ment can be found in Table S2.

2.7 | cDNA generation and real-time
quantitative PCR

The cDNA was generated from 1 pg of RNA using the High-Capacity
cDNA Reverse Transcription Kit (Life Technologies, Germany). This kit
uses random hexamers in order to reverse transcribe RNA strands in
the sample. The resulting cDNA was diluted 1:12 in RNase-free water
and stored at —80°C. The qPCR procedure was carried out by using
Power SYBR Green PCR Master Mix (Life Technologies, Germany)
and custom primers for a selection of genes (Table S3) in a
QuantStudio 3 Real-Time PCR System (Life Technologies, Germany).
Each PCR reaction mix consisted of 10-ul SYBR Green Master Mix,
8 pl sample, and 2 pl of a mix of the forward and reverse primers (each
5 uM).

28 |
tissue

Lipidomic quantitative profiling from brain

Targeted lipid profiling was invariably carried out in polarity switching
using a 5500 QTrap triple-quadrupole linear ion trap mass spectrome-
ter (RRID:SCR_020517) (AB SCIEX, Darmstadt, Germany), interfaced
with an Agilent 1200 series LC system (RRID:SCR_018037) (degasser,
pump and thermostated column compartment; Agilent, Waldbronn,
Germany). The LC conditions were set as recently described (Lerner

et al, 2019). Briefly, chromatographic separation of lipids was

achieved using a 2.5-um C18 column, 100 x 2 mm (Phenomenex, CA,
USA\). For PL and sphingolipid analysis, the column was thermostated
at 45°C and the mobile phase A consisted of methanol/water (1:1;
v/v) containing 0.2% formic acid, 7.5-mM ammonium formate and
0.1% triethylamine, whereas the mobile phase B consisted of metha-
nol/isopropanol (2:8; v/v) containing 0.2% formic acid, 7.5-mM
ammonium formate and 0.1% triethylamine. The flow rate was
200 pl-minfl. Gradient elution began at 40% B, was held for 3 min
and was then linearly increased over 42 min to 90% B, then linearly
increased to 99% B in 1 min, held there for 7 min and decreased over
2 min to 40% B. For analysis of endocannabinoids and polyunsatu-
rated fatty acids, the mobile phase A consisted of 0.1% formic acid
and the mobile phase B of 100% acetonitrile containing 0.1% formic
acid. The flow rate was set to 300 pl-min~2. Gradient elution began at
20% B, held so for 1 min, then linearly increased over 4 min to 50% B,
maintained so for 7 min, linearly increased to 90% B over 1 min, held
for 4 min and decreased over 0.5 min to 20% B. The column was then
re-equilibrated with 20% B for 2.5 min.

Quantification of lipids was conducted via Analyst 1.6.2 software
and MultiQuant 3.0 quantitation package (AB SCIEX, Darmstadt,
Germany). The obtained values were normalised to the tissue weight.
The complete list of lipids analysed in each brain region is specified in
Table S4.

29 |
samples

Extraction of bacterial DNA from stool

To characterise the mouse gut microbiota, we used the QIAmp Fast
DNA Stool mini kit (Sigma) following the manufacturer's instructions.
In summary, one to three faeces were homogenised in InhibitEX
buffer (Sigma) by vortexing. The homogenate was centrifuged at
10,000 x g for 1 min, and 600 pl of the supernatant was transferred to
a tube containing 25 pl of proteinase K to digest any protein in the
sample. Buffer AL (600 pl) was added to the mix, and a 10-min incuba-
tion at 70°C was performed to ensure the lysis of all cells and the
denaturation of proteins. Afterwards, 600 pl of ethanol was added to
the lysate and mixed. This mixture was then passed through a QlAamp
column (Qiagen) and washed with different buffers (AW1 and AW?2).
The DNA was eluted using 200-pl nucleic acid-free water. Each sam-
ple was measured using NanoDrop to determine the concentration
and purity of the DNA extraction.

210 | Library preparation and sequencing from
stool samples

DNA samples were amplified via PCR using a primer combination
(515F and 806bR) specific for the hypervariable region V4, found
within the bacterial 16S ribosomal RNA (rRNA) gene sequences. The
amplicons generated via PCR were then used for library preparation
as per the manufacturer's instructions (lllumina, USA). Among other

steps, two lllumina adapters were ligated to the sequences of interest
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to provide a forward and backward reading frame (GGCTGACTGACT
and ACAATTACCATA, respectively) and spiked with PhiX control v3
library (lllumina, USA) in order to balance the base composition and
improve the quality of the run.

Libraries were then pooled and loaded in a flow cell to be
processed in an lllumina MiSeq sequencer (RRID:SCR_016379). All
36 samples were sequenced in the same flow cell, which gave a yield
of 20-30 million reads in total (including ~25% of PhiX library). Pair-
end reads were 300 nucleotides long, covering the whole 16S V4

region.

211 | ELISA

Corticosterone levels were measured from plasma samples by using
the Corticosterone eusa Kit (Cat. ADI-900-097; RRID:AB_2307314)
(Enzo Life Sciences, Farmingdale, NY, USA). Samples were diluted
prior to starting the experiment 1:40 following the instructions from
the kit. Five different standards were prepared with final corticoste-
rone concentrations of 20,000, 4000, 800, 160 and 32 pg-mI*1 in
order to establish a standard curve. The eusa was performed according
to the manufacturer's instructions on a 96-well plate provided in the
kit. The plate was measured in a FluoStar Galaxy photometer (BMG
Labtech, Germany). All samples, standards and controls were per-
formed in duplicate.

212 |
data

Bioinformatic analysis of gut microbiome

16S rRNA genomic sequencing data were processed using mothur
v1.40.5 (RRID:SCR_011947). Briefly, reads were merged into contigs,
and sequences with any ambiguous bases or homopolymers longer
than eight bases were removed. Sequences were then aligned to the
SILVA (RRID:SCR_006423) reference alignment, and chimeras were
removed using VSEARCH. Taxonomy was assigned using the
Greengenes database (RRID:SCR_002830). Sequences with identical
taxonomy were grouped into operational taxonomic units (OTUs). Sta-
tistical analysis and visualization were then performed using the phyl-
oseq R package v1.32 (RRID:SCR_013080). Alpha diversity was
estimated by rarefying each sample to the smallest library size and cal-
culating the diversity index (Chaol and Shannon index). This proce-
dure was repeated 1000 times, and the average over all runs was
reported as the final diversity estimate. Beta diversity was calculated
on the basis of Bray-Curtis dissimilarity and visualized using con-
strained analysis of principal coordinates (CAP). Changes in alpha
diversity as well as taxonomic composition at the phylum level were
evaluated using linear mixed-effects models calculated with Ime4
v1.1-23. The significance of the fixed effects phenotype and time
point was evaluated using the car package v3.0-8. Pairwise compari-
sons were performed with the emmeans package v1.4.8. Differential
abundance analysis at the species level was performed with the
DESeq2 package v1.28 (RRID:SCR_000154) with default settings.
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Bacterial species were considered to be differentially abundant if the
adjusted P value for the corresponding log2 fold change was below
0.1. P value adjustment was facilitated with the Benjamini-Hochberg
method. Outlier values in the analysis of relative bacterial abundance
at the phylum level between R+ and R— animals were detected by
inspecting Q-Q plots of residuals of the fitted linear mixed-effects
model using the qqgPlot function from the car R package and calculat-
ing Cook's distance with the CookD function from the predictmeans R
package. Values marked as outliers in the Q-Q and Cook's distance
plots were removed from the statistical analysis. Excluded outlier
values are indicated in the figure legend and colour coded on the
respective panel in Figure 6.

2.13 | Statistical analysis of behavioural, lipidomic,
ELisA and real-time quantitative PCR data

Continuous variables were graphically represented as individual values
with means + SEM. No statistical analysis was performed with groups
with n < 5. The declared group size is the number of independent
values, which were used for statistical analysis. Unless otherwise
stated, two groups were compared statistically with an unpaired t test
with Welch's correction or a non-parametric Mann-Whitney test.
More than two groups were analysed using either one-way ANOVA
or two-way ANOVA with repeated measures in cases where the vari-
ables were measured at multiple time points. The assumption that var-
iances are homogeneous was tested using InVivoStat (IVS) by
generating a scatterplot representing the standardised residuals
against the predicted values. This analysis was complemented with
the Bartlett’s and Lavene’s test to ensure that the assumption was
not violated when we performed ANOVA. Post hoc tests were con-
ducted only if the F value of the ANOVA analysis achieved statistical
significance. Statistical analysis was performed with GraphPad Prism
v5.0 (RRID:SCR_002798) and InVivoStat (IVS). P values were two
tailed, and differences were considered statistically significant if the
P value was below 0.05. The data and statistical analysis comply with
the recommendations of the British Journal of Pharmacology on experi-
mental design and analysis in pharmacology (Curtis et al., 2018).
Regarding the real-time quantitative PCR (RT-gPCR) data, the rel-
ative expression of each gene was calculated by normalizing the Ct
values of each sample to the respective Ct values from a housekeep-
ing gene (GAPDH) and transformed into a normal distribution
according to the delta-delta Ct (AACt) method. The average value of
the biological replicates from the R+ group was used as a reference in

order to present the results relative to the R+ group.

2.14 | Multiomics integrative analysis

We employed sparse partial least squares discriminant analysis
(sPLS-DA) as implemented in the mixOmics R package v6.12.2
(RRID:SCR_016889) in order to identify features with high discrimi-
native power of the susceptible or resilient phenotype by
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integrating data across the different omics layers (lipidome, micro-
biome and transcriptome). We used fivefold cross-validation with
maximum distance to select the optimal number of components
and variables to keep in the sPLS-DA model. In order to reduce
the impact of sampling error, we repeated the parameter tuning
step 50 times with distinct seed values. The average number of
variables per component across the 50 iterations was used for the
final model. The relationship between the selected features was
evaluated by calculating the Pearson correlation coefficient. Signifi-
cant correlations were used to construct an interaction network,
which was visualized in Cytoscape v3.8.1 (RRID:SCR_003032) with
the MetScape plugin v3.1.3 (RRID:SCR_014687).

215 | Materials
Isoflurane was supplied by Piramal Critical Care B.V. (Voorschoten,
Netherlands).

2.16 | Nomenclature of targets and Ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived in
the Concise Guide to PHARMACOLOGY 2021/22 (Alexander,
Christopoulos, et al, 2021; Alexander, Cidlowski, et al., 2021;
Alexander, Fabbro, et al., 2021; Alexander, Kelly, et al., 2021).

3 | RESULTS

3.1 | Long-term behavioural dysregulations
induced by trauma allow the classification of resilient
and susceptible individuals

In order to assess the effects of the exposure to trauma (foot-shock,
FS) on behavioural responses, we performed the ASR 1 week after
trauma, followed by a longitudinal behavioural study 4 weeks after
the FS (Figure 1a). There were no differences in body weight between
control (—FS, n=6) and trauma-exposed (+FS, n = 33) mice
(Figure 1b) at any time point measured. However, food consumption
was not measured during the study. The battery of tests consisted of
paradigms related to symptoms that are considered central in PTSD,
such as increased hypervigilance and startle, measured in the ASR
(Figure 1c,d), a generalization of fear (GF), measured as immobility in
the HbT and the SIT (Figure 1e), and a persistent trauma memory,
measured as freezing in the trauma context (Figure 1f). Furthermore,
we analysed maladaptive behaviours commonly found in PTSD
patients by including additional behavioural domains (Figure S1), such
as anxiety (measured in the HbT), anhedonia as a proxy of depressive-
like behaviour (measured in the SPT) and sociability (measured in the
SIT). We observed significant differences between the —FS and +FS

groups in both GF and CF (Figure 1e,f), as well as in anxiety behaviour
(Figure S1a). These trauma-induced maladaptive behaviours were sta-
ble for at least 4 weeks after trauma. Furthermore, our trauma model
induced a large dispersion of the individual behaviour within the +FS
group. Such a heterogeneous behavioural response is also typically
observed in human cohorts of PTSD patients and is a prerequisite for
stratifying different endophenotypes within the +FS group.

Thus, we profiled +FS animals based on their individual behav-
ioural responses across the longitudinal study into resilient (R+), if
they consistently showed behaviour similar to the control group
(—FS), or susceptible (R—), if they showed maladaptive behaviour (see
Section 2 for more details of the classification). Our profiling method
identified six R+ (18.75%) and six R— (18.75%) mice, whereas the
majority of animals (62.5%) showed a so-called undefined phenotype
with mixed traits of resilience and susceptibility (Figure 2a). We
observed the expected significant increase of body weight over time
in the animals, but we could not detect an effect of the phenotype
(Figure 2b). We also found significant behavioural differences
between the R— group and both R+ and —FS groups in the ASR expo-
sures 1 and 4 weeks after trauma (Figure 2c,d), and anxiety-like
behaviour in the HbT (Figure S2a). Furthermore, there were significant
differences between R— and —FS animals, but not between R— and R
+ animals, in fear generalization (Figure 2e), CF (Figure 2f) and the
latency to the first head dip in the HbT (Figure S2b). Interestingly, we
observed increased social behaviour in R+ animals compared with the
—FS group in the SIT (Figure S2c), but not in comparison with R—
mice. We did not observe significant differences between groups in
sucrose preference (anhedonia) (Figure S2d,e). Taken together, these
data indicate that the single-trauma PTSD-like mouse model induced
a highly individualized behavioural response, as well as long-term mal-
adaptive behaviour. When combined with behavioural profiling, we
were able to reveal within the +FS group two distinct subgroups that
are behaviourally different from each other and can be categorized

into R+ (resilient) and R— (susceptible) endophenotypes.

3.2 | Long-term differences in phospholipid levels
in dorsal hippocampal subregions

After the behavioural profiling and categorization, we analysed differ-
ent molecular domains to understand possible underlying mechanisms
for the presence of the R+ and R— endophenotypes. Given the essen-
tial roles of lipids in neural functions, we analysed various lipid mole-
cules from the dorsal hippocampus (Figure 3) and PFC of R+ and R—
mice (Table S4), with a particular focus on phospholipids (Figure 3).
Although no significant differences were observed in the PFC, several
alterations were revealed in the hippocampus. We analysed the
cornus ammonis (CA) (Figure 3a-f) and the dentate gyrus
(DG) (Figure 3g-j) from the dorsal hippocampus separately. Six weeks
after the trauma, we observed increased levels of the phospholipids,
phosphatidylethanolamine and phosphatidylcholine, in the dorsal CA
of R— mice, both reported to be stress-inducible (Faria et al., 2014).
Sphingosine-1-phosphate and sphingomyelin, both known to
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FIGURE 2 Results of behavioural profiling, body weight and behaviour of core PTSD symptoms in resilient and susceptible mice.

(a) Percentage of trauma-exposed mice that matched the criteria for the resilient (R+, n = 6) and susceptible (R—, n = 6) phenotypes after
behavioural profiling. (b) Body weight curve from R4- and R— mice during the experiment compared with controls (n = 6). There was a significant
effect of time for all groups. Data shown are means + SEM. (c, d). Hypervigilant behaviour of R+ and R— mice as measured by acoustic startle
response (ASR) (c) 1 week after and (d) 4 weeks after the trauma. There was a significant effect of phenotype at 1 week and also at 4 weeks. Data
shown are individual values with means + SEM. P < 0.05; two-way ANOVA with repeated measures. () Percentage of immobility time of R+ and
R— mice when exposed to novel environments, during holeboard test (HbT) and social interaction test (SIT). (f) Strength of the fear memory in R+
and R— mice in the trauma context. Data shown are individual values with means + SEM. "P < 0.05; unpaired two-tailed Student's t test

promote neural homeostasis (Grassi et al., 2019), were more abundant
in R+ samples of the dorsal CA region. The phospholipids
phosphatidylserine and phosphatidylglycerol were also more abun-
dant in R— samples in the dorsal CA but were decreased in the dorsal
DG. Furthermore, lysophosphatidylinositol was decreased in DG of
R— mice. Interestingly, all lipids with alterations in the dorsal DG
showed reduced levels. Altogether, these observations suggest that
the effect of trauma on brain phospholipid levels is highly dependent
on the brain region examined, and that the hippocampus was particu-

larly affected by stress.
3.3 | Long-term differences in the gene expression
profiles of R+ and R— mice

Next, we performed a gene expression analysis in the dorsal hippocam-
pus and the PFC by RT-gPCR of selected genes based on their roles in

brain function and stress-related disorders (Tables S3 and S5). We
observed increased mRNA levels of several genes in R— individuals as
compared with R+ in the PFC, but reduced gene expression in the dor-
sal hippocampus of the same individuals (Figure 4), and with one alter-
ation found in the dorsal DG, where the gene for cortistatin, Cort, was
increased in R+ mice (Table S3). Among these differentially expressed
genes, we found those for the glucocorticoid receptor, Nr3c1 (GR;
Figure 4a) and for the CRH, receptor, CRHR2 (Figure 4b), both involved
in regulating the stress response. We also observed in the R— group
increased levels of the gene for acid sphingomyelinase, Smpd1 (ASM,;
Figure 4c), an enzyme whose inhibition was shown to improve fear
memory extinction (Huston et al., 2016), Figure 4d), involved in behav-
joural regulation. Additionally, the genes for the enzyme responsible for
synthesizing GABA, glutamic acid decarboxylase 2, Gad2, and for an
important epigenetic regulator of transcription, CREB-binding protein,
Crebbp, were also found to be increased in R— mice compared with

the R+ group (Figure 4ef, respectively). Interestingly, we found
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FIGURE 3 Phospholipid levels in the dorsal hippocampus of resilient and susceptible mice. Lipid levels were measured 6 weeks after the
traumatic experience in resilient (R+, n = 6) and susceptible (R—, n = 6) mice. The numbers by the molecular species indicate the number of
carbon atoms and of double bonds, respectively. In cornus ammonis (CA): (a) phosphatidylethanolamine (PE) 40:4, (b) phosphatidylglycerol

(PG) 38:5, (c) phosphatidylserine (PS) 34:1, (d) sphingosine-1-phosphate (S1P), (e) phosphatidylcholine (PC) 38:4 and (f) sphingomyelin (SM) 34:1.
In dentate gyrus (DG): (g) PS 36:4, (h) lysophosphatidylinositol (LPI) 16:0, (i) PS 34:1 and (j) PG 38:5. Data shown are means + SEM. P < 0.05,

significantly different as indicated; unpaired two-tailed Student's t test

components of the ECS with a lower relative expression in R— animals
when compared with the R+ group in the dorsal hippocampal subre-
CB; (Figure 4g) and CB,

(Figure 4h), showed reduced mRNA levels in R— animals in the

gions. Both cannabinoid receptors,
dorsal CA, although only the differences for CB, receptors were-

statistically ~ significant. =~ The genes for the  enzymes

N-acylphosphatidylethanolamine-phospholipase D, Napepld
(Figure 4i) and fatty acid amide hydrolase, Faah (Figure 4j), responsible
for the synthesis and degradation of anandamide (AEA), respectively,
and diacylglycerol lipase «, Dagla (Figure 4k), which degrades
2-arachidonoyl glycerol (2-AG), also had reduced relative expression in
the dorsal CA region of R— individuals. On the other hand, we could
not observe significant differences for any component of the ECS in

the dorsal DG, although CB, receptors showed a trend towards

reduced expression in R— animals, compared with R+ mice (Figure 4l).
These results highlight a wide range of dysregulated processes in the
PFC, such as GABAergic transmission, sphingolipid metabolism, neuro-
peptide signalling and epigenetic modulation, as well as the dys-

regulation of the ECS in the dorsal subregions of the hippocampus.

3.4 | Plasma measurements of endocannabinoids
and corticosterone in trauma-exposed mice

Next, we measured the concentration of two endocannabinoids, AEA
(Figure 5a,b) and 2-AG (Figure 5c,d) in the plasma. We also measured
the plasma levels of arachidonic acid, palmitoylethanolamide and

oleoylethanolamide, lipids that are involved in endocannabinoid
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FIGURE 4 Relative gene expression in the prefrontal cortex. Expression of genes of interest in the prefrontal cortex of resilient (R+) and
susceptible (R—) individuals was determined by real-time quantitative PCR. Genes were selected on the basis of their relevance to stress-related
disorders and neural functions. (a) Glucocorticoid receptor (GR). (b) Corticotropin-releasing hormone receptor 2 (CRHR2). (c) Acid
sphingomyelinase (ASM). (d) Y5 receptor (Npy5r). (€) CREB-binding protein (CBP). (f) Glutamic acid decarboxylase 2 (GAD2). (g) CB, receptor
(CB1). (h) CB, receptor (CB2) in the dorsal CA region. (i) N-acylphosphatidylethanolamine-phospholipase D (NAPE-PLD). (j) Fatty acid amide
hydrolase (FAAH). (k) Diacylglycerol lipase a, (DAGLa). (I) CB, receptor (CB2), in the dorsal DG region. Data shown are individual values with
means + SEM. P < 0.05; significantly different as indicated; unpaired two-tailed Student's t test

metabolism or are related to endocannabinoids (Figure S3), as well as
the stress hormone corticosterone (Figure S4). The blood samples were
taken 1 week before (T1), 1 week after (T2) and 3 weeks after (T3) the
trauma exposure (see Figure 1a). Moreover, we calculated the ratio
between AEA and 2-AG (Figure 5e,f), as this value could potentially
give information on the balance of the two major endocannabinoids.
The levels of AEA, 2-AG and palmitoylethanolamide significantly
increased over time when comparing —FS and +FS mice. However, the
main effect of time was only significant for 2-AG and pal-
mitoylethanolamide after behavioural profiling (i.e., for R+ compared
with R— mice). In contrast, the ratio between AEA and 2-AG remained
unchanged. Moreover, we did not observe any differences between
control and +FS mice (Figure 5a,c,e) nor between the R+ and R—
groups (Figure 5b,d,f) at any time point. The levels of arachidonic acid,
palmitoylethanolamide and oleoylethanolamide remained relatively
constant across the different time points and without differences

between any of the experimental groups (Figure S3). Lastly, we

measured the plasma levels of corticosterone at the same three time
points (Figure S4). We did not find any significant differences between
the R+ and R— phenotypes nor across the different time points. How-
ever, a trend could be observed at T2 where R— mice showed a slight
increase in corticosterone levels when compared with the R+ animals.
In summary, we observed a significant effect of time in endo-
cannabinoid levels (AEA and 2-AG) and in palmitoylethanolamide, but
we did not observe statistical differences between the different groups
analysed (i.e., —FS vs. +FS and R+ vs. R—) either before or after the

traumatic experience.

3.5 | Characterization of the gut microbial
community in R+ and R— phenotypes

The gut microbiome is gaining relevance in the research of stress-

related disorders due to its influence on the immune system, the
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Plasma endocannabinoid levels and their ratios before and after the trauma. Circulating anandamide (AEA) and 2-

arachidonoylglycerol (2-AG) levels in the plasma were determined 3 days before the trauma (T1), 1 week after the trauma (T2) and 3 weeks after
the trauma (T3). (a) Circulating levels of AEA in control (—FS) and trauma-exposed mice (+FS). There was a significant effect of time for both
groups. (b) AEA levels in blood in resilient (R+) and susceptible (R—) mice, showed no change over the experimental time. (c) Circulating levels of
2-AG in —FS and +FS mice. There was a significant effect of time for the +FS mice. (d) 2-AG levels in R+ and R— mice. There was a significant
effect of time for both groups. (e) Ratio between AEA/2-AG levels in —FS and +FS mice. (f) AEA/2-AG ratio in R+ and R— mice. Data shown are

individual values with means + SEM

inflammatory state and brain processes including the HPA axis and
behaviour. We analysed the composition of the gut microbiota in R+
and R— mice, 1 week before (T1) as well as 1 week (T2) and 3 weeks
(T3) after trauma exposure. We did not observe differences in the
number of distinct bacterial phylotypes as indicated by the Chaol
index (Figure 6a). However, susceptible mice were associated with a
significantly higher Shannon index at baseline (Figure 6éb). Exposure to

trauma was followed by a significant reduction of alpha diversity in

both groups. The Shannon index was significantly reduced at T3 com-
pared with T1 and T2 in resilient mice, whereas the difference was
only significant at T3, relative to T1, in susceptible mice. Furthermore,
constrained ordination analysis revealed that beta diversity signifi-
cantly differed between the two phenotypes, whereas the effect of
time was not significant (Figure 6c). We also detected shifts in the rel-
ative abundance of the major phyla of commensal gut bacteria, Bacte-

roidetes and Firmicutes. Interestingly, the proportion of Bacteroidetes
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FIGURE 6 Gut commensal microbiota diversity and composition in resilient and susceptible mice before and after the trauma. The gut
microbiota from resilient (R+) and susceptible (R—) mice was analysed at three different time points: 1 week before the trauma (T1), as well as

1 and 3 weeks after the trauma (T2 and T3). (a) Chao1 index corresponding to the total number of phyla detected as an estimate of alpha
diversity. (b) Alpha diversity was complemented with the Shannon index, which also includes the evenness of the different phyla that were found.
(c) The differences in beta diversity were evaluated using constrained analysis of principal coordinates (CAP). The impact of experimental factors
on the ordination results was examined statistically with non-parametric permutational ANOVA. There was a significant effect of phenotype. (d-
g) Box plots showing changes in the relative abundance of four bacterial phyla detected in the gut microbiome of R+ and R— individuals. Three
outlier values in (f) and two outlier values in (g) are indicated with lighter colours. These values were removed from statistical analysis.

(h) Differences in microbiota composition at the species level were investigated by estimating log2-fold changes of bacterial abundance. Positive
log2-fold changes (adjusted P value <0.1) indicate species with a significantly higher abundance in R+ mice. P < 0.05; significantly different as
indicated; differences in alpha diversity and phyla abundance between phenotypes and different time points were statistically compared with
linear mixed-effects models followed by Tukey-adjusted pairwise comparisons

was significantly higher in resilient mice compared with the suscepti-
ble group (Figure 6d), whereas the opposite effect was present for
Firmicutes. Two other bacterial phyla, Tenericutes and Defe-
rribacteres, exhibited significantly increased abundance in R+ animals
1 week before trauma (Figure 6f,g). Such differences in the baseline
composition of intestinal microbiota prior to trauma exposure could
be indicative of certain predispositions to stress. It is noteworthy to
mention that we observed shifts in the relative abundance of these
phyla following trauma exposure, only in susceptible mice. Specifically,
the proportion of Bacteroidetes significantly increased following the

traumatic event, whereas the abundance of Firmicutes, Tenericutes

and Deferribacteres was significantly reduced. These longitudinal
changes of the phylum composition in R— animals abolished the dif-
ferences to R+ mice observed at baseline. Thus, it would be interest-
ing to investigate further if the resilient phenotype is associated with
a more stable gut bacterial composition. At the species level, we
detected four bacterial phylotypes, which were all associated with a
significantly increased abundance in R+ animals. Bacteroides
acidifaciens was up-regulated in R+ mice at all three time points. In
contrast, Akkermansia muciniphila demonstrated a significantly
increased growth at T1 and T2, Parabacteroides distasonis at T2 as well

as T3, and Clostridium citroniae at T3 only.
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3.6 | Distinct multiomics signatures of R+ and R—
individuals

To investigate whether the resilient and susceptible mice differ in
their overall omics signatures, we performed a multiomics-integration
2016; Ruffini et al., 2020). Here, we
employed the sPLS-DA multivariate technique to integrate data from

analysis (Bersanelli et al.,

the three molecular domains investigated in our study: lipidome,
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transcriptome and microbiome. Resilient and susceptible mice formed
two distinct clusters as indicated by non-overlapping 95% confidence
ellipses (Figure 7a), which points to significant differences in the multi-
variate pattern of both phenotypes. The stress reactivity of resilient
and susceptible mice was captured by the first sPLS-DA component
with higher scores indicating resilient behaviour. The most critical
molecular features that explained the separation of R+ and R— mice

are shown in Figure 7b. This analysis highlighted that stress-related
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Distinct omics signatures in resilient and susceptible mice. Differences in the multivariate omics pattern were evaluated by

integrating lipidome, transcriptome and microbiome data using sparse partial least squares discriminant analysis (sPLS-DA). (a) Resilient (R+) and
susceptible (R—) animals were separated in reduced space along the first multivariate dimension. (b) Important features explaining the differences
between R+ and R— mice. Variables coloured green are positively correlated with the resilient phenotype, and variables coloured orange are
positively associated with the susceptible phenotype. (c) The correlation network of important omics features reveals statistically significant
interactions within and between the three omics layers. Positive correlations are coloured red, and negative correlations are coloured blue. The
line thickness is proportional to the magnitude of correlation. Ldb2, LIM domain binding 2; LPA, lysophosphatidic acid; LPC,
lysophosphatidylcholine. LPI, lysophatidylinositol; NPY, neuropeptide Y; OEA, oleoylethanolamide; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; Pl, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; S1P, sphingosine-

1-phosphate
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changes in the lipidome were mainly limited to the hippocampus with
a region-specific difference between dorsal CA and dorsal
DG. Furthermore, expression levels of components of the ECS were
mostly increased in the dorsal CA of R+ mice. In contrast, most of the
remaining genes investigated were associated with an increased
expression in the PFC of R— animals. Correlation network analysis
revealed multiple associations of discriminative features within the
different omics layers, but importantly, numerous strong interactions
could also be observed across the different layers (Figure 7c). For
instance, Cortistatin expression in the dorsal DG was significantly neg-
atively correlated with the levels of the lipids, phosphatidyl serine
38:4, phosphatidyl glycerol 38:5 and lysophosphatidylinositol 18:0 in
the same region. Furthermore, increased expression of Crebbp in the
PFC was associated with reduced levels of lysophosphatidylinositol
16:0 in the DG region. In contrast, concentrations of phosphatidyleth-
anolamine 40:4 in the dorsal CA were positively correlated with
mRNA levels of Smptd1 in the PFC. Notably, expression levels of the
mRNA for CB, receptors in the dorsal DG exhibited a strong positive
correlation with phosphatidylinositol 34:1 and phosphatidylserine
38:4 in the same region, while also being negatively correlated with
circulating levels of AEA at the pretrauma time point. Interestingly, we
detected a higher number of significant correlations for microbiome

features with lipidome variables than with the transcriptome layer.

4 | DISCUSSION

Stress-related disorders pose a challenge to be studied, as they are
influenced by very individual factors, such as past experiences or
gender, and the stressor itself. Therefore, it has been difficult to
mimic the human pathology using animal models, in a robust man-
ner. PTSD is especially challenging due to the heterogeneity in its
symptomatology, the high prevalence of co-morbid symptoms and
individual differences among human patients. Additionally, research
bias, for example, studying only the average group response, has
led to poor translatability of the findings (Richter-Levin
et al, 2019), which in turn has complicated the prognosis and
treatment of these patients.

In this study, we used a single-trauma model able to induce a
range of long-term maladaptive behaviours. Furthermore, the individ-
ual responses of trauma-exposed mice scatter widely, which resem-
bles observations from human PTSD patients and provides a substrate
to study different phenotypes within the trauma-exposed group. The
behavioural profiling of these animals revealed two subgroups of mice,
one that consistently showed resilience to trauma (R+), that is, they
behave similarly to the non-stressed group, and the other a PTSD-like
phenotype (R—). The resulting R- group showed behaviours indicative
of PTSD, such as hyperarousal (tested by ASR) and maladaptive fear
memories, as well in anxiety-like behaviour. Interestingly, a previous
study found that the fear response and arousal state of individuals
exposed to trauma could be used to predict susceptibility to PTSD-like
phenotypes (Jeong et al., 2020; Torrisi et al., 2021). It is also important
to note that only male mice were used in this study. As the
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psychological perception of stress differs between males and females
(Kokras & Dalla, 2014), this might generate a bias not only on the
behavioural data but potentially also on the data from the different
molecular domains analysed. Therefore, this limitation should be con-
sidered before extrapolating the results of this study. Moreover, the
relatively low number of animals classified as R+ (n = 6) and R—
(n = 6) and their intrinsic heterogeneity might mask molecular differ-
ences that would appear when studying larger cohorts of mice.

Given the relevance of the ECS during the stress response, we
measured circulating levels of endocannabinoids during the period
before and following trauma exposure. Previous studies had shown an
effect of stress on the ECS and circulating endocannabinoid levels
(Hillard, 2018), with 2-AG increasing after acute stress exposure, with
no significant changes in AEA levels (Hill et al., 2009). We were only
able to see a significant effect of time in the circulating levels of endo-
cannabinoids and related molecules, but no difference between
groups. The lack of statistical differences between groups could be
due to differences in the type and severity of the trauma and technical
differences between the individual scientific studies. Furthermore, a
much larger number of trauma-exposed mice would be necessary to
increase the numbers of R+ and R— mice required to uncover signifi-
cant differences, as endocannabinoid measurements generally need
large sample sizes (Buczynski & Parsons, 2010). Moreover, the lack of
significant differences in corticosterone levels could be due to the
same low sample size, but also due to the timing of sample collection,
as samples were not collected immediately after trauma exposure.
Thus, it is not possible to exclude a dysregulation of the HPA axis cau-
sed by the trauma.

We also examined the composition of the gut microbiome during
the period before and following trauma exposure, as commensal
microbiota has the potential to alter CNS functions, including behav-
jour. Germ-free mice showed reduced anxiety (Huo et al., 2017) and
freezing after cued fear conditioning (Hoban et al., 2018). In addition,
there is evidence of a direct communication between the microbiota
and the host on the molecular level (Hewel et al., 2019; Liu
et al., 2016). In our study, exposure to trauma was associated with a
significant reduction in alpha diversity irrespective of the phenotype
as measured by the Shannon index. This observation is in agreement
with previously described dysbiosis-inducing effects of stress on gut
microbiota (Reber et al., 2016). We also observed a strong effect on
the phenotype's beta diversity, which additionally hinted at the R—
group being slightly different from R+ animals at pretrauma time
point (T1). An analysis of the different taxa that inhabit the gut of R+
and R— subjects revealed increased abundance of A. muciniphila, a
bacterium considered as a biomarker for a functional intestine, in R+
animals at T1 and T2. Furthermore, previous studies have shown that
A. muciniphila positively influences anxiety-like behaviour and anhedo-
nia after chronic social defeat stress (McGaughey et al., 2019). Inter-
estingly, the increased relative abundances in R+ animals of
P. distasonis, a bacterium with potential immunomodulatory properties
(Kverka et al., 2011), and B. acidifaciens, whose abundance is report-
edly decreased after social stress (Bailey et al., 2011), were in agree-

ment with previous findings. Lastly, we observed baseline differences
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in the abundance of the phyla Bacteroidetes, Firmicutes and Defe-
rribacteres. Given the influence that the microbiome exerts on brain
functions related to the stress response, these observed differences
prior to trauma might be indicative of existing predisposition to stress
and/or stress reactivity among the trauma-exposed individuals. This
finding is especially relevant because shifts in the abundance of these
phyla in response to stress have been reported before (Gautam
et al., 2018). However, further research is required to establish the
relationships between the different taxa within the gut microbial com-
munity, how global and regional changes in the composition of the
gut microbiome modulate the host's physiology and how different
microbial taxa can shape the individual's predisposition to stress prior
to any stressful stimulus.

We were also interested in studying the long-term molecular
changes that differentiate the R+ and R— phenotypes. Therefore, we
performed lipidomic and expression analyses from different brain
regions 6 weeks after trauma. We analysed phospholipid levels given
their involvement in neural function and signalling (Moreno-
Fernandez et al., 2018). The lipidomic data from the dorsal CA hippo-
campal region revealed that R+ individuals had increased levels of the
prohomeostasis lipids sphingomyelin and sphingosine-1-phosphate
(Huston et al., 2016) as compared with R— mice. In the dorsal DG,
resilient mice showed increased levels of phosphatidylglycerol, and
phosphatidylserine, which exerts neuroprotective effects against
stress (Hellhammer et al., 2014). Interestingly, our multiomics analysis
correlated the lipids phosphatidylglycerol 38:5 and phosphatidylserine
38:4 with a reduced expression of CB, receptors in R— mice. This cor-
relation could indicate a role of these receptors in stress-related disor-
ders together with neuroprotective lipids, although more research is
required to elaborate on this correlation. Lysophosphatidylinositol,
which is known to increase the permeability of the blood-brain barrier
via the activation of GPR55 (Leo et al., 2019), was also increased in R
+ individuals. Interestingly, significant differences in pho-
sphatidylglycerol, phosphatidylserine and lysophosphatidylinositol
between R+ and R— mice were also present in the dorsal CA, but in
contrast, R— showed increased levels in this region. Moreover, we did
not find differences in AEA or 2-AG levels or their ratio in the dorsal
hippocampal regions. However, we observed increased levels of AEA
in the PFC of R— animals (Table S4). Although acute stress is known
to reduce AEA levels rapidly in hippocampus and amygdala (Bassir Nia
et al.,, 2019), this decrease has not been consistently observed in the
PFC (Gray et al., 2015; Hill et al., 2011). Furthermore, most research
on the topic of the ECS and PTSD has focused on molecular changes
around the time of trauma; thus, the long-term effects in endo-
cannabinoid levels in different brain regions have not been in the
focus of research. Our results suggest pro-resilience mechanisms
involving phospholipids within the different hippocampal subregions
but also that specific lipid molecules contain different physiological
functions in different brain regions.

The transcriptomic profiling revealed differences in the dorsal
subregions of the hippocampus; the neuropeptide cortistatin, which
has anti-inflammatory properties (Delgado & Gonzalez-Rey, 2017),
was significantly increased in the dorsal DG of R+ mice as compared

with R— animals (Table S5). This observation suggests increased anti-
inflammatory properties in R— mice, most likely as a compensation to
the trauma. Furthermore, the mRNA levels of some ECS genes were
reduced in the dorsal hippocampus of R— mice. The mRNAs for the
enzymes responsible for the synthesis and degradation of AEA
(NAPE-PLD and FAAH, respectively) were dysregulated in the dorsal
CA, together with DAGL«, which synthesizes 2-AG. However, no dif-
ferences in levels of endocannabinoids observed in this brain region.
Additionally, the mRNA encoding the CB, receptor was also
decreased in the dorsal CA of R— animals, whereas that encoding the
CB; receptor showed a trend towards the same reduction, albeit not
significant. This trend towards reduced mRNA in R— samples was
observed for CB, receptor in the dorsal DG. It is however noteworthy
to mention that both reduced expression of mRNA encoding the CB4
receptor in the dorsal CA and encoding the CB, receptos in the dorsal
DG were identified as predictive molecular features of the R— pheno-
type in the integrative multiomics analysis. Our findings suggest a dys-
regulation of the ECS in the dorsal hippocampus that might contribute
to the maintenance of the pathological state, given the role of the hip-
pocampus in regulating multiple neural functions by integration into
many other brain regions. Moreover, the observed differences in
expression of the mRNA encoding the CB, receptor could be indica-
tive of an unexplored role of these receptors in stress-related disor-
ders. However, whether these differences reflect changes in the CB,
receptor protein in glial cells or neurons remains to be investigated.
On the other hand, the mRNA levels of several genes relevant to
the stress response were increased in the PFC of R— individuals.
Among these genes, we found those for receptors such as the Ys
receptor, a neuropeptide receptor strongly involved in stress-induced
maladaptive behaviours (Sah & Geracioti, 2013) and resilience (Sajdyk
et al., 2008), for the CRH, receptor, involved in the HPA axis and anx-
iety behaviour (Bale & Vale, 2004) and correlated with the severity of
PTSD symptoms (Zhang et al., 2020), and the glucocorticoid receptor,
the main regulators of the stress response and whose increased levels
have been linked with PTSD (Li et al., 2020). We additionally found
increased levels in the PFC of the mRNA encoding acid
sphingomyelinase, whose activity was shown to be associated with
reduced extinction learning (Huston et al., 2016). Furthermore, we
measured an increase in mRNA for the CREB-binding protein, an epi-
genetic regulator of transcription that is involved in various neuronal
functions (Barrett et al., 2011; Valor et al., 2011) and whose deletion
has shown to promote resilience (Manners et al., 2019) and neuro-
genesis in the hippocampus (Gundersen et al., 2013). Moreover, we
observed increased levels in the PFC of R— mice of mRNA for the
enzyme responsible for synthetizing GABA, glutamic acid decarbox-
ylase 2 (GAD2), whose function is essential for proper neuronal
communication and correct fear coping (Kutlu et al., 2018). Interest-
ingly, mice lacking GAD2 (GAD2~/~) have shown increased suscepti-
bility to stress (Qi et al., 2018), whereas heterozygous mice
(GAD2"/7) showed increased resilience (Miiller et al., 2014). These
observations highlight the complex interactions between neuronal
excitation and inhibition, and how they can affect the behavioural

response to stress. These data suggest that the trauma model we

85U80]7 SUOWIWIOD 88,0 3|qeo(dde au Aq peusenob afe sejoie VO ‘8sn Jo sejn. Joj Areiq1TaulUO A3 UO (SUONIPUOD-PLe-5LLIBY/LID" A3 1M Aeiq 1 BulUO//:SdNY) SUONIpUOD pue swie 1 8y} 88s *[£202/20/92] Uo AriqiTauluo A8 |im ‘Auewes aueiyooD Aq 269ST ydd/TTTT 0T/I0pAw0 A8 |im Areiqpul|uo sqndsdy/:sdny wouy pepeojumod ‘2T ‘2202 ‘T8ESILYT


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=109
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=213
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=213

PASCUAL CUADRADO ET AL.

used induced long-term alterations in the transcription levels of dis-
tinct genes, which are indicative of neurobiological systems or path-
ways that are essential for brain homeostasis and for the correct
processing of the traumatic experiences. It would certainly be of
interest to investigate whether the dysregulation in gene expression
is present before the exposure to trauma or is a consequence
thereof, and if so, when exactly the observed dysregulation affects
each brain region.

Lastly, our multiomics integrative approach revealed that R+ and
R— animals were associated with their own distinct molecular signa-
tures driven by specific changes in the transcriptome, lipidome and
gut microbiome. This observation strengthens our behavioural profil-
ing, as we could ascertain that the phenotypes we identified within
the trauma-exposed group, based on their behaviour, are also pro-
foundly different at the molecular level. Furthermore, the correlation
network analysis of the features important for discriminating resilient
and susceptible animals highlighted numerous strong associations
between molecular markers even across different omics domains.
Interestingly, the correlations between the lipidome and the trans-
criptome were more abundant and stronger than any correlation
between the microbiome and the other biological systems studied
here. A possible explanation for this observation could be that the
effects of the gut microbiome on brain physiology are only exerted
via intermediary molecules, whereas the lipidome and transcriptome
exert their function within the same organ. However, it is important
to note that the gut microbiome appears to have a stronger associa-
tion with the brain lipidome than with the transcriptome. These find-
ings demonstrate the complexity and intricacy of the physiological
processes that underlie PTSD and stress-related disorders and hint
towards potential predictive biomarkers and targets for pharmacologi-
cal interventions.
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